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The phdéﬁholipid regions' in cellula: membranes are-involved in a
variety of fﬁnctions, including the maintenance of:permeability barriers
and associatibns with some proteihs to form functionai entities, 1,2
The evidence'évailable from several physical techniques suggests that in
nearly all of the membranes studied thus far, there:are regions ‘in which
the phoSpholipids»are arfanged in bilayers which exhibit varying degreés
of mobility (or fluidity). 3-7 The Bilayer arrangement of phospholipids
in cellular membranes is not accidental; it is a manifestation of theif
amphiphilic natur¢, and it occurs when they are isolatéd and dispersed into

water.s, Since the phospholipids spontaneously form bilayer structures

in water that are similar to those found in cellular membranes, and since

phospholipids in lipid-water model systems are more easily studied than

those in complicated membranes, it has been assumed that bilayers com-

'posed of aqueous phospholipid dispersions provide a_feasonable model and

convenient point of departure for studying the phospholipids in membrénes.

The spontaneous formation of phospholipids into fluid bilayers

‘explains rneither the diversity of fatty acids nor the variety of polar

headgroups found in natural membranes. That is, phosphatidylcholine
(lecithin or PC) with a specific ratio of only two fatty acids will form
bilayers that are fluid thtoughout the entire physio;ogicallrange of
temperatures.gvlt is likely, fherefore, ﬁhat the variety of fatty acids
and headgroups are required for differing structural and functional roles
which, in‘tﬁr#, may.derive from the altered bilayer properties or from

assoclations with other membrane components.
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Partial solutions to questions concerning the nature of phéspholipid
bilayers are beginning to emerge from the resulfs 6f.seVeral ﬁhysical.fech-
niques. Of these techniques, NMR has been of great use in elucidating
the motion of the fluid fatty acids of lecithin.10 In particular, Tl"
measurements have provided information concerning East" processes; and
T2 measurements have provided information about relatively slower ﬁro_
cesses. In this paper we discuss briefly some rélevant.topics in relaxa-
tion theory, feyiew our previous work on both sonicaﬁed-énd unéonicated_
lecithins and the dynamic model we proposed to.explain the relaxation
data, - repQrt‘some effects of altered fatty acid composition on the_“
‘NMR parameters,blv3 report results concerning the interactions of cations
with two phospholipids; phosphatidylcholine which is zwitterionic and

phosphatidylglycerol (PG) which is anioriié,l4 and, finally, discuss the

behavior of aqueous dispersions of PC-PG mixtures.

'Nuclear‘Relaxétion
Relaxation theory has been presented at varying levels of sophisti-

cation in specialized 1L;ii,15—17

and we limit our discussion here tb a 
Brief recapitulation and emphasis of some basic and impértaht features .
that are particuiarly relevant to the topics in this ﬁaper.

The spin-lattice relaxation time, Tl, characteriZeS the rate at.
which the spin populations of the energy levels approach a Boltzman
distribution. .This thermal.equilibrium is achieved by trénsitions
between energy levels induced by components of dipolar motion at the
resoﬁance ffequency, mo,'and at Zwo. The transverse:relgxation time,‘
'Tz (whose reciprocal is proportional to the iinewidth), charaéterizes

the rate of loss of phase coherence in the x-y plane. This process has

contributions from spin-lattice relaxation as well as from components of
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dipolar motion'neaf zero frequency.

Thus the felakation rates ére.proportional to the spectrél dggsity
function, J(w), evaluated at frequencies near zero, wo,=and 2w0. The
spectral density functibn, in turn, is the Fourier‘transform of fhe .
correlation.function which is used to.deséribé stochas#ic processes,

e.g., moleculér motion in liquids. In general, the‘éofrelétion func-
t-on is assumgd ;o decay exponentially with a timeICOnstant, TC,~ther
correlatiQn time; The reciprocal of the correlation time, 1/1&, is a
measure of tﬁe maximum frequency components of molecular motion. Figure
l-a shows three sets of spectral density functions for collections of
"isotropically tumbling molecules characterized by single correlation
times, Toos Té » Or T . Figure 1-b shows a function characterized by two
1 2 3
different correlation times and represents, e.g., a CQllection-of anisotropic
rotators. Fof'isotropié motion the Fransverse relaxation rate, 1/T2,
.which is proportibnal to the weighted sum of J(o), J(wo) and J(de),
will increase lineafly with increasing correlation tiﬁe, except when the
motion is very sloQ. The spin-lattice relaﬁation tim., Tl, will decregse
with increasing T. until WoTe X i, at which point it Wili increase as T,
increases further. When the motion is fast, i.e., wéfc'<< 1, T, = T,.

A description of anisotropic motions is. considerably more compli-
cated.is‘ As a relatively simple model, éonsidef a ¢oliection of sticks
undergoing rapid, random axial motion; and a slowér random tumbling of -
the sfick. One correlation timg can be assigned to each process, ch and
T, » respectively. A spectral density plot for such coﬁplex motion is

a

shown in Figure 1-b. The functional dependence of Tl on correlation time

is no longer simple and will exhibit two minima; additionally, when woTe
' b

<<1, T In such a situation T, reflects the slower components of

1= Ty 2
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motion, the tumbling of the stick, and lereflects the rapid axial com-
ponents of motion. In the case of protons, the relativé areas underbtﬂe
spectral density functions for ﬁhe two types of motion depends oh the °
angle between the inter-proton vector and the rotation axis. When the
angle is 90° the two areas are equal.
Consider the type of motion described above for protons when the

angle is 90?, the tumbling motion is very slow,’and thé axial motion is

very fast. In this example, the value of T, will be within a factor of

1
two of its ma;iﬁum for the particular value of correlation time; the
linewidth, by éontrast, will be reduced by.oniy a‘factor of two. Thus

.in this example changes in motion may be most directly evident in the
values ofsz.

Experimental Procedures

Theoretical prescriptions relating the relaxation rates to corre-

17,19

lation times were presented several years ago, but experimental methods

for determining the values of these relaxation times for molecules

yielding complex NMR sf :ctra at low concentrations are of more recent
. . 20-22 . ' e , .
origin. Fourier transform NMR, renowned for its sensitivity enhance-

ment or time conservation as compared with the traditiénal continuous

- 20,21 ' o
wave methods, provides the method of choice for determining relaxation

11,22-23

times in complex spectra. The Fourier transform of the free -

induction decay following a series of 180° - 90° pulse pairs gives rise
g

to partially relaxed spectra from which the T. values can be determined.22

1

' Similarly,»Fourier transformation of the last echo elicited by a series

of Carr-Purcell 90° - 180°- - -180° seque’nces25 can yield the T, values.ll
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(Spectra with resolved J-coupling are not simply amenable to this tech-
nique.24 Measurements of T1p will yield the requiredeata for such mole-
9 values determined by these methods will not be dominated

by contributions from the magnetic field inhomogeneities or sample sus-

cules.) The T

ceptibil_ity.factors.25

1. The Molecular Dynamics of the Fluid Fatty Acids

Egg‘Lecithin

Spin—lattite relaxation times for the resolved“teSOnénces of soni-
cateq egg‘yolk lecithin (EYL) are shown'in Figure 2. The Tl values for.
the vinyl,vallyl, and a-carbonyl resonances, as well.as those of the
choline and terminal methyl protons, are not identicél; this obsetvation,
together with the narrow linewidths ana high resolution nature of the
spectra, argue against the proposal that spin-diffusion to a heat sink is
a major source of relaxation in sonicated lecithin.ll That the methyleﬁe
proton relaxation data could be fit by a single exponential therefore
reflects the roughly uniform nature of a component of‘their métion. It
is notvintended to imply that all of the methylene ératons relax with the
same value of T,,
‘entire length of the methylene chain is relatively shallow, and any large

but rather, that any distribution ofvT1 values over the

departures are limited to short segments. The proton Tl values have inter-
molecular contributions in addition to the intramolecular contribution from
. protons on neighboring carbons as well as those from the protons on the

same.catbon atom. Studies of anhydrous soaps and n-alkanes suggest that
e L . 26-29
the former contributions may be substantial very near the methyl terminus,

where the relatively high activation energy has been attributed to inter-

N

molecular effects. However, methvlene C13 Tl value330 and their distribu-

tion for the majority of the methylene carbons are similar to those for

protons and support the suggested interpretation.
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All of the proton T,

values increased with increasing temperature
and Arrhenius plots of such data‘yield activation energies of ahout

3 kcal/mole, also shown in Figure 2. The fact that the T, values increase

with temperature (decreasing correlation time), for .experiments performed
at 220 MHz, shows that the correlation time is less;than 10_9 séc; célcu-'
~ lations which.éssume axial or isotropic motion 18 suggeét that the true
value is probably ~ 10_10 sec. (The correlation tiﬁé is not the‘inverse
of a reéogant freduency but is related to some average time between
reorientational or diffusive jumps.) The value of the activation energy
is very similar to that réported.for the barrier to_intérnal rotations
(trans—gauéhe isomerizations) in n-alkanes. bThis eQidence, togethér with
the distribution of Tl values and activation epergies for the individually
resolved fatty acid protons, argues against rotations of the entire lecithin
molecule or.rotations of the individual fatty acid chains as the principal
sources of thérﬁal relaxaﬁion and suggests that ﬁrans4gauche isomerizations
are largely responsbile for‘thermal relaxation. This interpretation is 
supported . :
/by the observations that the value of the activation nergy does
not substantially‘differ for fatty acids in micelleé or in organic solvents.
In addition, estimates of the interconversion rate, 1/2ﬂTC’v using an activa-
tion energy of 3.0 kcal/molé in the Eyring-absolute':até equation31 are
simila} to thos obtained from the relaxation times.

: Thé implication is that the methylene groups interCOnveft between

1 -1 .
0 sec ) that increases

trans and gauche configurations at a rate (1/1‘C n 10
only slightly over much of the fatty acid chain. This fact is intereéting
and significant in the light of simple statistical models of fatty acid

chain motion. <Such models predict that if the probability ol a trans

configuration.at any point along the chain were uniform or increased,




and if the configurafion of a given C-C bond were indépendent of that of
any other,‘thé correlation‘would_decréase consideraﬁly along the fatty
acid chain.32—35; Since the relaxation time, Tl’ is inversely related to-
the correlation time, Tc’ such a model would ptedict a pronounced incréaée
of Ti along‘the.chain (in this region where--rC << l/éo)’ a pfediction con-
trary to observation. There is neither experimental evidence ndr‘obvious
physical réaéon tb deduce that the probability of a gauche configuration
decréases along the fatty acid chain; and therefore, the configuration
bf each méthylene pair i1s not independent. |

Consider a type.of coupled motion in which pairs ofvgauche‘coh_
figurations of oppoéite polarities occur on sites Sepérated by one (g-
coupled) or a few carbon atdms. Since the conformations resulting from
these configurations are roughly straight, as shown in Figufe 3, they
minimize (or result from) the collisional encounters with neighboring
chains that would result from a single gauche configgration, Figure 3.
It is physically plausibie to anticipéte that these configurations have
a roughly uniform or slightly inéreaSing probabiliﬁy of occurring at
any given position élong most of the length of the fafty acid chain, and
thus provide a reasonable basis for the Tl data. Véryvnear the methyl
terminus single gauche configurations would not result in collisional
interdctions wiih neighboring chains, and the valug of Tl could be
expécted to ingrease, as seen in the 13C Tl values.3'0

‘Thus a physicall& reasonable model for thevfatty écid métion that
accounts for‘the observed épin-lattice relaxation is one in which gauche

pairs separated by one or a few carbon atoms form frequently with a

probability that increases relatively little along the fatty acid chain.

10,11
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The valu’es'_of'T2 determined by spin-echo experimentsllare shown in
Figure 4. Recall that Tl

resonance Tl # T2. Therefore for each resonance there are at least two

increases with decreasing Tc while for each

values of the‘cofrelatioh time and, implicitly, two'components of motion§
one fast which determines Tl’ and one slower which makes an additional
contributioﬁ»tb T2' Unlike the spin-lattice relaxation rates which could
be fit by a single exponential, the T2 values ihcr¢ASe by about a factorv'
of 2-4 on prégressing from the‘polar end to positions‘ﬁear the methyl
terminus whete they exhibit a further abrupt increase by another factor

of 3-4. This t?énd in transverse relaxation'rafes is similar to that
reported by_bthers.36

Allowance for occasional coupled configurations in which a larger

segment ofvthevphain could be displaced (i.e., more than one carbon atom
- between eachvgauche—gauche pair, or single gauche configurations, Figure 3)
permits a~sim§le modificafion of the model presented for thermal relaxa-

tion to extend it to account for the transverse relax’ation.lo_l2

Nobinforma—
tion is currently availablé on the relative probability of the B-coupled |
;o.these oﬁher configﬁrations;which may vary with posifion along the
chain. It is important to‘note that relgtive to Tl’.TZ is sensitive to.
the angle through which the methylene pair rotates. Thus, TZ’ but nqt Tl’
would be affected substantially. Sinéé the detailé of ﬁhe motion stronély
affect T2, it is difficult.to assign é'value of ic té the motiohs undef—
lying the T2 processes. If the motion were assumed to be eithgr axial

8 11,12

or isotropic, the correlation time is estimated to be v10 ~ sec. The

ratio of correlatioﬁ times for the T

1 and_T2 processes can be estimated

by calculating an activation energv for the Tq processes from temperature

[ 3
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data for a specific methylene resénanﬁe, assume that thp prcexponéntial
factors in thé'Arrhenius equation are equal, and using Equation 1. The
ratio so determined is.lo_.2 which agrees with the ratio of correlation

times derived from the relaxation data.

’

1) . e, -bE /R - @
T‘C(TZ)v /

'Summarizingvthe foregoing discussion concerning EYL, the relaxa-
tion data'suggést a model of fatty acia chain motion in which the
fatty acid is configurationally mobile yet conformationally relatively
ordered. This concept is illustrated in Figure 5. The data presented
and the model proposed have been discussed elsewhere and are supborted
by the results from several other investigators using a variety of dif-
ferent techniques.l

As for the Tl procesées, those for T2 contain zontributions from
intermolecular interactions as well as interactions between protons on
different carbon atoms.

Non-bilayer Systems

NMR studies of fatty acids in non-bilayer structures can help to
elucidate those features which characterize bilayeré.. Free fatty
acids .and lysolecithin both readily form micelles. - Fdr myristate and
monopalmitoyllysolecithin the values of Tl and Av at 20°C are 0.4 sec
and 6 Hz, and 0.3 sec and 14 Hz, respectively. These values of Tl’
which increase with increasing temperature, differ only slightly
from those obtained from EYL. The transverse relaxation rates are

considerably smaller than those exhibited by EYL indicating that the

motion is significantly less anisctropic. A similar conclusion can
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be'&rawn fromifhe Tl'and linewidth data from lecithins in COC_l3 and
ip‘MeOD. At this time we have no pulsed T2 data for these systems.

In view of the model proposed for fattyvacid chain motion in the
bilayers, thé lgés anisotropic character exhibited by the micelles and .
these‘molecules in organic solvents reflects fhe incféased probability
of motions inﬁolving segments of the fatty acids larger»ﬁhan those en-
visionéd for example by the B-coupled isomerizationé,"Such dynamics
would lead to:a more disordered system as is observed Qith spin- labels
in similar systems. | |

Other Lecithin337

EYL, dipalmitoyl, dimyristoyl, distearoly, and dioieoyl lecithins
have been used as starting points for most work sinte they are easily
obtained in large quantities either from egg yolks Orbffom commercial
sourcés. To determine the rble of different fatty acids on bilayer
structure, itgis neéessary to use these and other synthetic lecithips
or those from:dther biological sources. We have stﬁdied sonicated dis-
persions from ﬁwo éommerciallf available lecithins;_dipélmiﬁoyllo and"
dim&risto&lgll and reported fhat»their relaxation data are similar to
those of EYL éhd that”aé the diséefsions are heated tﬁrbugh théir
endothermic traﬁsition teﬁperatures.there is a dramatic increase in
motion of all.of the nuclei on the molecule, especially?those of the
fatﬁy acid chain. B

More recently we have studied the lecithin from R. pilimanae, a
yeast.l3 Relative to EYL this leci;hin contains a higher percentage ofj
unsaturateé fatty acids, and a higher proportion of its saturated fatty

acids are short chains. The dramatic effect of this fétty acid composi-
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tion on the NMR'linewidths is. shown in Figure 6. Thié'figﬁre shows the
PMR spectra‘of-gg§bnicated yeast lecithin which exhibité resonances far
narrower than those of unsonicated EYL and thus reflects ﬁhe much shorter
correlationvtiﬁes in the former as compared to fhe 1aﬁter. Hence, the
primary effect:bf short chain fatty acids or of mon§unéaturated fatty
acids, or béth, is to decrease the correlation tiﬁe'fof transverse
relaxation. |

For unsonicated dispersions of EYL, spinfléttfce rélaxation is
reported to occur by spin-diffusion to a heat sink; presumably fhe termi-
nal methyl group. 38 Thét such a mechanism is inopérative in the‘yeast'
lecithin is'demohstrated By using unsonicated‘disperéions of this materiai
in wﬁich.70% of the ﬁydrogen w;s replaced with deutérium. Were it to
occur, the‘spin diffusion would be interrupted by the deuterium. Iﬁ the
deuterated sampleé, both longitudinal and transverse relaxation rates were
smaller by a factor of two to three than those in the protonated material.
Such a decrease probably reflects the pattern of’inéorppfation’of the
deuterium, which has a smaller gyromagnetic ratiolthan‘;hat of ﬁhe proton.,
These samples:aiso exhibited a distribution of traﬁsversg relaxation rates
along the chain and vélues of Tl which increased with increasing tém~ |

 perature.

Summary of Interpretatidn
1;' Several gauche configurations are present at any instant of time.
2, Thg-hethylene groups frequently intérconvett between trans and
gauche forms; the gauche configuratiqns very offen occur in pairs (e.g.,
B—coupléd).b ‘These configurations avoild or are iﬁpdSed by collisional
encounters With'neighboriﬁg chalns and result in conformations which are

roughly linear.
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3. Configurations resulting in "non-linear" conformations occur
less frequently than those possessing linear conformations.

4. The probability of occurence of B-coupled configurations rela-

tive to other configurations is a characteristie of'the particular bilayer.‘

5; Non-linear conformations and/or increased probability of B—coupled
cenfigurations elong the fatty acid produce more diserder and result in
a flexibility gradient which increases from the carbonyl to near the
methyl terminus, where rhere is an abrupt iﬁcreaee. :

6. The flexibility gradient leads to a potential packing problem
which can be eliminated by ; "statistical bend" in the fatty acid chains.36

7. The effect_of molecules such as cholesterolvis to increaee the |
relative probabllity of B—eoupled to the other conflguratione and thus
increase'rhe order of tﬁe ehains. Agents which are_fluidizers apparently
decreaée this ratio, decrease rhe anisotropy, aﬁd result in chains which
© are more'disqrdered.

Biophysical Conclusions

The role of phospholipid fluidity in membrane processee, such as
transport and dlffusion of membrane antlgens, etc., has been dlscussed
by_others.6 7 39 . In general however, it appears that one function of ‘the
fluid phospholipids is to provide a two-dimensional quasieliquld that l
is relatively impermeable and in which molecular processes requiring
the motlons of molecules can functlonl7§ﬁey provide a pliable yet rele-

. tively impermeable matrix in which conformatlonal alteratlons and motions
of proteins can occur. A more rigid molecular support would either pre-

clude such motions or structural alterations or could be ruptured by such

processes, or both. This fluid and flnnible character is plausibly the
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reason that’membranes contain a coilection of a large.nﬁmber of small
mobile moleéules rather than aﬁ aggregation of a smaller number of largé
molecules as are found in cell wallé. One may also poétulate an evolu-
tionary role for membrane formation from phospholipids; - Since they‘
spontaneously form bilayérs, it is conceivable that-fhey migﬁt have
formed the primitive membranes.

Since most membranes contain‘regions which are flexible in the

manner discussed above, it is probable that many membrane processes

involve motion or significant conformational alterations. The motional

or conformational requirements of transport is one example, and the

interpretation that the protein rhodopsin sinks deeper into the membrane
40

upon bleaching is another.

The fatty acid conformations discussed for the fluidvphospholipid

. molecules result in regions of free volume. The migration of such regions

provide a mechaniém for the transport of small molecules. Tré{uble41 has
discussed this possibility iﬁ terms of kink migratiqn. The proposed con-
figurations are consistént with'this concept'and can'provide larger free
volumes than can the kinks. Such a consideration suggests a role for
cholesterol.;,Cholesterblbdecreases the frequency of fofmatibn of regions

of free volume, decreases the sizes of these regions, and, as is observed,

should decrease the rate of transpoft of small molecules.
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I1I. The Polar Region of Phoépholipidsv

Phosphoiibids_are genefaily claséed according to their polar moiety;
some common classes aie shown in Figure 7. The mOreIfrequently encoun-
tered Rl groups can be arranged as follows: Zwittefiédic—cholipe aﬁd
ethanolamine; anionic-serine, inositol, glycefol, and phosphatidylgly-
cerol. Additionélly, there are sugar containing phosbhplipids, the
glycolipids, and a cationic form, o—lysylphosphatidyigiycerol.

Little is known about the structure or function_of.the ﬁdlar region
of phospholipids. Their impértance,_however; is inférfed from the variety
of polar headgroups found in different cells,43 from ﬁhe change in head-
group distribution in response to new conditions of grbwth, and from the
specificity”of‘certain classes bf phospholipids in the #ctivation'of some
membranous enzfﬂes.z The available information concerning the conforma-
tion of the.poiar region, its role in determining bilayer properties,
the functidn of the'differeﬁt élasses, and the spatial arrangement is
summarized bfiefly;

"Efforts to determi .e theICOnformation of the polar'regions of

model systems'hayé relied on several techniques. Surface pressure and

potential measurements on phosphatidylethanolamine (PE) at an air water
i-terface have been interpreted as showing that the axis of the zwitterion

47-48 X-ray diffraction data from

is parallel to the plane of the surféée.
multilayers of PC have been interpreted similarly.49 X-ray analysis of
singie crystals of glycerophosphorylcholine and similar other headgroup
molecules,50 and NMR conformational analysis of these molecules in D20
and of lecithin in organic solvents show that the choline méthyleneé

aésume a gauche configuration. For ethanolanine the X-ray data differ

. . : 51
from those in solution where the methylenes rotate freely.

1,43
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Several techniques have been employed to study_the rolé of the
headgroups in the determination of model bildyer proﬁerties. Stﬁdies
of sénicated and unsonicated aqueous phéspholipid disbefsions, of mono-
layers at air—water.interfaces, and of black films have shown that the
headgroup determines, in part, the permeability of smail molecules through
these model membranes.sz’53 The effeétS'of divalent cations were important
parameters in such experiments. These cations drastically modified the
permeability prdperties of anionic phospholipids and are believed to
induce conformational changes in diphosphatidylglyderél,54 but they ﬁave
relati&ely little or no effect on PC.55 The effectsAofvdivalent ions are
suppressed in bilayers containing both aﬁionic phqspholipidsand PC. And
flnally, Steim has shown that the calorimetric endothermic transition
temperature of dlmyrlstoyl PC is 30° lower than that of dimyristoyl PE. 26

Thus, the measured and measurable properties of bilayers are sensitive
to-the nature of the headgroups, to their heterogeneity in dispersions,
ana to theirbinteractions with cations.

The functions of the different classes of phoSpholipidé in cellular
membranes are not well understood.' It is probaﬁle, howe&er, that their
interactions with Aivalent ions and their tendencies to form either
random mixtures or to segregate can have profound effects.57 The role'.
of the phospholipid class in a wide variety of cellulai functions has

33,55 In particular, a significant effort has been

been discussed by others.
expended in demonstrating their role in the activation of membranous

enzymes2 and determining the permeability of cellular membranes.52
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The spatial arrangement of phospholipids has been studied by Bretcher
and by Caspar and Kirshner59 vho suggest that differént lipids may be segre-
gated between the interior and exterior of membranes, thus rendering them
asymmetric.

NMR Studies of Phosphatidyl Choline and Phosphatidylglycerol

The senéitivity of NMR relaxation rates and chemical shifts
.bto the dynamics and environmenf of the nuclei under inves-

tigation has Been used to stqdy the dynamics of_fatty'§c1d chain motion.10
It can be exploited similarly for studying the dynamics and environment
of the polar.reéion, the interactions qf ions with the various headgroups,
and the effects of both héédgroups and their interactions with ions‘on the
fatty acid chain motions. Some phospholipids, e.g., PC, exhibit weli
resolved prot@h resonances, but most dispersions are ﬁot so accommodating.
By definition, hoWever, all phospholipids contain one phpsphorus atom
occupying an identical molecular position, affordin§ an excelient NMR
probe for this'fegion. .Thus Qe have supplemeﬁted Ouf'proton data,
initially, With:phosphorﬁs NMR k¢MR) measurements of sonicated aQUéous
dispersions of zwi;terionié‘PCll'and anionic PG.6O£_
Lecithin

The choline resonances of lecithin in both sonitated énd unsonicated
dispersions.haé been studied by others as well as OUréelves.lo The N—. 
methyl resanance is felatively sharp, 4V :IB Hz, inﬁense,'and well
resolved from'the other resonances.

The @MR épectra.and relaxation rétes for EYL and dimyristoyl
leéithin have been published earlier,60 and we review some relevant points.
The ¢MR‘of solid L=w-glycerolyhosphorylciioline is a gaussian line

4.6 x 107 Hz in width. This width agrees with that calculated to arise
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from dipolar'iﬁteractioﬁs with the four nearest neighbor protons whose
relative positions were taken from the X-ray data of Sundaralingam.
The ¢ﬁR spectra of uﬁsonicated vesicles contain two components:. 73.5%
is 590 Hz in width while the remaining 26.5% is 72 Hz wide. There is
some slight indicatioﬁ that these two compdnents eﬁhibit.different
chemical shifts. Upon sonication for 3 min the line appears single with
a width of 20 Hz. The $MR corresponds to 90 + 10% of the tétal phos—
phorus and exhiﬁits no further change upon continuea sonication. The
value of izbobtained by a Carr-Purcell sequence was 0,11 sec; which
corresponds to a linewidth of 2.8 ﬁz. This difference between‘the values
of inverse'lineﬁidth and transverse relaxation time indicated that there
are non-dipolar contributions to the MR linewidth in the sonicated
matefials as i1s also reported for the PMR.11 The phosphorus Tl value
is about 1.4 sec. The chemical shift is 5.3 ppm to higher frequency
than internal pyrophosphate at pH = 8.9. The phosphorué relaxation
mechanisms for these molecules are not yet completely determined and we

do not, therefore, assign a correlation time.

The phosphorus resonances of sonicated lecithins are simple and

relatively narrow. It is well known that the chemical shifts of simple

water soluble phosphates are sensitive to pH, to neighboring atoms, to the
solvent, and to metal ions. Hence, it is likely that different phospholipids

in differing environments may be distinguishable.

Phosphatidylglycerol
In the initial experiments we were interested in studying various

headgroups while maintaining a constant fatty acid composition. To this



-18-
end, PG was synthesized enzymatically from PC using phosphoiipasé D.and
was purified on DEAE.IA’ 62-63 |

The @MR spectra and.felaxation rates of PG are similar to those
of PC, but exhibit some differences. The @MR of soni;a;ed PG is 10 Hz
bwider than PC, the .ghemical sHift of PG is 1.8 ppm to lower field of PC,
and the PMRflinewidthvof unsonicated PG is somewhat.néerWEr than that of
PC. The origins of these differences are being studied. That the methylene
PMR linewidth in the unsonicated PG diépersioﬁs is relaﬁively narrower may'
reflect a less dense packing near the polar end of the holecule resulting
from the coulombic repulsion betweén the charged headgroups. The chemical
shift difference may arise from the different chemicai.nature of the hegd—
groups,‘from their environments in the bilayers, or.ffom both. Experimepts
on isolated headgroupé are underway to determine the_pe:tinent factors.

The different ghemical shifts of these two classés are ﬁotentially
of importance for i; may permit us to distinguish these two headgroups

when théy are present simultaneously in the same bilayer, and provide

information on. their re pective environments and dynamics. It is possible

that the other classes of headgroups and will exhibit differént chemical
shifts, and we will examine them and seek to elucidate‘the origins of the
—differences.

The effects of the paramagnetic ions Mn++ and Eu+++ on the NMR
spectra of PG and PC are very differeﬁt. Figuré 8 shows the effect of
Mn++ ions on ﬁhe intensity of the §MR. As Mn++ is added to sonicated disper-
siops of PC and PG,'the ¢MR signal inténsities decreaée to an aymptotic
‘value of about 38% of the untreated samplés. The plateau is reached at

. ++ ,
substantially lower Mn concentrations for PG than for PC and the
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asymptotic concentrations correspond to the unaltered phospholipids in the

inside of the vesicles; the vesicles are largely impermeable to the ions

and only those phospholipids on the outside are broadened. This interpre-

tation is substantiéted by the calculated ratio of the numbers of phospho-
lipids on the inside and outside and by the fact that additional sonica-

‘ - .
tion in the presence of the Mn completely obliterates the ¢MR.64 Upon

.the addition of Eu ions ‘to PC, 67% of the choline and phosphorus reson-

ances were shifted, as shown in Figure 9. This shifting effect was not to
be observedeith:PG. |

In the PG experiments, all of the "external"vs}gnal wasvbroadehed
beyond detectability at concentrations of one Mn++ pér vesicle; or less.
Tﬁis effect may arise éither by a given Mn++'visiting a.small number of
vesicles, and relaxing all exterior nuclei while diffusing around them,
or that the ion visits a small nﬁmber of headgroﬁps for a time sufficient

to relax them and then leaves to bind to another site on the same or

another vesicle, or by a combination of both. The first process is completed

in less théﬁ 10_3-$ec where the residence time qf the Mn++ at any parti-
cular site is less than 10_4 sec. jIn the second pfocess’the lifetime #t
any particular site is less than 1.4 x 10—6 sec.65

Thé interactions of Mn with sonicated PC differ from those with
PG. In PC, the ¢Mvaonsisted of a relaciQely sharp peak suberposed'on7
a broad signal which broadened further upon the addiﬁibn of Mn++ until a
plateau was reached. For this system one calculates a lower limit of
5.3 x 10-‘6 sec forrthe residence time at any site.65.These Mﬂ++ inter-

actions are being expldred further by measurements of the water relaxation

enhancement and by EPR studies.
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The NMR.literaturé pertaining to the structural use Qf rare éar;h .
"shift reagents' has virtually exploded in recent yeérs;§6 In many
instances thé.binding of rare earﬁh ions can give detailed information
on the strucfure of the metal complex. To localize more speéifically the’
binding site of the cations and to obtain informationYCOngerning the con-
formation of the headgroup in the presence ofAcations, we compared the
chemical shift_of the phosphorus to that of the choline N-methyl protons.
A represgntative.¢MR spectrum is shown in Figd%e 10 and the shifts of the
protons and phosphorus lines are shown in Figure 9. | |

The ¢MR shift, which increases with Eu++f concentration; results from‘
rapid exchange between bound and unboﬁnd ions, where the exchange rate
is greater than 10+3 sec—l. " One component of the ¢MR, cdrresponding to
63% of the initial peak area, is_shifted. We again'iﬁterpret‘this'as corres-
ponding'to‘the phospholipids on. the outside of the vesicles. The meethyl_
resonance behaves similarly. The effect of Eu''' on the N-methyl PMR
. has also been.obéer§ed by otheré.64 For both the PMR and ¢MR, there are 
line bfoadeningé proportional to tﬁe magnitude of th shifts, |
| Additional experiments are in progress to determine the érigins
of the broadenings, to measure the relative coptributions of the iéns

to Tl and T2

energies, and determine the fractional contact and pseudo-contact

processes, to determine the exchange times and activation

interactions to the shifts. In any event, the observations offer
strong evidence that the headgroup conformation is such that the Eu

is very near the phosphodiester but distant from the N—methyl.‘
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in summafy,,the simple, felatively narrow resonances, the different
chemical'shiftg and the differential binding of paramagﬁe;ic iqns observed
using phosphorﬁs NMR can be exploited to measure latéfal diffusion rates,
demonstrate aSymmetric distributions of phospholipid classes between
thé two bilayer surfaces, and to explore the spatiai distribution of
different classes of phospholipids on a single bilayer sprface. The
problem of spatial'distribufion ié illuétrated in Figgre 11 which sbows
a schematic vie& of a bilaye: from.the top. The question of -interest is
‘what is the arrangement of two or more different classes of phospholipids,
i;g,; patched or random, in model and cellular membranes. The differential
effects of ions on PG and PG phosphorus and proton résonénce and possibly
chemical shift differences can be exploited to answer questions like these.
The importance of lipid arrangements is suggested by experiments which
show a specifié phospholipid requirement? PG,'for,a‘PEP phosphot;ansferase

dependent gluéose transport system in E. coli.

-

PC~PG Mixtures

In our initial exr *riments we found that Mn++ deCreased-the choline

N-methyl proténbpeak height more rapidly for PC~PG mixtures than it dia‘
for pure PC vesicles..  Further, the plateau was at.662 of the original peak
area. These data suggest a parfial randomization and én asymmetrié distri-
bution between thévtwo bilayer surfaces with PC preférring the inner mono-
layer. These preliminary data are encburaging and more complete. Data

aﬁd interpretations will appear elsewhere.14
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Figure Legends

Fig. 1. a) Spectral density functions, J(w),,for éél]ectioﬁs of molecules

| undergoing isotropic, random motion, described by the correlation times
Tcys Tep» and {C3. b) A spettral density function, J(w) for arco]1ection
of molecules undergoing rapid, random, axial motion, described by the
corre]ation'time TCp and a élower random tumbling déscribed by the |

correlation time Tegr W, is- the resonant frequency. -

Fig. 2. The spin-lattice relaxation times, T], and activafion energies,AEa, for the

3ip and the resolved proton resonances in egg yolk lecithin. The 220 MHz PMR

measurements were made at 40°. The 3]P daté were obtained at 24.3 MHz.

Fig. 3. Palmitic acid with a) a single gauche configuration, b) two gauche
configurations separated by six carbon atoms, and ‘c) two gauche confi-

igurations separated by one carbon atom (B-coupled).

3]

Fig. 4. The transverse relaxation times, T2, for the “'P and the resolved

proton resonances of sonicated'egg yolk lecithin.  The values are esti-

mated by a spin-echo Fourier transform method at 20°.

Fig. 5. A lifelike illustration of thé_configurationa]]y mobile, yet rela-

tive]y ordered, fatty acids of lecithin.

Fig. 6. The 220 MHz PMR spectra of yeast and egg lecithin dispersions. The

spectrum of unsonicated DYL was recorded using a.larger sample than was
used for the other spectra. The changes in relative peak intensities be-
tween the PYL and DYL samples reflect variations in the amount of deu-

terium incorporated in the different positions of DYL. With the instrument

settings used, the HOD peaks were off-scale and therefofe were not scanned.

The chemical shifts are relative to TS and the resonances are assigned
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according td ChapmanZ] and Dea. SSB = spinning sideband of the HOD.

Fig. 7. A 5hospholipid molecule with a saturated and an unsaturated fatty
acid. In genera] n=12-16, and m = n' = 7. The‘R]‘groups shown are
only a few.ofvmany bossibi]ities; they are, from top tb bottom, choline,

glycerol, and ethanolamine.

Fig. 8. The re]at1y§ change in area of the‘or1gina1 resonance as MnCl, is
added to scnicated egg yolk lecithin and phosphatidylglycerol derivatives
from this.lécithin. The concentration of vesicles is indicated by (a),

and the signal intensities after sonication by (b). -

Fig. 9. Eu'™ induced chemical shift of 3]P and choline N-methyl protons of

sonicated egg yolk lecithin (30 mM).

Fig. 10. 3]P NMR spectrum of 30 mM sonicated eqgg yolk-lecithin. The external
reférence'is pyrophosphate at pH = 9.0. "Outside.P" corresponds to those phos-
phorus ‘atoms on lipids in the outer bilayer, while "insidé P" corresponds to

those in the inner bilayer.

Fig. 11. A bi]ayer viewed from above. This illustrates the possible spatial
arrangements of two different classes of phospho]ipids and the different
possible interactions between neighboring phospﬁolipids in the presence

and absence of metal ions.
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