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ABSTRACT

A novel proton nuclear magnetic resonance (NMR) inves

tigation of molecular dynamics with in phospholipid model

membranes is described. The radio frequency dependence of

the rotating frame nuclear spin-lattice relaxation rate

(1/re') is utilized for the direct determination of the

lateral diffusion coefficient (D, emº/sec) of phospholipids

in model membrane systems. Preliminary results from a study

of diffusion in a biomembrane (retinal rod outer segment

(R0S) membranes) using this unique method are also reported.

It has been shown that a frequency dependence of the

spin-lattice relaxation rate, T - 1 in the Zeeman field and1

Tie" in the rotating frame, arises when dipolar intermolec
ular interactions due to the relative translation of the

spins on adjacent molecules provide the predominant mechan

ism promoting relaxation. With the theory of in termolecular

relaxation due to translational diffusion, it is possible to

use the dependence of the experimentally determined rotating

frame relaxation rate 1/Te on the rotating frame angular

frequency (un) to calculate directly the lateral diffusion

coefficient as a quantitative parameter of phospholipid

translational mobility. This approach offers advantages



lacking in the techniques previously applied to the study of

diffusion in model and biomembrane systems, as it employs

the spins of the molecules studied as intrinsic probes and

it all eviates the need for estimates of correlation times

and molecular geometries in the calculation of the diffusion

coefficient .

Experiments based on the temperature and frequency

dependence of 1/Tie as well as partial substitution with
per deuterated phospholipids indicate that in termolecular

dipolar relaxation is in deed significant for the phospholi

pid systems. A linear dependence of 1/T, on the square

1/2) was observed forroot of the applied radio frequency (u,
the systems under consideration. The spin-locking pulsed

NMR experiment was employed to measure the rotating frame

spin-lattice relaxation rate for a variety of unsonicated

phospholipid-D20 multilamellar d is persions. The effects of

such factors as phospholipid-to-D20 ratio (concentration

effects), phospholipid hydrocarbon chain length , phospholi

pid polar head group composition, and the presence of unsa

turation in the hydrocarbon chains on molecular dynamics

were investigated . Another advantage of this novel tech

nique for studying phospholipid diffusion is demonstrated by

the results for diffusion in phospholipid bilayers below the

gel-to-liquid crystal line phase transition temperature indi

cating that its capabilities extend into the gel phase

without the severe problems associated with the conventional

magnetic resonance techniques . The potential applicability



of this method to biomembrane systems is illustrated by the

results derived from a study of diffusion in the ROS mem

branes and lipids extracted from these membranes.

In addition to the experimental results of this valu

able new approach to diffusion studies is a discussion of

some of the instrumentation. A description of the NMR probe

designed for these experiments is given and the modification

of the Spin-Lock CPS-2 pulsed NMR spectrometer is discussed.
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CHA PTER 1

PHOS PHOL IP ID MODEL MEMB R ANE SYSTEMS

1 - 1 - In t r O du C t i on .

During the 1970's we have witnessed a vast increase of

knowledge in the field of membrane biology and chemistry.

The primary motivation behind these developments is the

underlying importance of the various cell membranes and

their components in biomedical research and in the practice

of medic in e. The specific requirements imposed up on mem

branes by the variety of tissues in an organism are

reflected in the tremendous variation in membrane complex

ity. However, in spite of this diversity, nearly all mem

branes maint a in fund ament al similar it i e s in basic structure

and function. Membranes play the role of a barrier, allow

ing the compartment a lization necessary for physical separa

tion of the many processes which concertedly work together

as the biochemical basis of life. Not only is the membrane

a barrier , but it is also an architectural framework housing

the many valves, gates and switches responsible for control

ling the environments adjacent to this barrier. The mem

brane as the "arch i t e o tural framework" is not necessarily

passive , as its dynamic nature may influence Or be



influenced by the "devices" it houses. Alterations in cel

lular or extra cellular cond it ions may change the physical

state of the membrane which , consequently, may effect some

change in one or more of the "devices" embedded in it; or

the membrane may undergo some change in response to the

activation or deactivation of one of these specialized "dev –

ice S " . Therefore, understanding the structural and func

tional integrity of membranes should provide insight into

home o static mechanisms.

1 - 2 = The fluid mosaic membrane model.

As early as 1925 in formation was obtained regarding the

structuring of membrane lipids. Gorter and Grendel's (1)

surface area experiments implied that the lipids of the

erythrocyte membrane most likely exist as a bilayer. Since

that time , the concept of the basic membrane structure

existing predominantly as a phospholipid bilayer has gained

acceptance as an experimentally proven hypothesis. The gen

erally accepted picture is that the lipid chains of opposing

monolayers of the amphipathic phospholipid molecules form a

non-polar hydrophobic "core" region within the bilayer

between the polar hydrophilic "head group" regions on either

side of the hydrocarbon core. Despite advances in charac –

terization of the structural features in membranes, the

clarity of the membrane picture is clouded by the variety of

components constituting the system and all of their ensuing



interactions .

Proteins, the second major component of membranes, are

believed to be primarily responsible for membrane function

(acting as the valves, gates and switches mentioned previ

ously). Membrane structure and the prote in-lipid interac –

tions have at tracted considerable research interest . Models

of how the membrane proteins are integrated into the

bilayer's phospholipid framework have been hypothesized by

Davson and Danielli (2) and by Singer and Nicolson (3).

Protein components are known to be submerged either wholly

or in part (similar to an iceberg) in the phospholipid

matrix. Hydrophobic regions of the prote in are associated

with the bilayer's hydrocarbon core while hydrophilic

regions could be found extending into the cytoplasmic

reaches or extra cellular space around the membrane. Figure

1 - 1 depicts this generally accepted fluid mosaic model for

biological membranes. The many membrane events of physical

and biochemical significance spawned by this fluid mosaic

model include the potential for lateral phase separations

(lipid clustering), clustering of functionally related pro

teins, and transmission of in formation via the lateral

motion of other components on the membrane surface (as in

the case of chemotaxis and cell recognition).

A simplified description of the biological membrane

system such as this is rather deceiving since every aspect

of the system (composition, structure, interaction of its
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own components , inter action of the membrane with its

environment and the effects of physicochemical parameters on

the membrane system) still has many features which remain

elusive .

1. 3 - Membrane fluidity and ' dynamic state' -

While many important biochemical pathways of a living

organism are membrane-bound events, a large number also

require a flux of ions and molecules across the membrane.

In discussing the participation of the membrane in the

maintenance of homeostas is , a time dependence associated

with these specialized molecular activities must be found.

Just as we may describe the time-dependent "state" of a sys

tem in quantum mechanics, we may define the "dynamic state"

of the membrane . A description of the dynamic state

includes a description of the instantaneous composition and

structure as well as the time dependence of these factors.

Towards the goal of analyzing the dynamic state of membranes

comprehensively, appropriate observables must be found. In

biochemical or functional terms, observables may include

specific activities of membrane components ( e.g., enzymes,

receptors, etc.), membrane surface potentials, or chemical

gradients across a membrane. In physical chemical terms ,

1there are observables such as phase transition temperature

Or solubility Of membrane - soluble agents. Membrane

'see chapter 2.



fluidity, another variable , is a descriptive term which is

found in the literature. However, no experiment exists in

which the value of "F" (the fictitious fluidity factor) may

be determ in ed. Fluidity is a contrived or hypothetical

observable whose origin is in molecular dynamics. With in

molecular dynamics, however, experimental techniques are

capable of measuring a number of observables related to

fluidity. The sum of the many molecular and sub-molecular

motions are ultimately responsible for the fluidity of a

membrane, where each particular type of motion may be

as signed some observable . The lateral self-diffusion coef

ficient (D, emº/sec) is one such dynamic parameter which is

understood to represent the lateral mobility of a molecule

parallel to the plane of a membrane's surface. In an

attempt to gain more insight into the dynamic state of the

membrane system, it is the goal of this work to investigate

the lateral diffusion coefficient of phospholipid molecules

in model membrane systems and in a biological membrane.

The remainder of this introductory chapter serves two

purposes. The first is to justify the use of model membrane

systems for subsequent experiments, and the second is to

illustrate the particular applic ability of the new technique

we have employed for determining diffusion coefficients for

improving our understanding of the dynamic state of mem

branes .



1. l. Model vs biomembranes.

To justify employing model membrane systems in the pri

mal stages of work intended to explore the physics and

biochemistry of natural membrane systems, a logical course

is to compare factors relating to the dynamic state of both

the model and biom embranes. X-ray diffraction studies,

analysis of neutron scattering data and differential scan

ning calorimetric experiments on a que ous lecithin and

natural membrane d is persions have provided excellent evi

dence supporting the structural and organizational the ories

that phospholipids form the lamellar framework of mem

branes”. The organization of hydrated egg yoke lecithin

(EYL) and an EYL / cholesterol mixture in the characteristic

lamellar structure consisting of a hydrocarbon core between

the polar head group regions of these molecular sandwiches is

demonstrated in Figure 1–2 as electron density profiles

obtained from X-ray diffraction experiments (5). Further

more , X-ray diffraction data show that within this hydrocar

bon core corresponding to the low central regions in Figure

1-2, the motional freedom over all of the chains is somewhat

constrained presumably due to molecular packing restric

tions. That the order towards the terminal methyl group is

affected greatly by the presence of cholesterol is made

apparent by in spection of Figure 1-2. In a similar study,

Wilkins et al. (6) using Mycoplasma laidlawii membranes,

*A discussion of the physical properties of liquid cry
stals as they pertain to membranes is found in Chapter 2,
Section 1 .
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hemoglobin-free erythrocyte ghosts, nerve-ending plasma mem

branes and Esche richia coli plasma membranes found the X-ray

diffraction bands in accord with the earlier simple bilayer

results, providing further evidence that the biomembrane

includes the elementary bilayer structure as determined in

the case of synthetic lipid systems.

Additional support for a lamellar structure of the

lipid molecules for both model systems and biological mem

branes is found in the neutron scattering experiments

reported by Schoenborn ( 7, 8). Neutron scattering appears to

be a useful approach to the study of these membrane systems

(except for the scar city of available equipment and limita

tions in the magnitude in the energy flux available for the

experiment). Because the phenomenon is due to nuclear fac –

tors and is not electronic in nature, large differences

arise in the relative scattering parameters for different

nuclei, even for isotopes of a given nucleus. Either by

substituting deuterium for hydrogen in a membrane lipid

molecule , or by varying the ratio of heavy to normal water,

as signment of densities in terms of the spatial arrangement

of nuclei with in the bilayer is permitted. Di palmitoyl lec –

ithin (DPPC) in DPPC/ cholesterol systems was examined in

this manner, yielding calculated density results in excel

lent agreement with Figure 1-2, giving an even better reso

lution of the water layer between the polar head groups of

adjacent bilayers (7,8). This method will certainly become

of more interest as the prote in component in membranes is
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studied , for it will allow resolution of small areas with

differing densities such as the lipid region surrounding a

prote in .

The differential scanning calorimetric experiments of

Reinert and Steim (9) on the viable organism Mycoplasma

laidlawi i show a phase transition which is matched in tem

perature range and end othermic it y for both the whole mem

branes extracted from this system and the lipids extracted

from these membranes . Except for a transition due to pro

tein denaturation, all the observed transitions were rever

sible and reproducible as is true for artificial bilayer

systems. The cells were cultured on a substrate such that

about 70% of the membranes lipids' fatty acid content was

palmitate. The refore the coincidence of the end othermic

transition with the known transition for phospholipid sys

tems composed of DPPC lamellar systems is excellent evidence

for the existence of lamellar structure in the biological

membrane system. Enthal pies associated with the phase tran

sition for the lipids of whole membranes and for the

extracted lipids (i.e., in the absence of protein) were

found to be very similar (ratio = 0.9 + 0.1) adding more

cre dance to the argument that a lamellar bilayer forms the

structural basis for biom embranes as well as model membrane

systems.

Spectral parameters from electron spin resonance (ESR)

experiments are sensitive to the environmental effects on an

electron spin's motion in a spin-labeled molecule used as a
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probe in a sample membrane system. Results of ESR experi

ments in which le cith in molecules labeled at various posi

tions along the fatty acid lipid chain with N-oxyl-1, ' , l; "-

dimethyl oxazolidine as a paramagnetic probe were in cor

porated in a queous lecithin model membrane dispersions have

been interpreted as a rising from rapid an isotropic motions

of this probe due to the an isotropic intra-chain re orienta

tions along the fatty-acyl chains of the lecithin molecules

in the bilayer (10). Order parameters, calculated from the

ESR spectra, decrease as the label's position on the chain

approaches the methyl terminus and , therefore, the center of

the bilayer. They further report analogous trends in the

order parameter for spin-labeled fatty acids incorporated in

the membrane of unmyelinated walking leg axon nerve fiber of

Homarus americanus (Maine lobster), again indicating the

illustrative role of the model system. The data is cer -

tainly in accord with the following profile of membranes : a

fluid-like hydrocarbon core with increasing motional freedom

towards the terminal methyl groups at the center of the

bilayer. It is apparent that the similarities in the struc

tural aspects of the model and biomembranes' dynamic state

are well founded in that the results of all the above exper

iments are mirrored in each type of membrane system con

S idered .

Allied with the architectural found at ion of membranes

is the composition of the membranes. In fact, the integrity

and capacity of a membrane to perform its specific function
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or functions are reflected by the quantity and particular

as sortment of molecular species present. For example, the

myel in membrane of nerves is primarily an insulator which is

reflected in the small prote in-to-lipid ratio. Mi to chon -

drial inner membrane, where biochemical events intimately

involved with respiration are the main function, has a large

prote in-to-lipid ratio with a large variety of proteins

( 11). Grouping the membranes' components in to only two

categories (i.e., prote in or lipid) imposes only a super fi

c ial view as to how the molecular content of a membrane and

the resulting specialization of that membrane are connected

with its dynamic state. The diversity in prote in and lipid

molecules found in membranes is considerable as must be the

effects each has on the dynamic state.

Alterations in physicochemical and biophysical prope ri

ties are now considered when the membrane is altered or sub

jected to abnormal physical stress. Permeability, involving

the passive diffusion of a substance across a barrier , will

undoubtedly be sensitive to the internal dynamic state of

the barrier . De Gier et al. (12) studied the temperature

dependence of the permeability to glycerol and erythritol of

liposomes whose phospholipid composition was varied in chain

length , presence and quantity of chain unsaturation, chain

composition within one phospholipid molecule, and presence

of chole ster ol. Their experiments revealed that those fac –

tors which resulted in increased membrane fluidity also

resulted in increased permeability, in accord with earlier
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results from studies on the temperature dependence of the

permeability of erythrocyte ghosts to none lectrolytes.

An esthesia , in all probability, is at tributable to the

membrane bilayer's hydrocarbon core playing host to a

variety of small lipid soluble molecules and the subse

quently re defined dynamic state with in the membrane.

Exactly how an esthetic-mediated effects relate to the vari

ous surgical planes of an esthesia remains to be answered

unequivocally. However, the alterations of a membrane's

normal state , while under the influence of an anes the tic

agent, provide insight into the dynamic state of a membrane

system by virtue of the comparable effects produced and

observed in model and natural membrane systems. Several

instances follow in which parallel experiments have been

performed on natural and model membranes which support the

model membrane's reliability as a predictive system.

Bilayers in dimyr is toyl lecithin (DMPC) and DPPC vesi

cles were shown to undergo physical changes, the rate of

molecular diffusion in the bilayer increasing (presumably

due to decreases in the phase transition temperature) when

some lipid-soluble general anes the tic molecules were in tro

duced into the system (13). Proton nuclear magnetic reso

nance (NMR) studies showed an increased lipid resonance

intensity which was interpreted to be caused by a lowering

of the phase transition temperature leading to a greater

amount of motionally unre stricted lipid . Diffusion rates

determined using fluorescence decay experiments with
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fluorescent probes in the bilayer, indicated a more rapid

diffusion in the presence of an esthetic . Samples derived

from red cell ghosts and sarcoplasmic retic ulum membranes

yielded similar fluorescence decay results, and NMR results

from experiments with the sarcoplasmic reticulum system

paralleled those from the model membrane vesicles (13).

The molecule TEMPO (2, 2, 6, 6-tetramethylpipe ridine-1-

oxyl), being lipid-soluble and possessing an unpaired elec

tron spin was found to be a good ESR probe of the motional

state with in the hydrocarbon core of artificial phospholipid

bilayer systems and in several varieties of excitable

biom embrane preparations when used in low enough concentra

tions to rule out appreciable electron spin-spin interac –

tions between neighboring probe molecules (1 l). The solu

bility of the TEMPO probe in the hydrocarbon portion of the

bilayer, as monitored by the ESR spectrum, was found to

in crease two – to five – fold when the membrane was also host

to the local anes the tic tetracaine, for both artificial

phospholipid vesicles and an excitable membrane from the

walking leg nerve fiber of a Maine lobster (1 l).

Elevated hydro static pressure is an antagonist to the

an esthetized state of a membrane. This pressure reversing

effect on an esthesia also illustrates the parallel between

biological and model membrane systems. Pressure reversal of

an esthesia has been demonstrated in the classical tadpole

experiment (15) and also with newts (16). The latter work

er's also evaluated the effects of elevated pressure on
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lipo somes subjected to several anes the tics. The an esthetics

+ +alone in creased the lipo some s' permeability to K and Rb

ions. If the system was then pressurized to about 150 atm,

initial permeability to the particular ions Was r” e -

established . The correspondence between the lipo some system

and the biological system (newts in this case) is that the

an esthetic concent ration used in the lipo some experiments

e qualed the threshold concent ration for inhibition of the

righting reflex in newts, and the pressure necessary to

rever S e this inhibition was about 150 atm . Experiments with

erythrocyte membranes show how an esthetics, in concentra

tions equivalent to the minimum alveolar concentration (MAC)

suitable for surgery, create an anti-hemolytic effect in the

erythrocytes (17 and references the rein). As an esthetic -

induced membrane expansion, responsible for the anti

hemolytic effects, is most likely to be the phenomenon anta

gonized by elevated pressure , some interesting calculations

have been done.

Corresponding to surgical anes the tic concentrations is

an increase in the erythrocyte membrane area of 0. l;7. This

is surprisingly in agreement with the change in membrane

are a calculated when the membrane is compressed by an

applied pressure equal to the pressure which produces a

reversal of the anesthetic effects. Thus, in the realm of

experimental in formation derived from a nesthetics' inter a C –

tions with biological and model membrane systems, an elegant

analogy has developed between the two systems.
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In conclusion, phospholipid bilayer models provide an

opportunity for the researcher to design a system to meet

the special requirements of a particular experiment aimed at

answering a specific question about the biological counter

part of the model system.

1.5. Lateral diffusion studies on model and biom embranes.

Lateral diffusion of membrane components has received

much attention in the last decade in order to comprehend in

greater detail the temporal nature of the membrane's dynamic

state . The fore most a priori restrictions imposed upon such

investigations is that the methods used must necessarily

involve a time scale coincident with that of the dynamic

state observables to be monitored . Magnetic resonance spec

troscopy sat is fies this cond it ion and has been employed in

the measurement of the diffusion rates of molecules in mem

brane systems and as a general tool for probing the molecu

lar dynamics of membrane bilayers using both the nuclear

spin resonance and electron spin resonance condition as an

experimental basis. Proton NMR spin-spin relaxation times

of certain lipid resonances have been used to estimate a

lower limit for the diffusion coeffic i ent in DPPC vesicles

( 18). Wade (19) has determined the lateral self-diffusion

coefficient for oriented lec it h in bilayers using the pulsed

field gradient spin echo (PFGSE) proton NMR experiment. The

nature of the fluidity of several membrane systems has been
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investigated and estimates of the diffusion coefficient of

spin-labeled probes incorporated in to various membrane sys

tems have been obtained with ESR experiments (20–22). Opti

cal spectroscopic techniques have also achieved some success

in diffusion studies employing fluorescence probes in mem

brane systems (23–25). A brief summary follows of the sig

nificant investigations reporting values of diffusion coef

ficients for various lipid molecules in membrane systems.

1 .. 6. ESR.

ESR spectroscopy has been applied to the problem of

determining lateral diffusion rates in model and natural

membranes by monitoring the spectral properties of "spin

labeled" probes inserted into the membrane system under

investigation. Typically, the spin-label consists of a

nitroxide group , with an unpaired pi electron , attached to a

phospholipid analog. The ESR line shape of the nitroxide

probe is influenced by the molecular motions available to

the probe which are ultimately influenced by the molecular

structure and dynamics of its surrounding environment.

Interaction between the unpaired electron spins of adjacent

probes may occur, providing spectral characteristics such as

changes in the hyper fine splittings, g-factor and absorption

intensities, from which in formation about molecular dynamics

can be extracted .
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Träuble and Sackmann (20), in a series of ESR experi

ments, studied the structure and behavior of DPPC model mem

brane systems above and be low the liquid crystalline phase

transition temperature using a spin-labeled steroid . The

collision rate of the paramagnetic spin probes affects the

ESR line shape via spin exchange interactions. In their

approach , s p in exchange frequencies, determined as a func

tion of temperature and steroid concentration from experi

mental and computer-simulated spectra, were applied to a

diffusion model developed to incorporate the exchange param

e ter. They reported a lateral diffusion coefficient of

approximately 1 X 10-8 emº/sec for an and rost an e spin-label

in DPPC bilayers just above the phase transition tempera

ture .

Devaux and McConnell (21) studied lateral diffusion

using another ESR line shape analysis based on the interac –

tions between the unpaired electron spins of oxyl oxazolid ine

rings attached to the cho line nitrogen atom of DPPC

molecules inserted into oriented multilamellar systems of

EYL and did ihydrosterculoyl phosphatidylcholine (DPC). A

concentrated "spot" of the spin-labeled DPPC probe was

placed in the host phospholipid multilayers and the ESR

spectrum recorded at intervals of time until the spectrum

representing the completely ran domized or dilute s p in probe

was obtained . Spectra calculated with diffusion related

parameters for varying concent rations of the spin-label

probe were compared with the experimental spectra for deter
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mining the diffusion coefficient. For the spin-labeled DPPC

molecule embedded in DPC multilayers, a lateral diffusion

coefficient of (1.8 + 0.6) X 10-8 cm^/sec at 25°C was

reported .

Scandella et al. (22) have also investigated the diffu

sion of a spin-label probe in both EYL / choles terol bilayer

vesicles and in vesicles made from rabbit sarcoplasmic reti

culum membranes. Spin-label collision rates, determined in

terms of the electron spin exchange contribution to the con

centration broadening of the ESR spectra, were used for cal

culating diffusion coefficients. Lateral diffusion rates

demon Strated very little change with temperature in

EYL / chole sterol bilayers ( e.g., ranging from D = ( 1.5 +
- 7 7emº/sec at 40°C to (2.0 + 0.15) x 10" on? /sec0.2) X 10

at 70°C) while in sarcoplasmic retic ulum membrane vesicles

values calculated for D ranged from D = (7.5 + 2) X 10-8
cm^/sec at 40°C to 1.2 x 10-7 emº/sec a t 70°C. It was sub

sequently reported (26) that a spin-labeled phosphatidyl

ethanolamine (PE) probe diffuses in the EYL / choles terol

vesicles at a rate very close to that of a DPPC probe in

that system.

1 - T - NMR

The absorption of energy in the radio frequency range by

a nuclear spin system in a large constant external magnetic

field induces transitions between the nuclear energy levels
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and thus perturbs the populations of the spin system. The

return of the spin system to equilibrium is modulated by the

intra- and intermolecular motions of the molecules housing

the spin system under observation. Thus, as the nuclear

spin analog to ESR, NMR proves to be a valuable investiga

tive tool for studying molecular dynamic s. NMR, however,

offers an advantage because the nuclear spins with in a

membrane's molecules are intrinsic probes.

The large number of monographs and volumes covering the

formalism of nuclear induction and nuclear spin relaxation

(27-30) supersede such a discussion here. For now it is

sufficient to provide only a brief description of the rela

tionship between molecular motion and nuclear spin relaxa

tion.

When relaxation is due to dipolar interactions between

the individual nuclear magnetic moments of a spin system , it

is possible to compute the effect of the local magnetic

fields , h, on the net magnetic moment, M, of the spin system

fix M = (hy M. – h,M,)t
+ (h, M. – h, Me)] [1]

+ (h, My - hyM.)R

where

h - hº T + hyj + h, R [2]

and
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M = M.T + Myj + M, R [3]

Longitudinal , T or nuclear spin-lattice relaxation, which

O C C ur S after the absorption of radio frequency energy,

involves re-establishment of the nuclear spins to their

equilibrium occupation of energy states in the presence of

the applied constant magnetic field Ho (which arbitrarily

defines the z axis of our coordinate system). Longitudinal

relaxation is promoted by the h; and hy, but not the h2
local field components. The loss of phase coherence or dis

tribution of spin energy solely within the spin system, T2 .
transverse or nuclear spin-spin relaxation is also a conse -

quence of the h; and hy components but is singularly

affected by h2. Eq [l, J and Figure 1-3 summarize the rela

tionships between the local field components and the T. and

T2 relaxation processes.

he' -> My M, -> T1, T2

hy -> M.', M. -> T1, T2 [1] I
-> ->h, " M, , My T2

These relations actually describe the events while observing

the system in the rotating frame, obtained simply by

transforming the laboratory frame of reference with the

operator u■ o along the z ( laboratory frame) axis as illus

trated in eq [5]

z - z = z
z - z' (a,c) [5]
y -> w (wo)
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FIGURE 1-3

(T2 ONLY)

h º
(T1,T2)

Figure 1-3: The rotating frame of reference and the relaxa

tion processes affected by the respective local magnetic

field vectors .
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Nuclear spin relaxation is a consequence of the

interaction of the fluctuating local magnetic fields with

the nuclear dipole moments. Fluctuations in these inter a c

tions are influenced by the motional state of the molecules

in the sample . Particular molecular motions yield Fourier

frequency components in the power spectrum which provide

efficient nuclear spin relaxation ( e.g. , those near uo , the

Larmor or nuclear precession frequency). Fourier components

exist which are effective for both T and T processes;1 2

other components significantly affect To relaxation only.2

The dependence on motional frequency, expressed in

terms of the rotational correlation time te of the nuclear

spin relaxation time, is exemplified for the case of

in tramolecular relaxation in Figure 1 – 1, . More rapid motions

are characterized by shorter correlation times.

In the first attempt to study lateral diffusion in

phospholipid model membrane systems with NMR, Kornberg and

McConnell (32) gained only a qualitative picture indicating

that diffusive motions of phospholipids in vesicles must be

occurring with a frequency greater than 3 X 103 sect'.

Although they did not report a value , simple diffusion

theory may be used to estimate a lower limit for the diffu

sion coefficient from the limiting jump frequency. As suming

a value of or = 88 (33) for the distance of closest approach

of neighboring molecules, a lower limit of l; .. 8 X 10-12

cm^/sec is calculated for the diffusion coefficient from eq

[6] (33)
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FIGURE 1 - l;

-log T2
-log Ti,
-log Ti

Coo' coi' log1.

Figure 1 - || : The or etical curves illustrating the T1, T2 and

* 16 relaxation rates " dependence on correlation time for
intramolecular dipolar relaxation. From James (30).
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= -2°. [6]

Experimentally, line broadening of the choline N-methyl pro

ton reson ance in DPC vesicles was monitored as a function of

DPPC spin-label probe concentration to determine the

residence time of nearest neighbors and , consequently, the

diffusional motion frequency. The limiting value of the

diffusion coefficient is smaller by several orders of magni

tude than the diffusion coefficients reported in the more

quantitative approaches to be described . This may reflect

the inability of this technique to single out diffusion as

the prevailing mode through which paramagnetic line broaden

ing of the N-methyl resonances occurs.

Arguing that in termolecular dipolar relaxation due to

translational diffusion is the dominant mechanism for relax -

at ion of the terminal methyl and cho line N-methyl proton

res on ances of phospholipid molecules in sonicated vesicles,

Lee et al. (18) were able to evaluate a lower limit for the

diffusion coefficients of membrane lipids from proton NMR

line width measurements. Their argument requires proof that

in termolecular relaxation is due to the relative translation

of the lecith in molecules in the bilayer as opposed to rota

tional motions or other molecular excursions. As will be

discussed later this is of primary concern for the method

upon which this dissertation is based. Lee et al. (18) con

cluded that an in termolecular contribution is important for

the methyl proton relaxation rate by comparis on with 13c
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13c will be relaxed by attached prorelaxation results (

tons). Deuterium dilution experiments gave further evidence

of intermolecular contributions to the spin-lattice relaxa

tion rates and to the line widths, at least for the N-methyl

and terminal methyl groups in le cithin vesicles. From 13c

longitudinal relaxation rates the proton in tramolecular con

tribution ‘’’’ ‘’intra may be estimated , thus enabling calcu

lation of the intermolecular contribution ‘’’’ ‘’inter by eq

[7]

1
T1

1
T1

1

+ T1INTRA
[7]ons INTER

In view of the proton Ti value of 0.8 l; sec for the terminal

methyl group in DPPC vesicles and the estimate for the

intramolecular contribution of approximately l, sec, the

over all relaxation rate is indeed dominated by the inter

molecular contribution of approximately 1.06 sec. The ir

assessment of diffusion coefficients arises from the theory

for dipolar intermolecular relaxation due to translational

diffusion (31. , 35). The correlation time associated with the

translational motion of the relaxing spins may be related to

the diffusion coefficient by the relationship

1 1 1+ d” + +&r?» –- [8]Te = |s 12 D

where or is the distance of closest approach of two nuclei on

different molecules and <r°x is the mean-squared jump
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distance. Assuming a jump distance of 5?, correlation times

calculated from T2 data (36) yield a diffusion coefficient

of 9.5 X 10–9 on*/sec in EYL at 20°C. It should be pointed

out that the value found for D is very dependent on the

assumed jump distance and distance of closest approach.

Headgroup phosphate line widths and residual second

31p NMR experimentsmoments derived from high resolution

with EYL and DPPC vesicles were used by Cullis (37) to cal

culate the lateral diffusion of these phospholipids in vesi

cles. Glycerol was added to the systems to retard vesicular

tumbling such that the vesicular rotational contribution to

the diffusion term in eq [9] was eliminated , i.e. , PR KK Pt

Such that D = Pt + PR -> Pt

M 2# = -H+* + C [9]* 8|###- + D,
8 m n a

Diffusion coefficients were estimated over a wide range of

temperatures for both systems. At 15°C the diffusion coef

8ficient in DPPC vesicles is about 2.5 X 10T on*/sec and in

8 on*/sec. Of spethe eyl vesicles at 50°C, D = 2.6 x 10"

cial interest is that this technique allows the measurement

of diffusion below the gel to liquid crystal line phase tran

sition giving , for example , at 35°C a diffusion coefficient

of 1 X 10–9 cm^/seo in DPPC vesicles. This is in agreement

with our *16 work” and represents one Of the few

*see Chapter l; .
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measurements in the gel phase so far reported . The Order of

magnitude change in diffusion rate for the DPPC system

appears to occur during the temperature range, just below

the gel-to-liquid crystalline transition, associated with

the end othermic pre-transition which is ob Served in

calorimetric experiments on these bilayer systems. Despite

the agreement of these results with other reports on diffu

sion coefficient measurements, little discussion is given as

to the correctness of separating the diffusion term into the

translational and rotational components as is done to arrive

at eq [9].

The experiments mentioned above indirectly produce dif

fusion coefficients. NMR spin echo experiments potentially

may provide a direct monitor of molecular diffusion. Unfor

tunately, be cause of in complete averaging of dipolar

interactions due to the an isotropic molecular motions with in

a bilayer , diffusion studies have not been altogether suc

cessful in membranes. The PFGSE experiments on membranes

push the technique 's capabilities to their limit. For

unsonicated lecithin d is persions, transverse relaxation is

dominated by the residual dipolar coupling, swamping any

diffusion contribution; thus the experiment cannot be done

in this case unless all the bilayers are oriented at an

angle of 54.7° (the magic angle) with respect to the mag

netic field direction; this orientation minimizes residual

dipolar interactions. For sonicated phospholipid vesicles

in PFGSE experiments, the diffusion monitored is that of the
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whole vesicles and not the lateral diffusion of the phospho

lipid in the vesicles' bilayer (38).

Lindblom et al. (39) report a lateral diffusion coeffi

8 emº/sec for the ternary system of dilaucient of 2. 1 X 10T

royl lecithin (DLPC), sodium cho late and D20 using the PFGSE

experiment. The PFGSE experiment is successfully applied to

the cubic mesophase of such systems since molecular motions

are sufficiently isotropic to permit a respectable degree of

motional narrowing. The extension to a diffusion coeffi

cient for the lamellar phase is purely the result of approx

imations based on the assumption that the phospholipid

molecules "feel" the same immediate environment in both the

lamellar and cubic phases. There is however, surprising

agreement in these results and other published values for

diffusion coefficients in model and natural membrane sys

tems.

Lindblom and Wennerström (1,0) later employed magic

angle orientation of their samples in order to perform the

conventional PFGSE experiment. Interestingly, this more

direct method yields a diffusion coefficient roughly an

order of magnitude faster, D = 1. 2 X 10-7 emº/sec, than the

method involving several assumptions and the presence of a

third component.

Wade (19) has also used ordered multilayers and magic

angle orientation with the PFGSE experiments on several

phospholipid systems. His results are also an order of mag

nitude faster than the values for diffusion coefficients in
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systems studied by ESR and other NMR techniques, ranging

7between 1 and 7 X 10T emº/sec for DLPC, DMPC and DPPC.

1.8. Fluorescence.

Diffusion in membranes has been investigated with

several fluores cence spectroscopic techniques either by

in corporating a fluorophore into one of the membrane

molecules or by using a membrane – soluble fluorophore which

is for eign to the system. The results are summarized here

for comparative purposes. Fahey et al. (23) found for DPPC
7

at 47°c, D = 1. 1 X 10T emº/sec and using two different

probes in EYL measured diffusion coefficients of 1.7 and 2. l;

7X 10.T cm^/sec at 26°C and 24°C respectively. In the plasma

membrane of L-6 myoblast cells, at 23°c, the diffusion coef

-9ficient of the lipid component is 9 X 10 on*/sec while

- 10 on*/sec (21). Wu et athat of the protein is 2 X 10

8 O(25) report a value of D = | X 10T emº/sec in Eyl at 25 C.

They also studied two other phospholipid systems; DMPC in
8which D = 5.5 X 1 OT on*/sec a t 30°C and DPPC, where D = 7 X

10-8 on*/sec at 45°C. In these last two systems the diffu

sion coefficient was observed to decrease by two orders of

magnitude at temperatures below the phase transition tem

perature.
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1.9 Inadequacies of existing approaches .

Two reviews (l, 1 , || 2) present an overview of lateral dif

fusion in membranes, model and natural, as studied by ESR,

NMR and fluorescence spectroscopy. It is apparent that no

method for determining diffusion coefficients in membranes

has gained general acceptance due to technical and experi

mental limitations and be cause of the potential perturbation

of the membrane system by foreign probes or the estimates

and approximations needed when calculating the diffusion

coefficient from the experimental results. Some of the

major problems regarding the existing techniques are : (a)

The experimental phospholipid system most closely simulating

the natural membrane bilayer is that of unsonicated phospho

lipid dispersions or ordered multilayers as it has been sug

gested that vesicle curvature affects lamellar packing and

thus the phospholipids' motions. However, the high resolu

tion NMR spectra required for the techniques discussed in

this chapter are unobtainable with unsonicated dispersions.

Also as mentioned with respect to the PFGSE experiments

magic angle orientation is necessary when using these

ordered multilayers. This is an extreme when it comes to

experimental difficulty. (b) The use of extrinsic probes

yields the diffusion coefficient of the probe and hence only

an estimate for the rate of diffusion of the in her ent mem

brane molecules . The uncertainty as to what perturbing

effects the probe has on the dynamic state of the host

molecules also exists (1,3). (c) Many of the methods involve
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the use of approximations. When assumptions about molecular

geometries and motional time scales are employed , the final

evaluation of a diffusion coefficient can be , at its best ,

only an estimate .

1 - 10 = A brighter future.

Burnett and Harmon have shown that in a v is cous system

such as glycerol, if certain cond it ions prevail, vida in fra,

the diffusion coefficient may be determined directly from

NMR relaxation data (l, l; ). If intermolecular dipolar relaxa

tion due to translational diffusion gives rise to a signifi

cant contribution to the spin-lattice relaxation rate in the

Zeeman field or stationary frame (1/T,) or in the spin

loc king field or rotating frame (1/Tie), a radio frequency
dependence exists from which the self-diffusion coefficient

may be obtained directly. The initial goal of this work was

to determine the usefulness of this technique for determin

ing the lateral diffusion rates of phospholipid molecules in

model membrane bilayers. Our feasibility studies did , in

fact, prove this method to be successful for the measurement

of phospholipid lateral diffusion rates, thus obtaining a

new probe of the molecular dynamics with in model membrane

systems.

This dissertation describes a study of diffusion in

membranes as a probe of the dynamic structure and shows how

various cond it ions affect late ral diffusion with in the
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membrane bilayer. Proton NMR is used , thus monitoring an

intrinsic membrane probe in unson ic at ed phospholipid disper

sions and in a biomembrane. Spin-lattice relaxation rates

in the rotating frame were obtained as a function of fre

quency, temperature, concentration and composition yielding

diffusion coefficients which are calculated from strictly

measurable quantities.

As indicated in this introductory chapter , many scien

tists have spent considerable time and effort in contribut

ing to a description of the dynamic state of membranes. The

work described here is notable for the experimental approach

we have used in studying diffusion, which permits the phos

pholipid diffusion coefficients to be obtained directly from

experimentally determined parameters and without the addi

tion of an extrinsic probe .



CHAPTER 2

FUND AMENT AL CONSIDERATIONS

2 - 1. Intermediate States of Molecular Order.

Temperature – pressure phase diagrams del in eate the boun

daries separating the solid , liquid and gaseous phases of a

substance. For any given values of pressure and tempera

ture , the existance of a crystalline solid (potentially one

of several polymorphic crystalline phases), an amorphous

solid, an isotropic liquid or the gaseous phase depends on

the balance between the net at tractive in termolecular forces

and the thermal energy with in the system. At constant pres–

sure, above the triple point pressure, increasing tempera

ture typically gives the sequence of transitions : SOLID ->

LIQUID → WAPOR. In some instances, molecules possessing

some configurational asymmetry (usually involving a low

ratio of width to length) and often a relatively polar

region may pass from the crystal line solid to an intermed i

ate para crystalline or liquid crystalline mesophase before

passing into the isotropic liquid phase. These an isotropic

partially ordered mesophases are a result of thermal energy

weakening the attractive intermolecular forces in the cry

stalline lattice. Remaining at tractive forces maintain some

3 l;
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of the order present in the solid crystal line lattice.

Three principle thermotropic me so phases may be formed :

the smectic , nematic and chole ster ic me so phases as shown in

Figure 2-1 ( 1, 5- l; 7). Characteristic of each of these meso

phases is a particular axial alignment providing configura

tions with minimum interaction energy between the hydro pho

bic regions and hydrophilic regions of each molecule. Some

substances may yield more than one mesophase upon raising

the temperature (enant iotropic ) while some mesophases are

formed only upon super cooling of the isotropic liquid (mono

tropic ). In the latter case , a second mesophase may occur

with changes in temperature in either direction. Figure 2-2

illustrates these two processes schematically; however, com

binations of these transitions may give rise to more complex

Scheme S.

Penetration of a solvent into the crystalline lattice

is an other mechanism where by the cohesive in termolecular

interactions responsible for maintaining the lattice

integrity may be diminished . Weakening of the crystal

lattice "s in termolecular for c e s due to the solvent - solute

interactions results once again , for certain substances, in

a phase transition to a mesophase in termediate to the solid

and isotropic liquid phase of the binary system. Such phase

behavior , i.e., resulting from variation in the solvent to

solute ratio , is termed lyotropic mesomorphism. The amphi

pathic biological lipids offer an excellent example of this

lyotropic mesomorphic behavior. The primary lyo tropic
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FIGURE 2-2

CRYSTALLINE SOLID ISOTROPIC LIGUID

! M
T ; :

T2 | |

Y }
- - - - - - - -Ne

MESOPHASE I -- - - - - --- MESOPHASE II

ENANTIOTROPIC MESOMORPHISM

T
-

—*
CRYSTALLINE SOLID ISOTROPIC LIGUID

\--
* ~ (super

*~. T2 cooled)

MESOPHASE I
! A.
| |
| |

N |
MESOPHASE II

MONOTROPIC MESOMORPHISM



38

mesophases, determined as a function of water concentration

and temperature, for these systems are the lamellar (sme c

tic ), hexagonal and cubic phases (l, 7–5 l; ). Sketches of these

phases are given in Figure 2-3.

Further discussion of lyo tropic mesomorphism is con

fined to the phospholipid molecules of interest in this

dissertation: (dilauroyl ( 12C) DLPC, 1,2-diacyl-sn-glycero

3-phosphocho lines dimyr is toyl (1 l; C) DMPC, alpalaitoyl (16C)

DPPC, d is tearoyl (18C) DSPC and dioleoyl (18: 1 sia) DOPC)

and the 16 carbon analog of the 1, 2-diacyl-sn-glycero-3-

phosphoe than olamine series, dip almitoyl phosphatidyle than o

lam in e DPPE. The structures of these molecules are shown in

Figure 2-1 .

Anhydrous phospholipids exhibit thermo tropic mesomor

phism as well as lyotropic mesomorphism when water is

present (51–56). The relative positions of the solid-to

liquid crystalline thermo tropic phase transition and gel

to-liquid crystalline" phase transition temperatures (for a

system with a given water concentration) are influenced

similarly by some certain factors. A decrease in hydrocar

b on chain length or an increase in degree of unsaturation

are found to lower the transition temperature, c is double

bonds effecting a greater lowering of the transition tem

perature than trans double bonds (55).

"To be discussed shortly.
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Figure 2-3: Drawings of the three primary lyotropic meso

phase structures obtained with the binary phospholipid-water

systems: (A) Lamellar (smectic) , (B) Hexagonal (two

forms), Hr-oil in water type , and Hr r-water in oil type, (C)II

Cubic . The predominant hexagonal phase for the diacylated

phospholipids is of the type water in oil.
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The phase diagram for the water-DPPC system given in

Figure 2–5 is representative of the behavior of the phospha

tidylcho lines studied in this work, where the concent ration

c is expressed as weight 7 of the phospholipid . The gel

to-liquid crystal line transition (heavy line in Figure 2-5)

temperature or (Chapman transition temperature) To signifiesC

two important physical phenomena. For a given amount of

water, it represents the minimum temperature necessary for

penetration of the anhydrous crystalline lattice by the

water molecules. The first thermotropic transition for

anhydrous DPPC is at 90°C (on the left axis of the phase

diagram). The phase diagram illustrates the large effect

the addition of water has in lowering the transition tem

perature to the lower-limiting value of Tc at 1, 19C (the

Krafft temperature) obtained at high water content.

The bimolecular lamellae of the smectic liquid crystal

line phase, in which the hydrocarbon chains enjoy to a cer

tain degree the disorder found in liquid paraffins, occupy

the major portion of the phase diagram of the binary

lecithin-water system (for the homogeneous chain lecithins)

(56) including the water concentration and temperature

ranges of biological interest. Hexagonal and cubic meso

phases (see Figure 2-3) evolve at much higher temperature

and at water concentrations bordering the anhydrous limit of

the phase diagram (50). The long range order of the anhy

drous solid crystal line lecithin is the two dimensional

bimolecular lamellar lattice with the hexagonally-packed,
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FIGURE 2-5
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Figure 2–5: Temperature-concentration phase diagram for the

DPPC-water system. From Chapman et al. (56).
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saturated hydrocarbon chains rigid and extending in the

all-trans configuration (57) from the firmly positioned

polar head groups. When present, the involvement of water

molecules is with the hydrophilic cho line head groups in the

inter-lamellar channels. Calorimetric experiments have

indicated that approximately 20% (by weight) of water is

actually bound to the DPPC head group (56), or ten molecules

of water per head group ; above Tc up to 110% is accomodated in

this channel region be fore two phases appear where as below

Tc (in the gel phase) some of this "channel water" is

excluded , the amount depending upon the temperature. The

polar head group determines the amount of bound water in

these systems, the hydrocarbon chain length or degree of

unsaturation have no influence on this property (51; ). Phos

pholipids bearing a net electrical charge such as the acidic

phopholipids will take up additional amounts of water before

separation into two phases as the channels are enlarged due

to inter lamellar repulsion by the charged head groups

(50, 56). It is interesting to note that egg lecithin also

shows a maximum hydration close to that of DPPC (50, 56).

The gel phase is , strictly speaking , not a liquid crystal

line phase because the hydrocarbon chains possess a degree

of order similar to that found in the crystalline solid lat

tic e. However, it has been termed by some the smectic B

phase as opposed to the smectic A phase found above the Tc
line on the phase diagram (58). Hydration of the polar

head groups promotes a weakening of their in termolecular
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associations, transmitting a greater degree of disorder to

the hydrocarbon chains. Above the phase transition tempera

ture thermal enhancement of this disorder occurs, the chains

adopting a perpendicular orientation to the lamellar plane

(smectic A phase), while below Tc the lack of thermal energy

leads to the energetically preferred conformation of the

chains oriented at an angle of 58° with respect to the

bilayer plane (smectic B phase) (59). In some cases this

gel phase may be met a stable and may end up as a coagel in

which water has been excluded forming small crystal line

domains suspended in an aqueous environment. The over all

structure, however , is constrained to be of the lamellar

type for both the gel and coag el phases. With respect to

this elementary picture of hydration of these lamellar sys

tems, there are some physical parameters of particular

interest (l, 6). On increasing the water content up to the

point where two phases exist, the inter facial surface area

per molecule increases and the thickness of the bilayer

decreases . Below T the lamellar repeat distance increasesC

with increasing water content until the one-phase two-phase

equilibrium is reached . At Tc, an appreciable shrinkage

occurs . While above T it expands again until the boundaryC

marking the existance of two phases is reached .

The lyotropic behavior of the homologous series C 12 to

C 18 and the C 18:1 analog is similar to that demonstrated in

Figure 2–5 for DPPC. The main differences arise from the

effect of chain length and the presence of unsaturation on
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the transition temperature To such that the family of phaseC

diagrams would be shifted along the temperature axis accord

ing to their relative Krafft temperatures. These tempera

tures are (51) : DSPC (58°C), DPPC (41°C), DMPC (23°C), DLPC
(0°C), and DOPC (-22°C). This trend in limiting

transition – temperature as a function of chain length or

unsaturation is comparable to the variation in fatty acid

capillary melting point behavior for the analogous family of

fatty acids. Thus, chain length and unsaturation have a

pro found effect On the transition temperature. One

phenomenon of unclear significance associated with the tran

sition between the gel-to-liquid crystal transition is a

"pre-transition", a small end othermic phenomenon, found

several degrees below the Tc. It has been at tributed to a

conformational change in the phosphate head group which may

be related to the difference in channel hydration above and

below the Tc and to the differences between the smectic A

and smectic B structural forms, (i.e., the reorientation of

the chains from a tilted to per pendicular configuration with

respect to the bilayer plane).

The phase behavior described above is for 1, 2-diacyl

sn-glycero-3-phospho chol in e s with homogeneous lipid chains.

When he terogeneity occurs, either due to variance in chain

length within one molecule or differing degrees of unsatura

tion between the two chains, the lyo tropic mesomorphism

be comes much more complex and the structural variants of

each principle phase multiply (50). Two examples in Figure
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2-6 serve to illustrate this point. Note that the hexagonal

phase appears at lower temperatures and higher water content

for some natural phospholipid systems.

1, 2-dipalmitoyl-sn-glycero-3-phosphoe than olamine also

exhibits thermo tropic and lyo tropic mesomorphic behavior.

In contrast to the lecithins, however, it does not remain

zwitterionic over the full pH range which gives DPPE a more

complex phase diagram. The phase transition to the liquid

crystal line state for completely hydrated DPPE occurs

22 degrees higher than its cho line analog , i.e., at 63°C

(60). Although egg yolk phosphatidyle thanolamine (PE) has

been studied (52), a complete analysis of the synthetic PE

phase diagram has not been made available. In view of the

likely similarity between the hydrocarbon chains of egg yolk

le cithin and PE the phase diagram for egg yolk lecithin can

be viewed as a reference point. PE appears to form a hexag

onal phase , cylinders of water channels or of the type water

in oil, over a larger region than is found for either egg

yolk le c it h in or the homogeneous chain phosphatidylcho lines.

The hexagonal phase coexists with the lamellar phase at

least in the range of 25°C to 35°C but at 55°c, between . 96

K c (wt . $ DPPE) K . 79, only the hexagonal phase exists.

The lamellar phase can be formed exclusively at a pH of 6.0

in 11, 5m M KCl ( 51; ), but is otherwise most likely found at

higher water content and above Tc.

Classification of the physical state of these liquid

crystal line systems can be taken one step further. When the
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phospholipid in the presence of sufficient water is above

the transition temperature T, and is mechanically agitatedC

it spontaneously forms concentric multilamellar lipo some

structures (5 l; , 61). The se are large spherical domains,

he terogeneous in overall size ranging from 0.511 to 2011 in

diameter with approximately 150,000 molecules per liposome.

Application of ultras on ic irradiation transforms these lipo

somes into smaller spher es yielding , in the limit of long

sonication time, single bilayer vesicles of approximately

200? – 500? diameter and containing about 2000 - 3000

molecules per vesicle distributed asymmetrically with a

greater proportion of the molecules on the outside of the

bilayer vesic le.

Of interest to this work are the unsonicated disper

sions of large lamellar domains which do not present the

curvature effects on latt ice packing found in the smaller

vesicles (6.2, 63). The multilamellar d is persions offer an

excellent system for studies of translational diffusion in

the plane of the phospholipid bilayer.
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2 - 2 - Translational diffusion and the frequency—dependence

of nuclear—spin-lattice–relaxations

Nuclear spin relaxation may be accomplished via several

modes of electromagnetic interactions. Dipolar coupling of

the spins modulated by the relative intermolecular motions

provides the basis for the diffusion measurements performed

and described in this dissert at i on .

In tramolecular dipolar spin - lattice relaxation has been

described in detail (27). It is well known that under

motional narrowing conditions , i.e. , ué+*& 1, where u is the

Larmor angular frequency and tº is the correlation time for

the motion causing relaxation , there is no frequency depen

dence of the spin-lattice relaxation rates (1/T,) InINTRA *

fact, for the case of like spins, the spin-lattice and

spin-spin relaxation rates (1/T,) and (1/T2) and the spin

lattice relaxation rate in the rotating frame (1/Tie). in

the motional narrowing region , all reduce to a simple mono

to nic function of tº such that

1

T2
1

+
T 10INTRA

[1]|"1 INTR. INTRA

Treatment of inter molecular dipolar relaxation , being

diffusion-model dependent, is more complex (27, 31, 31; ).

Under the motional narrowing conditions the in termolecular

spin-lattice relaxation rate (1/T,) which occurs as aINTER '

result of the relative translational motion of the molecules
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comprising the system, has been shown to be related to the

self-diffusion coefficient (27) :

4.2.2
1 = 2 T N Y"fi". [2]
" Jinter 5 or D

where N is the spin density, ) is the gyromagnetic ratio for

the nucleus being observed , or is the molecular diameter, D

is the diffusion coefficient and f is Planck's constant

divided by 2 W.

Bloembergen et al. (BPP) (31) arrived at a similar

expression for in termolecular spin-lattice relaxation

resulting from translational diffusion of nearest neighbors.

Torrey (31; ) pursued the problem of nuclear spin-lattice

relaxation via translational diffusion. He employed random

walk theory which gives rise to explicit relationships

between the detailed events associated with the diffusion

process and nuclear spin relaxation. The value in such an

approach is that the diffusion coefficient is obtained as

well as parameters such as jump time and root mean square

flight distance. Treatment of the diffusional effects on

spin-lattice relaxation in these two cases, however, was

incomplete. The BPP approach accounts for only the nearest

neighbor interactions which immediately removes any fre

quency dependence from the relaxation rate. This may be

correct only when the condition ué+*& 1 holds, but should

there be contributions from even the "next - to - near est."
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neighbors the quantity uété may indeed be come comparable to

unity. Harmon and Muller (6 l; ) extended Torrey's random walk

approach by including a suitable radial distribution func

tion in the expressions used in calculating the correlation

functions and thus in the evaluation of the spectral densi

ties. This addition allows a more realistic description of

the system and ess entially provides a greater sensitivity to

the contributing motions. Apparently, "feeling" the pres–

ence of these "not-so-near" neighbors can show profound

differences in the relaxation rates. Furthermore , they show

that in the low frequency limit, if a series expansion of

the appropriate frequency terms in the spectral density is

performed and all but the leading terms of the result ing

expansion neglected , the intermolecular spectral density

"rolls off" with increasing frequency in the region uk 1/t.

Thus if the over all spin - lattice relax at on rate is dominated

by intermolecular effects, the relaxaton rates exhibit a

frequency dependence in the extreme narrowing region in con

trast with the case for in tramolecular relaxation.

For spin 1/2 systems, the relaxation rate (1/T,) INTER

is (6 l; )

1 2 m N →4+;? a de l'º
-

= *** 2: Tº |1 + A (<r”, as) – Blºº.ºl. 5 or D (<r”, as) ** [3]

2
with Kr" > being the mean squared jump distance, A and B

representing numerical constants and the other symbols are
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as described above . Evaluation of the only frequency

dependent term of eq [3] in terms of jump diffusion parame

ters shows that the size of u becomes important when the

time between diffusive jumps , t , becomes comparable to the

Larmor period :

[ l; )

The parameters of eq [l J are as described above, and t, the

mean time between diffusive jumps, can be used as a correla

tion time for the diffusive motion causing relaxation. It

is apparent from eq [3] that measurements of the spin

lattice relaxation rate as a function of frequency can lead

to a determ in at ion of the diffusion coeffic i ent .

Diffusion in v is cous or low temperature systems will

involve motions on a much slower time scale . Consequently,

with respect to utilizing the frequency dependent term aris -

ing in the expression for the relaxation rate, it is advan

tage ous to measure the spin-lattice relaxation time in the

rotating frame (*16) as a function of u, ( = YH1), the angular

frequency for the applied radio frequency field H1. Typi

cally u is more than three orders of magnitude smaller than

u, ( = YHo), the Larmor precessional frequency in the labora

tory reference frame. Two significant advantages arise when

using the applied radio frequency field Hi to provide the

smaller field in which the spin system is allowed to undergo
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relaxation. Technically, the convenience and practicality

in varying the strength of the applied radio frequency field

Hi by far exceed the efforts associated with varying the

stationary magnetic field Ho . Secondly, because of signal

to-noise considerations, by Curie's Law it is preferable to

observe the nuclear resonance cond it i on and in it i at e the

experiment with the spin system in the presence of as large

a stationary magnetic field as possible. In the experiments

to be described , the "spin-locking" method was used (65).

The macroscopic magnetization of the spin system is ini

tially prepared in the presence of the large externally

applied dc magnetic field Ho . The spin system is subse

quently subjected to and monitored in the field *eff in the

rotating reference frame which is no longer Ho but in fact,

when on resonance, becomes equal to H the applied1

radio frequency field. To understand how the rotating frame

experiment provides the basis for using the readily variable

field H the following explanation is given .1

If the z axis of the laboratory reference frame is

defined by the direction of the constant external magnetic

field Ho , the effective field may be written in vector not a -

tion as

Hºff = H, R [5]

and the equation describing the net motion of the spin sys

tem is simply





5 l;

d M -> – ~i? [6]
* = *M x H,

-

‘YM × H.,
dt

where Ho - "eff and M is the magnetization vector for the

spin system in the field Ho . If, however, the reference

frame is given an angular velocity, u, the equation of

motion is trans formed to

# = #4 ox M [7]

Appropriate substitution and rearrangement yields

-
y■ x H., [8]

similar to eq [6] where the quantity (He + u / Y) is now the

effective field. The ul/) term is a Coreal is field or fict i -

tious field evolving from the angular transformation. If an

oscillating field H. synchronous with the rotating reference

frame is applied perpendicularly to the z axis (which in the

rotating frame maintains its laboratory frame identity), the

effective field be comes

R [9]flººr = H . , t + H . . i + H. 4 °.
º: y 7.

It is then apparent that choice of an appropriate rotating
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frame angular frequency, i.e. , such that u = -YHe , and suit

able orient at ion of H. in the x' y' plane , e. g . , along the x'

axis (this is arbitrary for purposes of this discussion),

the resulting effective field magnitude is

|H., = |H, [10]

Eq [10] should be qualified by stating that the condition

H . » H must be sat is fied , where H is the local dipolar1 l O C loc

field strength. The incorporation of this transformation

into the experimental design is discussed in Chapter three .

According to Burnett and Harmon (l, l; ), for intermolecu

lar dipole-dipole spin-lattice relaxation in the rotating

frame ,

1 1.—- = C a 3/8 + + [11]
T 10 (of T2

where the constant C contains the diffusion coefficient and

1/T2 is the spin-spin or transverse relaxation rate such

that 1/T2 =
1/f e in the limit of u = 0 . Taking the1

1 / 2
derivative of eq [ 11 J with respect to ul , a quantitative

expression is obtained which relates experimentally deter

mined parameters to the diffusion coefficient

1
-#: _ –V2 y^** 7 N

- 3/2akº 20 D [12]

d
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Treatment of the system in terms of a weak collision the ory

model (66) such that many diffusive jumps are required to

relax the spin system, or expressed another way tº K.K *16,
sat is fies the limit at i on on u that H. X *ioc

The above the or y is based on isotropic diffusion in

three dimensions and is not directly applicable to the sys

tem in which we are interested . Using a simple argument

based on random walk theory (67), the lateral diffusion

coefficient may be obtained for the case of translation in

two dimensions only (diffusion in the plane of a phospholi

pid bilayer) by a minor modification of eq [12].

The sensitivity of the frequency dependent spectral

density term is intimately related to the size of the Larmor

period (T = 2 m /uu) and the c or relation time for the diffusional

jump motions (taken to be the time tº between diffussive

jumps). It is convenient then to use the Larmor period to

define a segment of time T over which diffusion of a spin

may occur. After this time T a spin will have associated

with it in any arbitrary direction a mean squared displace

ment

< s? » = 2 D'T [13]

where D' is the diffusion coefficient for isotropic diffu

sion in one dimension. Adding the degrees of freedom neces -

sary to construct a two and then a three dimensional system
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the mean squared displacement is related to the diffusion

coefficients for isotropic diffusion in two and three dimen

sions, respectively,

2< s? » = 4 D" T [ 1 || ]

far3< s? » = < r * > 6 D’ T [15]

where D ' ' and D ' ' ' are the diffusion coefficients for is o –

tropic diffusion in two and three dimensional systems

respectively. In eq [15] the mean squared displacement is

replaced , for three dimensional isotropic diffusion, by the

mean squared jump distance < r *>. In defining the problem of

spin relaxation due to translational molecular motions , the

extent of the relaxation is assumed in variant to the dimen -

sionality of the system, i.e. , the spin "knows" only that it

is being influenced by the dipolar fields of neighboring

molecules but is unaware as to whether the motions are

parallel or perpendicular to the plane in which it sits. In

contradistinction, the respective diffusion coefficients are

in he rently products of the dimensionality of the spin system

and the refore reflect whether isotropic diffusion in two or

three dimensions is involved. Thus if diffuson is isotropic

in three dimensions, the net d is placement or mean squared

jump distance in the defined period of time T is 6D ' ' ' T.

If, however, the diffusion is two dimensionally isotropic
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the resulting relaxation in the period of time T is expected

to be the same and thus the net d is placement must also be

the same but it is expressed as l; D ' ' T. Equating these two

representations of the net displacement yields the relations

per4 D" T = 6 D" T L 16 J

D" = 3/2 D" L 17 J

where D ' ' is the diffusion coefficient for isotropic diffu

sion in a two dimensional system. Thus, substitution of the

two dimensional diffusion coefficient D ' " in to e q L 12 J and

eliminating the primes, eq L 18 J relates the frequency depen

dence of the spin - latt ice relax at ion rate in the rotating

frame to the diffusion coefficient appropriate for a two

dimensionally isotropic system :

al==
-

|Tip _ –3V3 y” fºr N [ 18 Jdº 40 D3/2

5 in that measure –Equation l 18 J will find practical utility

ments of the rotating frame spin - lattice relaxation rate as

a function of the radio frequency strength H (=u, /Y) will

yield directly the two-dimensional ( or lateral ) diffusion

coefficient in phospho lipid bilayer systems as long as an

estimate of the s p in density N of a sample can be made .

*see Chapter l; .



CHAPTER 3

EXPERIMENT AL CONSIDERATIONS

3 - 1 - Chemicals and principal materials :

The source and other pertinent in formation for the

phospholipids studied are as follows. Dipal mitoyl DL-O-

phosphatidylcholine (DPPC), grade I, crystal line synthetic

(approximately 99% pure), Lot 103C-2790-1; Dimyr is toyl L-o-

phosphatidylcholine (DMPC), crystal line synthetic (approxi

mately 98% pure), Lot 66 C-O 1881; Dioleoyl L-O-

phosphatidylcho line (DOPC), in chloro form solution

(20mg/ml), (approximately 98% pure), Lot 116 C-811 1 ; and L

o:-phosphatidyl-L-serine (PS), from bovine brain extract, in

chloro form-me than ol (95 : 5) solution, Lot 28C-8365 were

obtained through the Sigma Chemical Co. of St. Louis, MO ,

and used without further purification. L-o-lecithin, B-)-

di palmitoyl (DPPC), grade A synthetic , Lot 50 1926; L-o-

lecithin , B-)-dilauroyl (DLPC), grade A synthetic, Lot

7400.92; and L-o-lecithin, B-)-dis tearoyl (DSPC), grade A

synthetic , Lot 7 l; 0 1 23 were obtained through Calbiochem, San

Diego, CA and used with out further purification.

Di (per deutero-palmitoyl) phosphatidylcholine (DPPC-dg2) was

purchased in sealed ampoules from Lipid Special ties of

59
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Boston, MA, as a solution in 15% chloroform and 85% benzene,

Lots H-2-001 and 003. These , also were used without further

purification steps. Aldrich-Dia prep Inc. de uterium oxide

(D20), 100 atom; , Gold Label, was used in the preparation of

all samples. The only exception being the use of 99.8% D20
in the initial exchange stages with the bovine rod outer

segment membranes. Pre purified nitrogen gas was used in all

in stances. Mall inckrodt Analytical Reagent grade chloro form

(chcis) was used in all preparative steps. Crystal line

nic kle chloride (NiCl2), used as a NMR relaxation time stan

dard solution, was taken from the laboratory shelf and dried

to constant weight after recrystallizing from twice dis

tilled water .

Bovine rod outer segment (ROS) membranes and extracted

lipids from these membranes were kindly provided by Dr. Ed

Dratz and Alan Deese from the University of California,

Santa Cruz .

NMR experiments were also performed on a sample con

taining DPPC/DPPC-dge in a 50-50 weight composition ratio

loaned to us by Dr. S. I. Chan at the California Institute

of Technology, Pasadena, CA.

NMR sample tubes were constructed from ordinary 5mm

0. D. glass tubing with an I. D. of 3.38 mm.
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3 - 2 - NMR sample tube design :

Specially constricted 5mm NMR tubes are available com

mercially from the Wilmad Glass Co., Inc., Buena, NJ. How

ever, these were found to be extremely susceptible to break

age at the constriction when centrifuge d.

Glass tubing was cut into sections of approximately

20 cm in length , cleaned in chromic acid cleaning solution,

and rinsed thoroughly with twice distilled water. When dry,

an oxygen-natural gas blowpipe was used to seal one end of

the tube and to form a constrict i on with a throat of from

1.5 to 2.5mm at a point 6 to 7 cm from the sealed end of the

tube. Structural integrity was in sured by making the out

side diameter of the glass around the constriction as nearly

as possible the same as for the rest of the tube , i.e. , 5mm.

When the tubes were ready for sealing, a vacuum line

was attatched to the open end and heat applied evenly around

the tube 's circumference from 5 to 6 cm above the constric

tion . The vacuum in side the tube enhanced the sealing pro

cess by collapsing the tube walls. Throughout the sealing

process the portion of the tube below the constriction

(where the sample is located) was emersed in an ice bath to

prevent heating of the sample.

3. 3. Preparation of phospholipid dispersions.
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The commercial phospholipid samples and extracted

lipids from ROS membranes were prepared according to the

following scheme. The crystal line phospholipids were dis

solved in a minimal amount of analytical reagent grade

chloroform and the solution transfered to pre weighed sample

tubes . Phospholipids received as organic solvent solutions

were crystallized by evaporating the solvent with a stream

of nitrogen gas and red is solved in a minimal amount of

analytical reagent grade chloroform and then transfered to

pre weighed sample tubes. The bulk solvent was evaporated

from the sample tubes by directing a jet of pre purified

nitrogen over the surface of the solution through an

extruded glass capillary inserted into the sample tube.

When all visible traces of solvent were removed the sample

tube was evacuated to 0. 1-0.01 mm Hg at 70°-90°C for 1 l; – 16

hours to remove any traces of solvent left after the eva

porative process. To minimize the possible oxidation of

samples containing lipid chain unsaturation, these samples

were not subjected to the higher temperatures during the

V a C Ulu In process. The tubes were then re-weighed , the

appropriate quantity of D > 0 was micro pipetted into the sam2

ple tube , the tubes were re-weighed for accurate concentra

tion determination, nitrogen was flushed through the tube

and the tubes were sea led under house vacuum as described in

the previous section. At no time were the samples subjected

to prolonged exposure to the atmosphere.
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The shipping solvent was stripped from the DPPC-dge and

the resulting crystalline solid red is solved in chloroform.

Samples containing deuterated phospholipid were prepared by

dissolving the appropriate amount of normal DPPC in the

DPPC- d - - / chloroform solution. The rest of this preparation62

for the deuterated phospholipid samples parallels the above

description except the samples were left at room temperature

while under vacuum .

The ROS membranes were obtained as a suspension in

99.8% D20 under an arg on atmosphere . At all subsequent

stages of preparation a nitrogen atmosphere was layered over

the ROS membrane S and the D20 was deoxygenated with pre puri

fied nitrogen gas. The suspension was centrifuge d using a

SS-3 l; rotor in a Sorvall" RC-5B Refrigerated Super speed Cen

trifuge at 18,000 rpm for approximately 1.5 hours at 5°C.

The clear D20 was removed from the centrifuge tube and the

ROS membrane pellet was resuspended in a fresh quantity of

D20. This was done three times with 99.8% D20 and three

times with 100% D20. After the third pelleting in 100% P2
the material was freeze-dried three times, resuspending each

0,

time with 100% D20. After the final freeze-drying step the

resuspended R0S membranes were pelleted once more , the

supernate disc arded and the pellet transfered to a Wilmad

507 pp NMR tube. The tube was flushed with nitrogen and the

cap securely placed and sealed on the tube with para film.

Homogeneous multilamellar dispersions of all the com

mercial phospholipids were prepared by centrifuging the
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samples through the constriction in the sealed sample tube

at least 9 - 10 times while maintaining the sample above the

phase transition temperature. This mechanical agitation is

required to expedite the hydration of the phospholipids in

the high concent ration range used in these experiments. The

centrifugation procedure was carried out prior to each

experiment to insure the homogen eity of the lamellar disper

Sions.

An opaque-to-solid white looking substance below the

phase transition temperature and a translucent-to-clear

looking substance above the phase transition temperature is

seen upon visual in spection of the resulting multilamellar

dispersions. Their consistancy appears to be much like

vaseline” pet roleum jelly.

3 - H - Instrumentation.

The collective proton resonance of the model membrane

systems was monitored at l l . 37.6 MHz using a modified

coherent pulse CPS-2 pulsed NMR spectrometer and PGS-2 pulse

programmer built by Spin-Lock Electronics Ltd. of Canada in

conjunction with a JEOL model 1; H-100 electromagnet and power

supply operated at 10. 1, 19 kGauss. Visual inspection of the

NMR signal was made on a Tektronix l; 65 oscilloscope. War i

able temperature capability was supplied by a JEOL model

JES-VT-3 temperature controller enabling the use of a con

stant temperature with in +0.5°C as monitored by a Fluke
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2100A digital thermometer equipped with a copper-constant in

thermocouple . Liquid nitrogen was used with the temperature

control apparatus for attaining temperatures below 30°C.

Air velocity in the probe was rapid enough to allow tempera

ture equilibration of the samples at the extreme tempera

tures used within 5-7 minutes. The NMR free induction decay

(FID) was sampled with a Princeton Applied Research CW-1

boxcar integrator and the resulting output read on a

He willett-Packard model 303 l; A digital voltmeter to three sig

nificant figures. A schematic diagram of the equipment con

figuration is shown in Figure 3–1 .

3. 5. Spectrometer modification and probe design.

Modification of the Spin Lock CPS-2 l; l; . 37.6 MHz NMR

spectrometer and a new pro be design were necessary. The

areas demanding attention were : (1) Impe dance matching of

the spectrometer transmitter output stage and the tuned

resonant circuit in the pro be to attain optimal power

transmission . (2) Optimization of the electronic charac –

teristics of the pro be design for maximal signal-to-noise

attainment. (3) Design and construction of a probe with

efficient temperature control features.

3. 5. 1.- Impedance matching . The goal of the spectrometer

modification was to deliver an output impedance of 50 ohms

purely resistive impedance (500 (0°), where the phase angle

(resistance phase angle) is the amount by which the voltage
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FIGURE 3-1
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Figure 3-1 : Block diagram of the NMR and accessory instru

mentation used .



67

lags or leads the current , i.e., whether the reactance is of

a capacitive or inductive nature respectively. If 500 coax

ial cable is used between the transmitter and probe (and

- - - Oassuming the probe is designed to "look at" 500 (0. , i.e., a

500 in put imped ance) the cable does not contribute to the

tuning of the resonant circuitry in the probe. The

schematic diagram for the output stage of the transmitter is

shown in Figure 3–2.

Three major alterations of the "old" output stage were

made to arrive at the configuration of Figure 3-2. It was

necessary to replace the coil at the point where the

radio frequency signal is inductively coupled into the output

stage from the "push-pull" type power amplification stage.

The design of this inductor, L in Figure 3–2, to yield the

approproiate resistance and inductance was ess entially a

"trial and error" process rather than a theoretically-based

approach. Second , it was necessary to "tune" the circuits

with the appropriate capacitance , Cl in Figure 3–2, to give

the transmitter tuning capacitor on the spectrometer a sen

sitive range of operation. The third modification was the

addition of a 500 test circuit which can be switched into

operation at any time to assure that maximum radio frequency

power is in fact being a chieved , or to preset the

transmitter's output impedance to 500 if it has been de

tuned . The test circuit tuning is a c complished by observing

a radio frequency signal fed out of an observe channel of the

spectrometer and ad justing the transmitter tuning knob to
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FIGURE 3-2
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Figure 3-2: Schematic diagram of the modified CPS-2 pulsed

NMR spectrometer transmitter output stage.
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obtain a maximum amplitude of the radio frequency pulse.

Tuning the transmitter and the probe together when in the

operative (or run) mode will be discussed after the probe

design is discussed .

3. 5. 2. Probe design. A single coil probe is used , the coil

serving both as the transmitter and receiver. The coil is

basically an inductor, one of the "active" components of the

resonant tuned probe circuit. The usual properties of an

induct or such as wire size and c oil dimensions were c on

sidered in constructing a coil suitable for the probe cir

cuit. The choice of circuit configuration was a series

parallel resonant tuned circuit giving rise to "tunability"

at frequencies mid-range to those offered by a high

impedance parallel or low impedance series resonant circuit

alone. The schematic diagram for the probe circuit is given

in Figure 3–3. The induct or , i.e. , the probe coil was

designed to have a relatively high Q or quality factor

necessary for attainment of a good signal-to-noise ratio

(70, 71). Wire spacing for the coil was calculated so as to

minimize proximity effects (70, 71) associated with the con

ductance of the radio frequency signal along the surface of

the wire (skin effects).

The probe was adjusted to 500 (0° using a vector

impedance meter (WIM). A l; l; . 37.6 MHz signal from the WIM was

fed into the probe and the two capacitors, 92 and 93.
Figure 3-3) were adjusted such that a resistance of 500 and

(see

a phase angle of 09 Was read on the WIM.
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FIGURE 3-3

TRANSCEIVER
COIL

FROM
TRANSMITTER

Figure 3–3 : Schematic diagram of the probe circuit designed

for use with the CPS-2 pulsed NMR spectrometer.
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The potential dielectric loss due to the presence of the

sample in the probe coil may consequently alter the quality

factor and resonant tuning of the probe circuit. Thus, the

probe was always tuned with the sample in the coil.

Use of the 50 ohm test circuit, and tuning the probe to

500 with the WIM allows impedance matching of the

transmitter and probe . It is also possible to monitor the

actual radio frequency signal being transmitted using the

"dipstick" method. This method employs a small coil

inserted into the NMR probe which serves as an antenna. The

signal it receives from the spectrometer radio frequency

pulse can be observed and the tuning can be done by ad just

ing the transmitter tuning and probe tuning capacitors to

find the maximum in the radio frequency signal received by

the dipstick.

The probe design is shown in Figures 3-1, and 3-5. The

probe housing was made of machined copper tubing. The coil

was positioned inside a section of glass tubing supported in

the copper tube by teflon rings. The sample tube support

was fashioned from a teflon plug placed over the top of the

copper tube. A BNC connect or was inst alled in the side of

the probe for connecting the Pomona” box containing the tun

ing capacitors.

The probe was securely fitted in a teflon block to

which the temperature control apparatus was connected . The

feed-back thermocouple was inserted in the bottom of the

teflon block. A diagram of the air-flow in the probe is
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FIGURE 3- l;
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Figure 3-1; : Diagram of the pro be head constructed for use

with the CPS-2 pulsed NMR spectrometer at l; l; . 37.6 MHz.
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given in Figure 3-5.

3.6 = Detect or linearity.

To check whether or not nonline arity of the spectrome

ter detection system was a contributing fact or to the devia

tions from single exponential relaxation behavior observed

in the phospholipid rotating frame relaxation data (see Fig

ure l;-2), several tests were performed. Coincidently,

results of some of these tests provide an indication of the

over all accuracy of the relaxation measurements performed

with this pulsed NMR instrument.

Prot on T T a . , and T measurements were made on a1 * * 10 2

paramagnetically doped water sample (100 mM NiCl2). T w a S

measured using the inversion recovery method, employing a

[ n-tº-m /2] radio frequency pulse sequence. T is determined

by observing the recovery of the initially perturbed magnet

ization during the time t, the time between radio frequency

pulses according to

(M. – Mr) = 2M-exp |-#, [1]

*oo is the FID magnitude after an in finitely long tº spacing

in the pulse sequence which is measured simply as the magni

tude after a single 90° radio frequency pulse and Mt. is the

FID magnitude following the inversion recovery pulse

sequence. T2 was determined by monitoring the decay in spin



75

echo amplitude following the application of a Hahn pulse

sequence , ■ m / 2-tº-m-tº-spin echo 1, as a function of t', accord

ing to

T

*7.M (2+) of *|-
-

# , cºp * [2]

where M (2t) is the spin echo magnitude , ) the proton

gyromagnetic ratio, G the field gradient across the sample

due to field in homogene it i e s and D is the diffusion coeffi

c i ent . The * 16 experiments employed the spin-locking tech
nique described above . Figures 3-6 and 3-7 show the relaxa

tion data from the T1, T2 and * 16 experiments , respectively.
The single exponent ial behavior expected for the water pro

tons is , in fact, observed in all three cases, consequently

all eviating the concern as to detect or nonline arity. The

line arity of the T2 data in Figure 3-6 indicates that the

diffusion term in eq [2] is apparently insignificant, the

transverse relaxation a rising predominantly from spin-spin

in t e ractions . If this were not the case the T2 data would

begin to "fall away" from the line in Figure 3–6 at the

longer tau values. * 16 measurements on the doped water were

done with a relatively low strength spin-locking pulse , H1,

and at the maximum at tainable H. to determ in e if the

observed frequency dependence in the phospholipid systems

arises as some instrumentally-based systematic error. Th i S

evidently is not the case, as the values of * 16 at the S e two

field strengths are identical within the limits of
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FIGURE 3-7
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Figure 3-7 : Rotating frame spin-lattice relaxation data at a

low (1 gauss) and high (12 gauss) spin-locking field

strength for water protons in a 100 mM NiCl2 solution. Note

the single exponential behavior and the identical slopes of

the two sets of relaxation data .
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experimental error.

T and T2 relaxation times were also measured at 100

MHz using the Warian XL-100 FT NMR spectrometer with Nicolet

1080 computer system. BO t, h T and T2 values determined with

the Spin Lock pulsed NMR spectrometer at l; l; . 37.6 MHz and with

the XL-100 FT NMR at 100 MHz show single exponential relaxa

tion, the relaxation times being identical within experimen

tal error, as given in Table 3-1. The results also compare

favorably with the values determined by Morgan and Nolle

(69).

Another test for detect or line arity was performed in

the following way. The Spin Lock spectrometer is capable of

providing two radio frequency pulses, A and B. The A pulse

length was adjusted to give a FID maximum , i.e., a 90° Or

W /2 pulse and the B pulse ad justed such that *B K t (whereA

*A and *B are the pulse lengths), i.e., such that the magni

tude of the FID following B was small compared to that

formed with the A pulse. This gives rise then to a situa

tion in which the receiver is fed a high level and a rela

tively low level in put signal. The ratio of magnitudes

(FID) a■ (FID), was then determined as a function of spectrom

eter receiver gain, operating in both phase and diode detec

tion modes. Figure 3-8 reports this data and indicates the

line arity of the detector output response with respect to

the in put signal.
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Table 3-1 : Experimentally determined values of T 1 and T2 at

11. 376 and 100 MHz for the water protons of a 100 mM NiCl2
solution .

T, (msec) Te (msec) | NMR FREQUENCY (MHz)

15.7 15.1 44.376

15.7 15.9 100
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FIGURE 3-8
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Figure 3-8: Detector output ratios for low-level and high

level input signal to the receiver for increasing receiver

gain.



CHAPTER l;

LATER AL DIFF USION IN PHOSPHOLIPID BILAYERS

H. L. Rotating frame NMR experiment .

Rotating frame spin-lattice relaxation time (Tie)
experiments were performed on the phospholipid and ROS mem

brane samples according to the spin-locking method described

by Solomon (65). Immediately after applying a 90° radio fre

quency pulse a long the x' axis in the rotating reference

frame , a second radio frequency pulse of magnitude Hi but

phase-shifted by 90° with respect to the initial pulse such

that its vector lies along the y' or detect or axis , is

applied for a time t. Figure l; – 1 illustrates the experimen

tal sequence. The magnitude of the FID is then monitored as

a function of t, the length of time the phase-shifted

"spin-locking" pulse is applied . The time c on stant for the

result ing exponent ial decay of the FID magnitude is * 16

M (T) = M, exp H. [1]1p

The strength of the "spin-locking" field H. was determ in ed

8 |
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FIGURE l; – 1

phase H, (T)
shifted
by 90°

Figure l; – 1 : Rotating reference frame and the Vector

representation of the radio frequency pulses used in the

spin-locking experimental sequence.
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by measuring the pulse length (tw) required for a single

pulse of magnitude H, to produce a null in the FID, the con1

dition for the null being

n T = y H, t [2]1U

Successive in crements in *w were measured corresponding to

pulse lengths of W , 2 m , etc. up to 7 m for most cases, and

then the average time <tw? was used for calculation of H1.

The uncertainty in Hi is on the order of 5%. , the greatest

probable error occurring for small values of H The local1 *

dipolar field can be estimated from second moment data such

that

[3]

Using the second moment value of 0. 1, gauss’ reported by

Weksli et al. (68), for a 1.0 mole? DPPC/D20 sample, eq [3]

gives a value for *loc of 0.365 gauss. The values of Hi
experiment ally employed in this study were approximately a

factor of ten larger, ranging from 1 to 15 gauss, than the

local dipolar field.

Because of the residual dipolar broad ening due to

an isotropy of the phospholipid dispersions, T2 is short and

thus the FID for the phospholipids in the smectic liquid

crystal line phase decays extremely rapidly. The FID appears

to decay with two components; but the * 16 values determined
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from sampling only the fast, only the slow, or at the inter

mediate composition of the two components of the FID agree

to within 5-10%. The rotating frame spin-lattice relaxation

rates also exhibited a fast and a slow component. Figure

l, -2 offers an example of some data typically obtained from

the spin-locking experiment performed on the phospholipid

d is persions.

ll. 8. Spin density determination.

In the second section of Chapter 2 the equation was

given which describes how the diffusion coefficient may be

determ in ed from the u frequency dependence of the rotating

frame spin - lattice relaxation rate

1

Tip –3V3 y” riº m N [l] ]

dº vº
-

40 D3/2

All the parameter's other than u

d

1 * 16 and D are constants

except for the resonant spin density N, the number of

resonant nuclei per cubic cent imeter. Since the dens it i e S

of the various phospholipids are not available , they must be

experimentally determined. Sheetz and Chan (72) have pub

lished some apparent molar volume data for an unsonicated

DPPC/water dispersion system from which the spin density may

be calculated knowing the amount of DPPC present for a given

DPPC sample . The spin densities for other phospholipid sam

ples may then be calculated from the ratio of the FID



85

FIGURE l; -2
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Figure l; -2: Rotating frame spin-lattice relaxation data for

DMPC at 30°C. The free induction decay magnitude (FID) is

plotted as a function of the spin-locking pulse duration tº,

in mill is econds.
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amplitudes after the application of a 90° radio frequency

pulse .

The nuclear induction signal is proportional to the

number of resonant spins in that part of the sample filling

the NMR transm i t t er coil . This may be expressed as

M = kp [5]

where M is the amplitude of the FID signal, O is the spin

density in spins per cubic centimeter and k is a propor

tionality constant which includes in formation such as the

amount of sample present in the coil , i.e. , filling factor.

Consider then two systems, one which has a known spin den

sity (system A) and one for which the spin density is unk

nown (system B). The relation between the FID magnitude and

spin density for each system can be written as

AMA = kp [6]

MB ko” [7]

Assuming for the moment that the proportionality constants

are identical (consideration of this point is taken up

shortly), the unknown spin density is

p = p^ -FF- [8]

Thus knowledge of the spin density for one system coupled
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with the relative height of the FID for both the known and

unknown systems yields the unknown spin density. The spin

density in terms of the weight density of a substance is

expressed as

spins || – 977. 1 || moles 7molecules Spins 9 Je
CC -

º
CC

|. MW gm. A 7nole molecule [

For the proportionality constants k to be identical for

two samples , two conditions must exist. Both samples must

have the same filling factor. It is best to carry out the

m easurement S with the sample completely filling the

transmitter coil to minimize inhomogeneity effects and elim

in a te position dependent variations in the absorption of

transmitted radio frequency power by the sample. The Other

conside ration deals with the variation in d i electric loss

between the two samples used in any one spin density deter

mination. As the quality factor Q bears a relationship to

the amount of stored energy of the probe's total inductance

and thus to the tuning of the probe circuit, the samples to

be compared as in eq [8] must be chosen such that differ

ences in dielectric loss, if any, must be extremely small ;

in practice, this means the ionic strength in the two sam

ple's must be the same. If this is not the case, the probe

tuning may be altered and thus the power transmitted to the

two samples may differ (the respective pulse widths for a
O90 pulse may be different for the two samples). If this

occurs , the relative FID magnitude measurements are no
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longer valid for the calculation proposed in eq [8]. For

the phospholipid dispersions studied , the DPPC sample was

used as the known reference . Before making the NMR FID

amplitude measurements necessary for calculating the spin

densities of the phospholipid samples, the probe tuning was

checked on the WIM with each of the samples inserted in the

probe. Wariations from 500 purely resistive impedance were

found to be negligable .

# , 9. Intermolecular relaxation .

The theory treating in termolecular dipolar relaxation,

due to translational diffusion, shows that a frequency

dependence arises in the spectral density for spin-lattice

relaxation (31. , 61; ). Furthermore, the theory provides an

explicit relationship which allows the diffusion coefficient

to be calculated from the experimentally measured spin

lattice relaxation rates (l, l; ). However, prerequisite to

utilizing the frequency dependence of the rotating frame

spin-lattice relaxation rate for determining the diffusion

coefficient D, it must be demonstrated that a significant

c on tribution to the observed relaxation rate a rises from

translational diffusion . The rotating frame spin - lattice

relaxation rate due to in tramolecular dipole–dipole inter a c

tions is given by (73)

"le intra 2 1 + oft” 2 1 + 2}+4 1 + 4&#14 [10]
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in which upo is the Larmor frequency (u-YH1), u, is the angu1

lar frequency of the spin-locking field H (u, - YH1), + i S1

the correlation time for the rotational motion causing

relaxation, and K is a constant that depends on the nucleus

being studied. Figure l; – 3 gives the functional form of eq

[10] for u,-2m x 4.376 rad /sec and several values of u Of1 :

interest is the lack of a dependence on u in the motional

narrowing limit , u,”<< 1. Because u■ o remains constant , eq

[10] becomes, in this region

1 -”

-
R. K. T.

"12 Jinter [11]

The temperature dependence of the relaxation rate is

reflected by the temperature dependence of the correlation

time. This relationship may be expressed in terms of the

activation energy (E ) for the motion affecting relaxaa C t

tion, in an Arrhenius equation (30)

E

T = To exp
|#| [12]

where T is the absolute temperature in degrees Kelvin.

Experiments were initially performed with dipal mitoyl

phosphatidylcho line (DPPC) multilayers to : (1) determine if

these model membrane systems exhibit a frequency dependence

under motional narrowing conditions and (2) estimate the

in termolecular contributions (arising from the relative

translational motions of the phospholipid molecules) to the
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FIGURE l;-3
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Figure l; – 3: Log-log plot of f(t), which represents the term

in brackets on the right-hand side of eq [10], vs. the corre

lation time tº for in tramolecular rotational motions causing

relaxation . The Larmor precession frequency, uo , is

2W (l, l; . 37.6 MHz), corresponding to the frequency of our pulsed

NMR spectrometer, and the family of curves represent various

values of u the spin-locking radio frequeny field angular1 *

frequency (un-YH1), representative of those values used in

these experiments.
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rotating frame spin-lattice relaxation time *16
Figure l; – 1, shows the temperature dependence of the Zee

man (at l; l; . 37.6 MHz) and rotating frame (at various spin

locking field strengths) spin-lattice relaxation rate S

determined experimentally for the protons of DPPC in the

liquid crystal line lamellar me so phase with deuterium oxide.

The concentration of the DPPC dispersion is c = 72.7%, where

c = weight lipid / (weight lipid + weight D20). The

temperature-dependence is that described by eqs [11] and

[12] , hence we appear to be observing relaxation in the

extreme narrowing limit (also see Figure 1, -8). However, a

frequency dependence of the relaxation rates is also

apparent in Figure 1, -l, , a result that is in consistent with

the extreme narrowing conditions and eq [11]. A frequency

dependence would be expected if uée,” according to eq

[10], but in that case, the opposite temperature dependence

would be expected. Therefore , the intramolecular relaxation

picture is in compatible with the observed results and in di

cates that intermolecular effects may be important.

Further evidence supporting the importance of inter

molecular relaxation is given in Figure 11-5. The result S

are from experiments in which the fully protonated phospho

lipids have been diluted with phospholipids whose hydrocar

b on chains posses only deuterium spins. Samples in which

the phospholipid is comprised of 50 (mole $) of DPPC-d and62

50 (mole $). DPPC were studied with the expectation that if,
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FIGURE l; - l;
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Figure l; - l; : Temperature dependence of the proton spin

latt ice relaxation rate 1/T, (solid diamonds) and the rotat

ing frame spin-lattice relaxation rate 1/Tie measured at a

Larmor frequency Of l, l; . 376 MHZ for 72.7% (w/w)

dipalmitoylphosphatidylcholine/D20. The rotating frame

relaxation rate temperature dependence is shown at six dif

ferent spin-locking field strengths.
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FIGURE l; - 5
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in fact, intermolecular relaxation is important, the experi

mental * 16 relaxation rates would be diminished with respect
to those of the protio-DPPC sample. This is expected

be cause of the weaker dipole–dipole coupling between de u

terium and hyd grogen (*H has a smaller value of Y, the mag

netogyric ratio) which means that deuterium is much less

proficient than hydrogen in promoting dipolar relaxation.

The results in Figure l; – 5 show that the * 16 relaxation

rates, for the sample in which half the DPPC molecules are

per deuterated , are 25-35% lower than the relaxation rates

for the sample with normal DPPC. The intermolecular contri

but i on to relaxation can be calculated from these results.

For the fully protonated sample,

1

T 10
1

T12
1

+
T12INTRA

[13]
OBS INTER

and for the sample in which one half of the phospholipid

molecules are per deuterated in the hydrocarbon chains

––
Tip

1

T 10
1

+ 0.5
Tip [ 1 l; ]

OBS INTRA INTER

where the in tra – and in termolecular terms themselves remain

fixed . Solving these two equations simultaneously yields

––
Tie

1––
-

T16
- 2

|
INTER T12

= 2A [15]
OBS. OBS

from which the contribution to the over all relaxation rate



95

due to intermolecular effects in these experiments is

estimated to be ca. 50%. Thus the relative motion of pro

t on S due to translational diffusion of adjacent DPPC

molecules in the lamellar me so phase is a significant me chan

ism for longitudinal nuclear spin relaxation in the rotating

frame. The contribution is well-resolved from other relaxa

tion contributions and appears to a rise experimentally with

1 / 2
a linear dependence of the relaxation rate on ul for the

DPPC samples studied , as shown in Figure l; -6.

There remains the possibility that the observed fre

quency dependence of the * 16 values arises from mixing of
the dipolar and Zeeman fields (7 l). When the condition for

exact resonance is sat is fied , the rotating frame spin

latt ice relaxation rate may be expressed as

2. . ; lº | F. [16]Tie T Tax [Hä. 4 Hà T 1D
Hå.

Hå. + H;

where T. is the spin-lattice relaxation time in the localD

dipolar field and T1:. can represent other relaxation terms

including those for cross relaxation. Defining H.” a S

2*/Hies and performing the appropriate algebra on eq [16] ,

a plot of (1/re) (H.º. ) V. S. H.” yields a straight line of
slope 1/T If there exists no frequency dependence in the1X"

"other" contributing term (T, y), the intercept is , in fact,1 X

1 / T In this work, nuclear magnetic dipole–dipole relaxa1D "

tion is the mechanism promoting relaxation and the above

test is not necessary. However, the extent of a local
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FIGURE l; – 6
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Figure 4–6: The proton spin-lattice relaxation rate in the

rotating frame (1/Tie) for 72.7% (w/w)

dipalmitoylphosphatidylcholine/D20 as a function of the

square root of the spin-locking angular frequency (u,”) at

four temperatures. The slope, at 1/re)/atu,”), is used in

the calculation of the late ral self – diffusion coefficient

(D, on*/sec). The Larmor frequency is l; l; . 37.6 MHz.
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dipolar field contribution to the frequency dependence of

the rotating frame spin-lattice relaxation rate should be

evaluated . This may be accomplished by utilizing the value

for *loc of 0.365 gauss calculated from the second moment

data of Weksli et al. (68) (see section 1 of this chapter)

and the Tap value presented by valic et al. (75) of about 25D
- 1

msec for an unsonicated DPPC d is persion. * 1x was calcu

lated from the experimentally determined T values at Hi10
field strengths of 3.8 gauss and 10. 7 gauss and the known

"'. T. "' values were then calcu
10

lated , which included the dipolar contributions, for the

values for *loc and T 1D

limiting Hi field strengths used. The effect of including

the dipolar contribution was evaluated by comparing the cal

culated and experimentally determined T - 1 values. The Se

calculations indicate that approximately 10% or less of the

experimentally observed change in Tie" with Hi variation

could be ascribed to the local dipolar source. Conse -

quently, the observed frequency dependence of * 16 for the

protons of the phospholipids in the liquid crystal line

lamellar phase is attributed to translational motion.

According to eq [11] of Chapter 2, the ul frequency

dependence can be used to calculate the diffusion coeffi

cient. From a plot of 1/Tie Verº Su S u,”, the least squares
slope C of eq [11] of Chapter 2 was evaluated for each

experiment and then used to calculate the lateral self

diffusion coefficients via e q [ 1, 1 of this chapter.
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The frequency dependence of the relaxation rates yields

diffusion coefficients accurate to with in 5% if

1/242 (l, l; ). Our estimate of or was obtained using(u,967D)
known values of DPPC bilayer dimensions (7, 76) and the

apparent molar volume of unsonicated DPPC solutions as

extra polated from results given by Sheetz and Chan ( 33, 72).

Using an estimate of 8? for o and the values of ul
corresponding to the weakes t and strongest spin-locking

field strengths applied , the limiting conditions are

of" : D > 1.4 x 10-19 cm.*/sec [17]

chigh : D > 5.8 x 10−10 cm.4/sec [18]

which are found to be sat is fied for all experiments reported

in this work.

l!. 10. Diffusion in model membrane bilayers : Result S.

Preliminary experiments were designed to test the

feasibility of this novel approach to the study of diffusion

in phospholipid model membranes. Diffusion coefficients

were then determined from the radio frequency dependence of

the rotating frame spin-lattice relaxation rates for a

variety of phospholipid systems in order to investigate

several interest ing phenomena associated with phospholipid

bilayers. The temperature dependence of the diffusion rate

was also investigated for each model system allowing the

calculation of activation energies for the lateral diffusion
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jump process.

Comparison of the lateral diffusion coefficients and

diffusion activation energies for the various systems stu

died should provide some insight into the effects of the

changes of various parameters of the model membrane bilayer

systems on their dynamic state.

The effects of phospholipid concentration (degree of

hydration) and composition (hydrocarbon chain length , pres

ence of unsaturation and polar head group composition) on the

rate of lateral diffusion of the phospholipid molecules in

the lyo tropic mesophases were investigated as these particu

lar features are known to have pro found effects on the

fluidity of membrane bilayers. Lateral diffusion coeffi

cients were determined for DPPC in the gel phase below the

transition temperature T, and experiments were designed toC

determine the diffusion rates of the head group and the

hydrocarbon chain portions of the phospholipid molecule.

A , 10. 1. Concent ration effects. Figure 4-7 shows the º,”
frequency dependence of Tie" for 62%. , 80% and 90% (weight

%) samples of DPPC in D20 at several temperatures above the

gel-to-liquid crystal line phase transition. Figure l; -8

illustrates this data in a manner that shows , in addition to

the frequency dependence, the temperature dependence charac

teristic of the motional narrowing region. Experimental

results obtained with the 50% per deuterated sample are

included. Finally, the lateral diffusion coefficients,
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FIGURE l; - 7
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Figure 1, -7: Proton rotating frame spin-lattice relaxation

rate (1/T, ) dependence on the spin-locking field angular

frequency (u■ , =YH1) for 62, 80 and 90% (w/w) DPPC in D20.
Each sample was examined at several temperatures.
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calculated from the observed frequency dependence of the

rotating frame spin - lattice relaxation rate , are presented

in an Arrhenius plot in Figure 1, -9 where the behavior may be

expressed as (30)

-Eac
I) – Do exp # [19]

The calculated diffusion data and activation energies are

summarized in Table l; – 1 .

A , 10. 2 ... Hydrocarbon chain length. The reciprocal tempera

for each species) of the diffusionC

coefficients, calculated from the º,” frequency dependence

of the rotating frame spin-lattice relaxation rate , for the

ture dependence (above T

homologous series of saturated hydrocarbon chain phospholi

pid dispersions: dilauroyl phosphatidylcholine (DLPC), dimyr

is toyl phosphatidylcho line (DMPC), dipalmitoyl phosphatidyl

cho line (DPPC) and d is tearoyl phosphatidylcholine (DSPC) is

given in Figure l; – 1 0. The mole ratios of lipid-to-D20 in

the samples were maintained close to l; .. 3 mole % in order to

exclude concent ration as a variable fact or in the measure -

ment of the diffusion coefficients. The experimentally

derived diffusion coefficients and resulting Arrhenius

activation energies are found in Table l; -2.

ll. 10. 3. Unsaturation. To evaluate the effect of unsatura

tion in the hydrocarbon chains with in the bilayer on the

rate of lateral diffusion, T measurements were performed16



103

FIGURE 11 - 9
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FIGURE l; - 10
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59.29%; DMPC, 59.68%; DPPC, 62.1%; DSPC, 61.62%.
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as a function of radio frequency and temperature on dioleoyl

phosphatidylcholine (D0 PC) which contains a double bond on

each of its 18 carbon acyl chains. The diffusion coeffi -

cients from these experiments are compared with those for

DSPC in Figure l; – 1 1. The activation energies can be com

pared in Table l; -2.

A , 10. A. Headgroup composition. Figure 4-12 provides a com

parison of the diffusion coefficients, determined via the

rotating frame method, for dipalmitoyl phosphatidyl ethan olam

ine (DPPE) with those found for the 62% DPPC sample. In

this case variations in diffusion rates between the two sam

ples ( at a given temperature) could a rise from the potential

changes in head group conformation , head group hydration or

packing arrangement of the phospholipids, as the hydrocarbon

chains with in the bilayer are identical. Again , the activa

tion energies may be compared in Table l; -2.

A , 10.5 - Head group diffusion- DPPC. Because low resolution

pulsed NMR is used in these experiments the NMR signal moni

to red is the collective proton free induction decay (FID)

signal due to all protons present in the phospholipid

molecules. The majority of the protons responsible for this

NMR signal are attached to the hydrocarbon chains ( from

71.9% for DLPC to 79.6% for DSPC). It is the refore of

interest to determine the diffusion coefficient for only the

head group portion of the molecule to verify that the overall

molecule is actually moving in the plane of the bilayer at
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FIGURE l; – 12
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the rate D as opposed to some collective translational

excursions of the hydrocarbon chains. Experiments were per

formed to determine the diffusion coefficients for a sample

in which 100% of the phospholipid DPPC was per deuterated in

the hydrocarbon chains. The resulting diffusion coeffi

cients are shown in relation to those for the fully pro

tonated DPPC sample (with equivalent mole ratio of lipid

to-D20) in Figure l; – 13. The apparent scatter in the

Arrhenius behavior of the deuterated phospholipids' diffu

sion coefficients gives the calculation of an activation

energy no meaning; the refore, a number for the diffusion

activation energy is not entered in Table l■ -2.

l!. 10. 6. Gel phase diffusion coefficients. Measurement Of

the diffusion coefficients for phospholipid molecules in the

gel phase , i.e. , below the gel-to-liquid crystal line phase

trans it i on temperature , has eluded most investigative

efforts to this date . This certainly has been the case for

unsonicated phospholipid dispersions studied with magnetic

res on ance techniques due to the severe line broadening as so

ciated with the solid-like state of these systems in the gel

phase . Our technique allows such a study to be under taken

with comparative ease. The diffusion coefficients, deter

mined by the rotating frame method, at temperatures bracket

ing the phase transition region for DPPC are reported in

Figure l; – 1 l; , and the activation energies for diffuson above

and below the phase transition temperature can be compared
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Figure l; – 13: Lateral self-diffusion coefficient D as a func

tion of inverse temperature for DPPC, 62.1% (w/w) and DPPC

*62, 65. 1 # (w/w) dispersed in D20, in which the hydrocarbon

chains are per deuterated leaving the head group protons as

the sole contributing spins for the NMR signal.
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in Table 1, -2.

# , 11. Diffusion in a biological membrane (Retinal rod

outer segment membrane) ; Results.

The ultimate goal for any series of experiments on a

model membrane system is to either extra polate results to or

actually obtain results from a natural membrane system.

Diffusion studies were made utilizing the rotating frame

technique on a sample of bovine rod outer segment (ROS) mem

branes and on the lipids extracted from these membranes.

The resulting diffusion coefficients are shown on an

Arrhenius plot in Figure l; – 15. This is an attractive system

for study as the biochemistry, physiology and chemical com

position of the ROS system have been well characterized

(78-80). This is an attractive system for study also

because it is relatively free of cholesterol, in contrast to

most natural membranes .

4 - 12 - Discussion of results

The lateral diffusion coefficient is a physically

measurable parameter representing the over all molecular

mobility of phospholipid molecules in a membrane system.

The fluidity of a bilayer is more a composite description,

than a physical parameter , of the effects from all deter

minants contributing to the dynamic state of the membrane

system. Studies of diffusion coefficients in artificial and

natural membranes have proven useful in providing insight
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into the dynamics of molecular events contributing to the

fluid it y of these systems. Diffusion coefficients have been

determ in ed for le c it h in and other related molecules d is tri

buted in natural membrane bilayers and for prote in s residing

on the surface of cell membranes ( 18, 21, 21, , 77). This in for

mation itself may be use ful in unders t and ing the mechanisms

by which these cell-surface molecules act and allows more

detail to be as signed to membrane model the ories. There is

also , provided that a suitable model is chosen to describe

the system's behavior, in formation contained with in the dif

fusion coefficient pertaining to the microscopic events of

translational motions, which yield on the macroscopic level

the process of translational diffusion. The basis of the

rotating frame spin - lattice relaxation rate technique for

obtaining diffusion coefficients, in fact, dwells in the

microscopic detail of the diffusion process.

The signific ance here is that we are able to extract

the lateral self-diffusion coefficient directly from the

experimental NMR data with out making any a priori as Sump

tions about molecular geometries or motional time scales.

For the most part , diffusion studies by ESR spin-label

methods, the usual NMR relaxation time measurements or

observation of the fluorescence of optically excited probes

involve estimations and assumptions about correlation times,

molecular geometries and which electromagnetic inter actions

dominate the observed spectral results (12)." In fact , with

*see Chapter 1.
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these techniques, the estimated correlation time is used in

conjunction with eq [6] of Chapter 1 to estimate the diffu

sion coefficient . Walues calculated for the diffusion coef

ficient are then only estimates or are limiting values.

With the implementation of our technique for the direct

determination of lateral diffusion coefficients in a model

membrane system, it is of interest to consider how bilayer

fluidity and molecular dynamics are reflected in the diffu

sion coefficient when physical changes take place with in a

bilayer. Experiments, from which the results of section l; . 1,

were derived , were designed in an attempt to evaluate how

changes in the lateral diffusion coefficient may relate to

changes in bilayer dynamics and to the factors which affect

membrane fluidity.

The initial investigations into this matter deal with

the temperature dependence and concentration dependence of

the diffusion coefficient for DPPC bilayers above the phase

transition temperature (see Figures 1-7 through 11-9). Over

the temperature range studied, a moderate dependence of the

diffusion coefficient on temperature does exist (see Figure

l!-9) as one would intuitively expect.

It is also evident that over the temperature range

examined the diffusive mechanism does not change as only a

single Arrhenius activation energy is obtained from the

plots of D vs 1 /T (see Table l; – 1). The phase transition

temperature increases at concentrations above 62% (weight $ )

(see Figure 2-5) and the air delivery tube to the probe
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be comes susceptible to melting at temperatures greater than

95°C. Thus the temperature range for doing experiments on

DPPC in the lamellar liquid crystalline phase becomes

extremely limited with samples possessing increasing amounts

of water. The data does suggest a slight trend towards

decreasing diffusion coefficients with increasing concentra

tion of phospholipid , at least for temperatures approaching

the phase transition temperature. The small differences

between diffusion coefficients at various temperatures is

contrasted by the striking changes in the Arrhenius activa

tion energies calculated for the three different concentra

tions of DPPC (see Table l; – 1). The dependence of the

activation energy on concentration, more so than the concen

tration dependence of the diffusion coefficients, indicates

that the relative amount of water involved with head group

hydration in the inter-lamellar channels affects the molecu

lar dynamics to a large extent. This is certainly con

sistent with the phase transition behavior shown in Figure

2-5. As the amount of solvent around the head groups

decreases (below the point of maximum hydration), the phase

transition temperature begins to rise and approaches the

first thermo tropic phase transition temperature in the limit

of 100% phospholipid. Thus as the affect of water, in

loo sening the gel phase and crystal line solid phase lattice

structure by weakening the intermolecular forces, is

reflected in the transition temperature behavior, it is

reflected as well in one of the parameters associated with
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molecular dynamics. The degree of hydration appears then to

determine the height of the potential energy barrier which

must be over come for a diffusive jump to occur. The results

imply that this effect is large ( for concentrations involv

ing amounts of water less than or equal to the amount of

water at maximum hydration) while, once the diffusive jump

occurs , the extent of that jump varies only slightly as a

function of concent ration .

The results of the diffusion experiments for the homo

logous series of saturated hydrocarbon chain phosphatidyl

cholines as shown in Figure l; – 10 and Table l; -2 indicate that

hydrocarbon chain length is relatively unimportant in terms

of translational molecular dynamics (at least over the range

of chain lengths studied , C The diffusion coeffi12-918).
cients at any given temperature all agree within a factor of

1.5 for the series. The activation energies for diffusion

also appear to be in very close agreement, the one exception

being the activation energy found for the l; .. 3 mole # DPPC

sample. The disparity of 600 cal (about 20%) between the

value reported and that which would be anticipated from the

results for DLPC, DMPC and DSPC, i.e., approximately 3 kcal,

is a little too large to be completely attributed to experi

mental error . The exact source of this deviation is not

clear . Even if an activation energy of about 3 kcal is

assumed for the l; .. 3 mole # DPPC sample, this value would

still indicate an appreciable concentration dependence of

the activation energies as observed in the DPPC experiments.
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The chain length apparently affects only the phase

transition temperature and neither the diffusion coefficient

nor the activation energy for diffusion. In view of the

concent ration studies discussed above , the phase transition

differences must be a hydrocarbon region phenomenon. The

in crease in Tc with each additional pair of methylene groups

in the hydrocarbon chains indeed acknowledges the require

ment for additional thermal energy in order to cross the

gel-to-liquid crystal line phase boundary. Once in the

liquid crystal line state the phospholipid molecules become

"unaware" of their chain length and the diffusive jumps

occur with the same dependence on temperature, each jump

producing the same result (at a given temperature) for each

of the molecules in the series DLPC, DMPC, DPPC and DSPC.

No significant variations are observed on comparing the

diffusion coefficients and activation energies determined

for DPPC and DPPE (see Figure l; – 12 and Table l; -2). The dif

fusion coefficients agree ( at a given temperature) to within

a factor of 1.5 and the activation energies for diffusion

are nearly the same . Again in this case , thermodynamic con

siderations are of interest as opposed to parameters

describing the molecular dynamics of the systems being com

pared , i.e. , Tc is 22° higher for DPPE than for DPPC whereas

the diffusion rates and diffusion activation energies are

quite similar for the two systems ( at the concentration and

temperatures studied). Because the hydrocarbon chains are

of equal length , the transition temperature must be a head
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group or inter-lamellar channel phenomen on due either to the

manner in which the hydrophilic portion of the molecules

pack together at the surface of the bilayers or to electros

tatic interactions and the particular way in which the

hydration "dilutes" these intermolecular forces.

Unfortunately, the information gained from these diffu

sion experiments is not sufficient to differentiate the

importance of these effects. It can be speculated, however,

that stronger electro static interactions due to different

hydration mechanisms are not the principal cause of the

higher transition temperature because , once above T theC

activation energy for DPPE is about the same as with the l; .. 3

mole % DPPC sample. From the hydration dependence of the

diffusion rate and diffusion activation energy, it may be

in ferred that the potential energy barriers, which must be

over come for a diffusive jump to occur, are equivalent for

the two samples DPPC and DPPE (of equivalent concentration).

Consequently, the head groups' intermolecular forces as modi

fied by the state of hydration must be equivalent or varia

tions, if any, must be negligible .

The results given in Figure l; – 11 and Table l; -2 compare

the temperature dependence of the lateral diffusion coeffi

cients and activation energies for diffusion, respectively,

for DSPC and its unsaturated analog DOPC. These results are

extremely interesting and strikingly peculiar at first

glance. In ESR and NMR experiments investigating membrane

fluidity or the order parameter corresponding to some region
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in the bilayer's hydrocarbon core, unsaturation is found to

increase the fluidity and give a decrease in the order

parameter when compared to phospholipids with completely

saturated lipid chains. Here the diffusion coefficient is

observed to be smaller by a factor of 2 for the unsaturated

ys the saturated phospholipid molecules in a bilayer. The

overall entropy is greater within the hydrocarbon region (

i.e., increased fluidity and smaller order parameter) but in

terms of translational motion the final outcome seems to be

a more restricted motion. Accompanying the motional res

trictions, however, is a lowering of the potential energy

barrier to a diffusive step. Thus the in her ent thermal

energy required to promote a diffusive step is considerably

less for the unsaturated phospholipid DOPC, but once this

jump is able to occur the effective "amount" or extent of

diffusion has been reduced by the disorder of the system.

The experimental investigation of diffusion with the

DPPC sample 100% per deuterated in the fatty acid chains does

not provide a strong case for comparison with the fully pro

tonated DPPC sample. The DPPC-d diffusion coefficients,62

representing the diffusion of the polar head group (glycerol

backbone and phosphocholine group), plotted with those of

normal DPPC against reciprocal temperature in Figure 11-13

give an extremely small correlation to a linear relation

ship . The line in Figure l; – 13 is drawn only to illustrate

the relative sizes of the diffusion coefficients determ in ed.

The diffusion coefficients measured for the head group por
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tion of the phospholipid molecule at the inter lamellar

inter face as determined with the rotating frame method range

from a factor of 2.3 to an extreme of 6 times greater than

the diffusion coefficients determined from the proton NMR

signal of the fully protonated molecules. A detailed

evaluation of the head group diffusion results is not pursued

at this time because of the poor data. A more complete NMR

study of the head group protons is necessary to determine the

relative importance of intra- and in termolecular relaxation

contributions in order to verify the validity of using eq

[l] ] for calculating the head group's diffusion coefficient.

This work does not include such a study.

Some of the more exciting a spects of this work lie in

the last two sets of experiments to be discussed : diffusion

in the gel phase of a model membrane system and diffusion in

a biom embrane.

The results which compare the diffusion values for DPPC

at temperatures above and below the gel-to-liquid crystal

line phase transition are given in Figure l; – 1 l; and in Table

l, -2. There have been few reports to date of diffusion coef

ficients in the gel phase. The results in Figure 1 – 1 l;

illustrate the applicability of the * 16 technique to such
measurements, which have otherwise proven difficult. Except

for the work reported by Cullis (37), the utility of the

conventional magnetic resonance techniques used to study

diffusion in model membrane systems is diminished due to the

residual dipolar line broadening produced in the gel phase.
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That diffusion in the gel phase is about an order of magni

tude slower than in the liquid crystal line phase is in di

cated by our results and by a few other investigators

(37, 81). These measurements are significant. The applica

tion of our technique to the gel phase of a model membrane

system represents a powerful extension of its applicability.

Even though the highly unsaturated natural membrane lipids

probably exist in the liquid crystall in e state at physiolog

ical temperatures, lipid clustering may occur such that

homogeneous pools of identical phospholipids are segregated

from the bulk lipid phase . Depending up on the chemical com

position of the particular phospholipids, this lateral phase

separation could result in regions of lipid maintained in

the gel phase , i.e. , the particular physiological tempera

ture would be greater than the gel-to-liquid crystal line

phase transition temperature of the phospholipids with in one

of these homogenious pools. The rotating frame technique

may well prove to be one of the more elegant probes of the

potentially significant biological phenomen on of lateral

phase separation.

It is some what surprising that the activation energy

for diffusion in the gel phase is slightly smaller than that

calculated for the liquid crystal line phase. It is possi

ble , however, that the greater degree of order in the the

hydrocarbon core provides a lesser impedance to each dif

fusive jump.
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As an initial attempt at monitoring the rate of lateral

diffusion of phospholipids in a natural membrane, the rotat

ing frame method was applied to bovine rod outer segment

membrane S . The results from these experiments, given in

Figure l; – 15, must be understood to be only semi-quantitative

at this point as the complexity of the system brings in a

multitude of factors to consider in interpreting the

results. It should also be pointed out that the integrity

of the ROS membranes as used in these experiments is ques

tionable . Freeze-drying can disrupt natural membranes. The

final state , of the membrane sample used in these experi

ments, may actually be more like aggregates of membrane

fragments rather than intact membranes. However, monitoring

the collective proton FID due to all the protons in the sam

ple , as is done for these experiments, necessitates minimiz

ing the water proton contribution to the FID. Thus, the

freeze-drying procedure was unfortunately necessary in order

to perform the experiments on the ROS membrane sample. The

outcome of these preliminary experiments is none-the-less

encouraging. Figure l; – 15 demonstrates a definite difference

in phospholipid diffusion rate in the whole membrane

preparation as opposed to the extracted lipids alone. An

interpretation of the change in activation energy calcu

lated , of 2.2 kcal for the whole ROS membrane preparation to

3. 1 kcal for the extracted ROS lipids , is not in order since

a major portion of the difference could lie in the scatter

of the data. The significance of these results is seen to
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be in the slower (by a factor of 3) diffusion rate of the

lipids in the whole membrane preparation.

The diffusion coefficients for the ROS membrane and

membrane extracted lipid samples were calculated using the

radio frequency dependence of the rotating frame spin-lattice

relaxation rate and thus eq [ 1, 1. The spin density, N, in eq

[l] ] deserves special consideration for the ROS membrane sam

ple . The spin densities of both the ROS membrane and

extracted lipid samples were determined as described in sec

tion l; .2. In corporation of a correction factor in the spin

density for the ROS sample, in recognition of the presence

of protein, would most probably introduce a greater uncer

tainty into the outcome of the diffusion coefficient calcu

lations than arises from using the uncorrected spin density.

Consideration of two special cases in addition to the

results reported in Figure l; – 15 should indicate that , in

fact, an inherent difference between the diffusion rates of

the extracted and membrane lipids exists and does not result

as an artifact from using uncorrected spin densities. The

spin densities, obtained directly from eq [8] in section

l!. 2, for the ROS membranes were greater on the average by a

factor of 1.8 than those for the extracted lipids. In spec

tion of eq [ 1, 1 shows that N is proportional to D as the two

thirds power. If the spin density of the lipids in the ROS

membrane sample is less than or equal to the density of the

extracted lipids, then the resulting diffusion coefficients

would be even smaller than those in Figure 1 – 15 for the ROS
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membrane S . If the spin density of the ROS membrane lipids

is greater by even a factor of 3 than for the extracted

lipids, the diffusion rates calculated for the membrane sam

ple would still be less by a factor of at least 1.6. Thu S

it is evident that the diffusion of the lipids in the mem

brane sample in the presence of prote in is slower by at

least a factor of 1.6 than for the extracted lipid sample.

Slower phospholipid diffusion in the in tact membrane is

not unre a Sonable . Two supportive arguments may be made in

analogy with the reasons suggested for the smaller self

diffusion coefficients of water in prote in solutions

(30, 82). The obstruction effect arises from the large size

of the prote in in the membrane bilayer with respect to the

phospholipids. As the prote in constitutes about 60% by

weight of the ROS membrane the influence of the prote in will

be appreciable. In order for diffusion of a phospholipid

molecule from point A to point B to take place it may have

to circumnavigate one or more prote in molecules as opposed

to a straight line between A and B for the prote in-free

extracted lipids. The solvation effect may also impede the

diffusional progress of a phospholipid molecule. If a pass

ing phospholipid wanders from the bulk lipid phase into the

"boundary layer" of phospholipids surrounding a prote in

molecule , its motion may be retarded due to lipid-prote in

interactions. These speculative reasons for slower phospho

lipid diffusion in the presence of proteins remain to be

proven, but these experiments have certainly given evidence
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of the applicability of the rotating frame method for diffu

sion coefficient determination in a biomembrane system. AS

mentioned earlier, chole sterol is a minor component of the

ROS membrane . Choles terol is the refore probably not inst ru

ment al in the observed de crease in the diffusion rates of

the ROS membrane sample .

Molecular dynamics have been emphasized in this disc us –

si on . The diffusion coeffic i ent is related to the mean time

between diffusive jumps (see eq [7] in Chapter 1) or the

diffusive jump frequency (/; :

– 4 D
ºump = a [20 J

assuming the phospho lipid molecules in the bilayer are

arranged in a hexagonal lattice ( 76, 83). As an example of

this calculation , mean jump times were calculated for DPPC

molecules in the multil amellar d is persions above the phase

transition temperature using the estimated value of 88 for o'

(see above) and the experiment ally determined diffusion

coefficients; the values range from 1. 2 X 10-7 sec to 1. 7 X

10-7 sec . Thus, the DPPC molecules will be exchanging lat

tice sites, on the average , at a rate X 5.9 X 10° sect'.

The investigations and their results reported in this

dissert at ion explore the vers a tility of a novel new tech

nique for measuring lateral diffusion coefficients in model

membrane systems and demonstrate its potential for studying

diffusion in biological membranes. Several advantages



126

accompany the employment of this technique. Diffusion of

the phospholipid molecules in a membrane may be studied

without the use of potentially per turbing foreign probes

(spin-labeled probes for ESR experiments and fluores cent

probes for optical spectroscopic investigations) because the

naturally abundant spins of the native bilayer constituents

act as intrinsic probes (the phospholipid protons in this

study). This method is unique , allowing the direct calcula

tion of the diffusion coefficient from the experimental NMR

relaxation data. The diffusion coefficients determined via

the radio frequency dependence of the rotating frame spin

lattice relaxation rate generally agree very well with those

of other investigations (see Chapter 1).

Of particular interest at this stage of development is

to apply FT NMR techniques to this experiment. The capabil

ity for this will shortly be available in our lab. Success

ful completion of such experiments should resolve the major

short coming of the method as currently used , i.e. , the is o –

lation of NMR signals from the individual membrane com

ponents.
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Table l; – 1 : Sample composition and activation energies for

diffusion of Dppc/D20 dispersions at three different concen
trations.

Composition with D.0

SAMPLE (w/w)x (MOLE)% E., |**
7mole

DPPC A 62.1 4.3 2.4

DPPC B 80.0 10.0 4.9

DPPC C 90.0 19.7 7.1
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Table l; -2 : Sample composition and activation energies for

diffusion from experiments investigating the effects of

chain length , unsaturation and head group composition.

Walues are also given for diffusion in the gel phase.

Composition with D.0

kcal
$AMPLE (w/w)% (MOLE)7. Eact 7mole

DLPC 59.3 4.4 2.9

DMPC 59.7 4.2 3.1

DPPC A 62.1 4.3 2.4

DSPC 64.6 4.3 3.1

DOPC 60.7 3.8 0.9

DPPE 58.7 4.0 2.6

DPPC-de 65.4 4.5

DPPC (gel) 62.8 4.4 1.9
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