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~ ABSTRACT: ‘ _
The_mobi1ity of the polar head groﬁp; as well as of the hydrocarbon

.region, of'phospHafidy]éthano]émine (PE)_moiécu]és érranged iﬁ sonicated
dispersionslfs markedly depeddent on the charge df_thé'ethanolamine*head
group: there is more molecular motion when PE is negéﬁively charged than

at pD levels where it is zwitterionic. At physio]ogita} values of pD, the

, molecular motions of PE are more restricted than are those of phosphatidyl-
_éholine (PC). These resu]t$ were Obfained by preparing, at various pD Va]ueﬁ,V
sonicated disperions of PE, of PC, and of equimolar mi*tures of PC and PE,
and by studying the proton and phos_phor-qs magne‘tic resonan@ spectra of
thesé dispersions. At pD 1evéls below the pK of the head group amine of
PE_the spectra are broader and of a Tower intensity than at pD Tevels
above the pK. In addition, we found that the PE and PC molecules are '
symmetrically distributed between the inner and outer surface of the -

“single-shelled co-sonicated PC:PE vesicles buffered at pD 11.0. This_
finding was obtained by exploiting the effects of the paramagnetic ions

2

Fe(CN)ﬁ'3 and Mn+ on the proton and phosphorus'magnetfc resonance spectra.v

v . S
At the concentrations employed, these ions do not permeate the vesicles,

thus permitting a distinétion between the signals of PE §nd PC which'origifl
nate on the outer and onlthe inner surfaces. The observed bilayer symmetry
and head group modulation of the fluidity of sonicated PE and co-sonicated -
- PC:PE dispersionsarecﬁsLussed in the context of the'structure and f]uidity

of biological membranes.



Introduction N v
: b _ - )il

The wealth 6f sfudies on the compositipn of animal cell membranes
has shown that phosphatidylethanolamine (PE) and phosphotidylcholine (PC)
are generally the most abUndant,phosbho]ipids in any particular membrane
(Answell and Héwthorne, 1964; Rouser gg_gl;, ]968). The zwitterionic
nature of thésg molecules distinguishes them from the other phdspho]ipid
classes. They differ from each other only by the nature of their head
group amines; PE has a primary'amfne while PC has a quaternary trimethyl-
amine. .A]though a great deal of ‘information is accumulating on the
structure and characteristics of PC in bilayérs’ahd membranes, relatively
less 15 known about PE. | |

Model membrane studfes‘have shown that PE differs from PC in severa]v
physical pfoperties. Luzzafi (1968)_and Papahadjopoulus and Miller (1967)
have demonstrated that PE and PC exhibit different phase behavior, Steim
- (1968) has shown that PE has a higher endothermic trénsitioh temperature
than has PC, and Phillips g}_gl. (1972) have shown that PE is packéd more_”

‘tightly than is PC, sUggesting a differenée fn molecular mobility.
Recently evidence from work on erythrocyte membranes indicates thaé the
~ PE and PC molecuies are distributed asymmetrica]]y between the innef and
quier surfaces of the membrané§ (Bretscher, 1972; Bretscher, 1973;
Verkleij et al., 1973). A]l.of these observations suggest that thg |
chemicé] differences between these two zwitterionic phosphatides a;e'of
structura1 and physiological importance. '

To further characterize some of the factors by Which PE and PC

affect the structure of biological membranes, we studied the-dynamiFs and
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spatial arréngement of these molecules in a mode1 system, i.e., sonicated
phospholipid disperions.(Atwood and Sanders, 1965). We extend our previous
work on phospholipid head groups (Horwitz et al., 1973; MiFhaelson et al.,
1973) and present our obéervations.regarding the effects of the head groups
and of pD on the molecular motions of PE and PC‘in pure sonicated disper-
sions, the‘effects of pD on co-sonicated PC:PE dispersfons,’and the distri-
bution, at high;pD, 6f these molecules between the inner and outer surfaces
of tHe co-sonicated dispersions. We have employed the phosphorus and
- proton magnetﬁc resonance spectra of the sonicated dispersions and'the’

2

effects thereon of pD and paramagnetic ions (e.qg., Mn* , Fe(CN)g) to study

the mobility and the transbi]ayer'diStribution of the phospholipids in the

sonicated dispersions.
Materials and Methods

Bacterial phoéphatidylethanolamine (E. coli PE) was extracted and

purified from a variant of a 8 oxidation™ unsaturated fatty acid auxo-

troph of E. coli (30Egox , which was a gift from C. F. Fox). The bacteria

were grown at 15°C’in medigm A (Davis and Mingioli, 1950), supplemented
~with 1% casamino acids (Difco), 5 mg/liter vitamin By, 0.5% Triton X-100
and 0;1 g/liter oleate. +he cells were harvested by centrifugation at mid
log phase, and the phospholipids were extracted by the Bligh and Dyer
method as described by Ames (1968). PE was purified from the crude
extract by DEAE cellulose column chromatography employing an elution
scheme similar to that described by Rouser g;_gl;_(séquence 3 in Rouser

et al., 1969). Egg yolk phosphatidylcholine (egg PC) was extracted and
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purified following the procedure of Singelton et al. (1965). The purified -
phospho]ipids.were shown by TLC, employing pkecoated‘SiliCa,platgs
(Adsorbosil 5; obtained from'Applied Science), each to giveia sigélé spot.
The plates were-develobed in ch]ordform—methano1-wate} (65;25:4, by volume)
and phosphoTipid spots were visualized with iodine vapbr. Egg PE was pUr-
chased from Supelco, Inc.; it was s]ight]y oxidized, as révealed by gas
chrbmatography, and was shown by_TLC to give a sing}e'spot. The 1ipids
were stored 1n'ch10rof0rm under Argon'at -20°C, and their concentration
was determ1ned by the phosphate procedure (scaled down by 10) of McC1a1re
(1971). |

Sonicated PE dispersions and co-sonicated PC:PE dispersions, con-
taining equal concentrations of PC and PE, were prepared as preViously
published (Horwitz and Klein, 1972) in 50 mM deuterated buffer containing .
150 mM NaCl and 10'6 M EDTA, except that boric acid-borax buffer was used 
when the sonicated dispersion§ were buffered at pD 8.0 and 9.3, ahd borax-
NaOH buffer was uséd when tﬁeldispersion was buffered’at pD 1].0.: In the
experiments employing Mn"2 and Fe(CN)gB, small volumes of concentrated
solutions of MnC]2 (in DZO) and K. Fe(CN)6 (in borax-NaOH buffer at pD
11.0) were ‘added to the phospholipid dispersions after sonlcat1on The
sample was vortexed gently during the addition of the paramagnet1; ion
in order to-obtain rapid mixing. After every expérimeht the 1ipids were =
extracted and shown by TLC each to give a single spot. Experiments were
performed with freshly prepared samples, not more than 12 hr afte;
sonication, since after more than 24 hr at high pD some of the phospho—
lipids were, as shown by TLC, degraded to lyso-phospholipids.

Electron microscopy was performed on ammonium moTybdate negatively

stained sonicated phOspholipid dispersions (Papahadjépoulus and Miller,
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1967). The technique was as follows: about 5 mg PE or PE plus PC (1:1)
were sonicated in 2 ml DZO so]utibn,containing 0.2 M ammonium acetaté apd
adjusted to the appropriate pD with ammonium hydroxide. Immediately |
before application to. the grid, the sonicated dispérsions were negatively
staihed by the addition of 1 vd]ume of 2% ammonium molybdate so]ution.of
equal pD and osmolarity. Ammonium hydroxide and ammqnium acetate instead
of NéC] and the borax buffers employed in the magnetic resonance studies
to avoid crystallization of inorganic salts on the microscope grid. We
used ammonium molybdate‘rather than phosbhotungstic acid as a negative
stain (Papahadjoboulus and Mi]]ér, 1967), because of the low solubility
of the latter atvhigh pD. |

Proton magnetic resonance (PMR) spectra were recorded at specific
temperatures; between 20°C and 45°C, on a Varian HR-220 spectrometer
with TMS as an external reference. The spectra were integrated using
an external étandard'of acetone. Phosphorus magnetié resonance ($MR)
measurements were made'at an ambient probe temperature of 31°C in a
pulsed Fourier mode at 24 .3 MHz as discussed elsewhere (Horwitz and

Klein, 1972) with an external standard of K4P0, at pD 14.0..
Results

I. Sonicated PE Dispersions

It has been reported that sonication of egg PE at neutral and s1ight1y
acidic pH values results in the formation of large precipitable aggregates
(Papahajopoulus and Miller, 1967). We find that sonication of egg PE at

basic pD, i.e., 8.0, 9.3 and 11.0, results in optically clear dispersions.
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Sonication of E. coli PE at pD 11.0 simi.]a.rly produces a clear dispersion,
whereas sonication at pD 9.3 results in a clear dispersion which!confains S
only about 25% (7.5 mM) of the PE molecules; the remainder of the méteria]
forms an éggregate, similar to that found at neutral pD values, which'is
pelleted by centrifugation after sonicatidn. Electron micfoscopy of é]] o
of these optically clear dispersioné revea]; that tHe PE molecules afe
organizedvin’ﬁbnion-]ike“ md]ti]amel]ar structures. The sonicated PE dis-
~ persions buffered at any of the above basic pD values, are heterogeneous

in shape and sfze, tbéir,shape varies between spherical and elongated and.

their sizes range from about 0.05 to 0.5 microns. Wé were unable to discern _ ;
differénées between the electron micrographs of thevdispersions buffered at .
the various pD values. |

By contrast, the pﬁosphorué and proton magnetic resonance spectra of

the sonicated egg PE dispersions were markedly affected by the pD at which
they were buffered. The ¢MR spectrum of sonicated PE diSpersionsfbuffered,
at pD 11.0 contains a single resonance which is shifted 138 Hzl(5p7.ppm) ‘

to higher field frbm the phosphorus resonance of an external stan;ard'of

1

K3P04 at pD 14.0." It is 24T 1 Hz wide for sonicated eqg PE dispersions.' L

(Fig. la) and 27 ¥ 2 Hz wide for sonicated E. coli PE dispersions. Integra-

tion, using the éxterna] reference as an intensity.standard; revea]ed:

that for both samples, 100 1 10% of the PE molecules contribute to the  ',“‘ -

‘resonance. - ‘ - 7‘ 1' .
When buffered at pD 9;3, the sonicated PE dispersions yie]d phosphorus :j‘ ;

magnetic resonances of decreased intensity; the egg PE dispersions yield | | v

é resonance (Fig. 1b) whose integrated area correépohds to only 70% of tﬁe H

PE nuclei and whose residual line is broadened to 43 t 2 Hz, whereas the

—

phosphorus resonance of the E. coli PE sample buffered at pD 9.3 is
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broadened beydnd detection. A further decrease of the pD to 8.0 results in
an additional decrease of the phosphorus reSonahce intensity of sonicated
egg PE, which accounts forlonly about 20% of the phospho]ipia nuclei (Fig.
1c). The residual Tline wiéthvof this resonance is 28 = 2 Hz. The chemical
shift of the phosphorus fesonance does not, within the range investigated,
show a pD depen&ehce. | |

The PMR spectra of sonicated PE dispersions also show a marked pD |
.dependehce. vTﬁé PMR spectrum of sonicated PE buffered at pD 11.0 contains
several distinguishable resonances which are assigned by comparison to the
spectrum of egg phosphatidylcholine (PC) and of head group model compounds
(Chapman and Morrison, 1966; Dufourq and Lussan, 1972). The spectrum of

sonicated egg PE (Fig. 2a) and E. coli PE are similar,}except that in the

latter the diallylic proton resonance is missing. This is expected since
g;.ggli PE contains'no polyunsaturated fatty acids. Integration of the |
fatty acid terminal methyl proton resonance of sonicated egg PE reveaTed
that at 22°C about 55% of the phospholipids contribute to this resonancé,
and that at 45°C a larger fraction of the molecules, 75%, contribute to
this peak (Fig. 3). The ratio of the area of the terminal methyl proton
resonance to those of the methylene plus terminal methyf resonances at
22°C as we]]‘asvat 45°C is, within experimental error, similar to the:
ratio expected from the fatty acid analysis (Fig. 4). Analogous results
"were obtained Qith sonicated E. coli PE dispersions. Thus we may conclude '
that at 22°C, 55% of the PE fatty acid protons contribute to the spectral
intensity and at-45°C, 75% so contribute. In addition to the increase in
intensity, raising the température to 45°C causes a narrowiﬁg of the

detectable resonances, the fatty acid methy1ene'resonances exhibiting the

greatest narrowing (Table I). Data from the literature (Linden et al.,
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1973), as well as the NMR data reported here, imp}y that all of our

measurements were performed at temperatures above the endothermic

!

S ' ﬁ
Sonication of egg PE at Tower pD values, pD 9.3 and 8.0, results in

“transition.
a marked decrease of the proton: spectral intensity (Fig. 2b,c); however,
thevfatty acid methylene and terminal methyl proton resonances are affected
to different extents. The fréction of detectable terminal methyl protons
is reduced to approximate]y 35%lat‘pD 9.3 and to about 30% at:pD 8.0 (Fig.
3), with the methylene protoh resonanceévexhibiting a more pronounced =
decrease. This is demonstrated in Figure 4, where the pD dependence of
the ratio of the intensities of the terminal methyl to the fatty acid
methylene plus términa] methyl resonances is plotted. Raising the tem-
perature from 22°C to 45°C results in a narrowing of the fatty acid
proton resonances (Table I) as well as a small increase in the spectral
intensity (Figs. 3 and 4). Thus, at'lower pD a relatively smaller frac-
tion of the methylene proton resonances is detectable, i.e., the éffect
of pD is more pronounced on those protons'along thé fatty acid chains than
those at the ends. |
A similar trend was observed in the PMR spectra of sonicatedig;_ggliv
PE dispersions. About 20% of the terminal methyl protons are accounted |
.'for at 22°C"and 50% at 45°C. The ratio of the intensity of the fatty
acid terminal methyl proton resonance to the sum of the intensiti;s of
the fatty acid hethy]ene and éerminal methyl proton resonance is increased :
more than twofold in the spectrum of the sonicated dispersions buffered at

pD 9.3 as compared to those buffered at pD 11.0 at 22°C, and approximately:

fourfold at 45°C. This trend is further reflected by the observation

!
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(Table I) that the viéib]e methylene resonance ié’broadenedvmoré by the

pD decrease than is the visible terminal methyl resonance. Furthermore,

for both samples the allylic proton resonances and the head group d-carbon
proton resonance are bkoadened beyond detection at pD 973. ‘Iﬁ-contrast

to the proton and phosphorus magnetic resonance spectra 6f sonicated PE,
those of sonicated PC dispersions accounted for viftua]]y all the nuclei

and showed no pD dependence within the range of pD 8.0 to pD 11.0.

The PMR spectra of both sonicated egg PE and E;_ggli PE dispersions,
broaden and decrease in intensity as the samples age at room temperature.
The effect is more pronounced fbr the spectra of the samples buffered at
pD 11.0 than for those buffered at pD 9.3. The spectra 1osé about half
their intensity within 12 hr after sonication at pD 11.0. The rate of
spectral detérioration is slightly faster for sonicated egg PE diépersioné
than for those of E. coli PE; however, for both samples and af either pD
value thé decay is not uniform: it is more pronounced along the fatty acid
chains than at their terminal methyl ends. The spectral decay is reversible,
i.e., resonication restored the original spectrum. Again by contrast, the
PMR spectra of sonicated PC were stable, at the pD values investigated,
for at least 24 hr.

The decréase of the aqufty and intensity of the spectra of both soni-
cated g;;ggjj_PE and egg PE.dispersions as the pD is lowered from 11.0 to
8.0, Concurring with the pk bf the head group primary amine at approximately
pD 10.2, is suggestive (the pK value cited here is that of the amine group -
of a PE head group analog,;o-phosphorylethano1amine)..vSince rapid iso-
tropic molecular motion is a prerequisite for obtaining high resolution

Spectra (Abragam, 1961; Horwitz et al., 1973), the decrease of spectral
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intensity is a maniféstétiqn of reduced motional isotropy, increased
correlaticn tfmes, or both. Tpese in turn may be a result of the change
in the interacfions between éhe head groups'of the PE molecules ag they

- pass from the negatively charged state at high pD valoes to thé zwitterionic
at fower values of pD. Thevobserved différénceS*between the pD dependence
of the'Spectfa of the two PE samples may be due to their different fatty'
acid compasition, to the.partial oxidation of the fatty acids of egg PE,
or to both. ' | “ |

1L Co-sonfcated PC:PE Dispersions

Co-sonicatlon of equimolar concentrations of egg PC and E. coli PE

(co-sonicated PC: PE) at pD 11.0 results in opt1ca11y clear d1spers1ons

- which, due to Tight scattering have a bluish hue, and yield high. resolu-

- tion phoSphorus and proton magnetic resonance spectra. ‘E]ectron microscopy-
of these dfsﬁorsions revealed single shelled spherical vesicles which on
‘the average measure 200-500 R in diametero The oMR'speotrum of these
., vesicles contains two closely spaced resonances which are shifted 151 Hz

- - (6.2 ppm) and 162 Hz (6.7 ppmf to higher field than an external reference _
of K3P04atkpﬂ 14.0. ‘A comparison of these shifts to thoée of thé resonances_'o.

 of sonicated;oispersions of pure PC and pure PE as well as to the ohosphorus o
.chemical shifts aobserved from PE and PC disso]ved in chloroform permitted -
‘the assigmmegt of the lower field résonance to PE and that';esidino at the

hfgherhfield'to‘PC (Fig. 5). Integration using the external reference as

"an intensity standard revealed that 95 £ 5% of the PE and PC molecules con- -
'tribute to these résonances. _ | |

‘H'le Pm::pectrum of co-sonicated PC:PE dlspersmns buffered at pD H .0

is shown in Figure 6a. Some of the resonances in this spectrum originate
_ _ v ] -
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from PC, some from PE, and some arise from both classes of mo]e#u]es._ The
intensity of the choline N+¥(CH3)3 proton resonance, which ofiginates.from..
the PC head group, is 95 f’10% that expected; thg‘intensity of‘the a~-carbon
proton resonance of the ethanolamine head group is 70 1 10% of that - |
expected; the intensity of the»terminal'methyl proton résonance;'which
originates from.both PE and PC is 80 % 10% of that expected for the total
lipid concentration. We have hot measured directTy the respective con-
tributions of PC and PE to the latter resonance. However, the relative
intensitieé of the head group and terminal methy]bproton resonances are
consiétanf with the assumption that virtually all the PC and about 70%
of the PE terminal methyl brotons Contribute to this resonance. This
assertion is supported by the/observation that the intensity of thg PMR
spectra of sohicated egg PC dispersions buffered at pD 11.0, account for
all the PC protons, whereas less than all the PE protons contribute tbv
the 1ntensity of the PMR spectra of‘sonicated PE buffered at pD 11.0. We
have recorded the PMR spectra at 25°C and 45°C. The resonances, in pért1CUf
lar the methylene proton resonances, were narrower at the elevated tempéra—
ture. Nevertheless there was no detectable change in spectral intensity, ,.
j4g;, the_fraction of the pfbtons contributing to'the respective resonances -
did not increase upon rai;ing the temperature to. 45°C. Thé PMR .spectrum
was stable at room temperature for at least 12 h. after sonication. .' |

| Co-sonication of equimolar concentrations of egg PC and g; ggli PE
buffered at pD 9.3 and at 8.0 results in optically clear dispersions.
'Electron microscopy of these dispersiohs revealed that, contrary to
what we observed at pD 11.0, PE and PC are arranged in heterogenous

Structures which are either multilamellar or single shelled. Furtheruore,
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the intensity‘of the phosphorus resonances, which at pD 11.0 accounts for
virtually all the PE and PCInolecules, accounts for only 65% of the phospno—{
1ipid molecules at pD 9.3 ana 60% of themwat pD 8.0 (Fig. 7). Tne 1ntensityv
of the PMR spectra is also reduced at these pD va]ues;‘the cho]ine-Nf-(CH?’)3
proton resonance is reduced to about 75%, and that of the terminal methyl
protons aceounts for only 50% of the phospholipid molecules (Fig. 7). Tne
phosphorus and proton magnetic resonance spectra of sonicated egg PC dis-
persions are pD independent within the range of pD 11.0 to pD 8.0; however,
as has:been shown in the previous section, the intensity of the corres- |
ponding spectra of sonicated PE dfsperSions decreases as the pD is lowered
from 11.0 to 8.0. These results suggest that the relative contribufions
of PC and PE to the Spectra Of coesonicéted PC:PE may be pD dependent, i;g;, .
that.at the lower pD value relatively fewer PE than PC mo]ecu]eé contrfbute |
to the spectra, and that PE influences the molecular metions of PC. This .  v“
Suggestion is supported by the observation that the ratio of the intensity |
of'the choHne-N+(CH3)3 resonance, which originates on1y from PC mo]ecu]e;,

- to that of the terminal methy]lproton resonance, whichboriginates from bdth; )
'PE and PC, decreases from about 1.25 at pD 8.0 to about 0.95 at pD 11.0. |

II1. Inside-outside Distnibution}of'PC and PE in Co-sonicated Dispersions

In a recent study (Michae]son et al., 1973) we used paramagnetic ions
to study the distribution of phosphatidylglycerol (PG) and PC molecules
between the.inner and outer surfaces of co-sonicated vesicles. We now v
report our findings from a similar study performed with co-sonicated
PC:PE dispersions. Only the dispersions buffered at pD 11.0 are presently
suitable for this study. That is so because co-sonication of PC and PE et

pD 11.0 results in single shelled vesicles which yie]d a ¢MR spectrum which
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accounts for all the phosbho]ipid molecules and a PMR sﬁéctrum which
accounts for virtually ai] the PC molecules and about 70% of the PE
'mo1ECu1es, whereas co-sonication at pD 8.0 and 9.3 results in a hétero-
genous population of mu]ti]ame]]ak structures and sing]e-she]]ed'vesic]es,
which yield proton and phosphorus magnetic resohance spectra of decreased
intensity. ‘ |

Figure 6b shows the PMR spectrﬁm.of co-sonicated PC:PE (25 mM) to
which 0.1 M K3Fe'(CN)6 was added. These ions shift pért of the choline-
N+(CH3)3 resonance 33 Hz (0.15 ppm) to higher field and do not affect the
resonances Which originate from the hydrophobic region of the phospholipids.
Resonication of the dispersion in the presence of K3FE(CN)6 results in a
coalescence of the cho]ihe—N+(CH3)3'resonances to a single peak which is
shifted upfield. When 0.2 M K3Fe(CN)6 was added the upfield shift of the
,vcholine-N+;(CH3)3 proton resonance increased to 42 Hz (0.19 ppm); however,
the re]ative.intensities of the shifted and unshifted components of the
cho1ine-N+—(CH3)3'resonahte wefe'unaltered. Similar observations were
previously obtained with sonicated dispersions of pure egg PC (Kostelnik
and Castei]ano, 1972). Our interpretation of these results is that the
sonicated veéit]és are impermeable to the Fe(CN)g3 ions and hence only
those resonances which originate from nuc]eiAfacing'the "outside" of the
vesicles and are present at the polar region are shifted by these ions.
Thus resonication in\the presence of the paramagnetic anions results in
their introduction into the internal aqueous phase of the vesicles and the
consequent shifting of the "inside" as well as the "outside" choline-N"-
(CH3)3 resonances. We did not do.the parallel ¢MR experﬁment since

K.,Fe(CN)6 was shown to have no effect on the ¢MR spectra of sonicated PC.
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This behavior is probably due to the bulkiness and large negative charge
of the ferricyanide anion. Since the cho1ine-N+-(CH3)3 resonance fepre—
sents virtually all the PC molecules, we employed the re]ative'intensities
of the "inside" and "outside" resonances to calculate the distribution of
the PC molecules between these tWo surfaces. The apparent signé] intensi-
ties from.thé'“inside"'and "outside" were unsuitable for direct ehtry into
the calculations but needed correction because the “outside" choline-N'-
(CH3)3 resonance is shifted upfield and thus overlaps the ethanolémine
a—carbon'protonvresonance (Cbmpare Figs. 6a and 6b)f We took this fact
into consideration and therefore compared the intensities of the total
ﬁho]ine-N+-(CH3)3 resonance and the "inside" unshifted resonance (both
resonances are sufficiently shifted from the PE ajcafbdn proton resonancé)
to ca]cu]ate thevdistfibution of PC between the surfaces of the vesicles.
We thus obtained that 35-40% of the PC molecules face the "inside" and
60-65% face the "outside.

In order to esfab]ish the‘symmetry properties of the vesicles we
need to know, in addition to the distribution of PC, the total phospho-
lipid distributionbbetweeh the ‘inner and outer surfaces of the vesicles.
To answer this question, we studied the effects of the addition of the
paramagnetic cation, Mn+2, on the §MR spectra of the co-sonicated dis-
persions. Mﬁfz
‘rathér than shift, the magnetic resonance of nuclei with which they inter-

2

act. Prior to the addition of Mn'% the intensity of the phosphorus

resonances corrésponds to virtually a11 the PE plus PC molecules; upon

- .. . +
addition of increasing concentrations of Mn 2

the phosphorus resonances
broaden and hence decrease in amplitude. At Mn+2 concentrations below

10-5 M, the resonances contain broadened as well as unal tered components.

i

is one member of a class of paramagnetic ions which broaden,
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At higher Mn+2;concentrations (approximately 2-10-5 M) a plateau is reached
whence further Mn+2 addition (up to 2-]0~4 M) causes no further decrease

2

in the intensity of the resonances (Fig. 8).° Resonication at plateau

2 results in a broadening beyohd detection of a]]vthe phosphorus

levels of Mn*
resonances. The'intensity of the resonances at the plateau is 35-40% that

of the initial intensity and, within experimental error, contains equal
contributions from PE and PC. He similarly interpret these results to Show
that, at the concentration Studied, the co-sonicated vesicles are impermeable

2 and therefore Mn+2 broadén5'0n1y the phosphorus resonances which

to Mn'
'origihate from the outer surface; the inner surface phosphorus resonances
are unaffected except after resonication which introduces the Mn+2 ions
into the internal aqueous phase of the vesicles. We thus obtain that
60-65% df the total 1ipids and of PC face the "outside" surface and 35-40%
of the total lipid and of PC face the "inside" surface of the co-sonicated
PC:PE vesicles. This ratio of total “inside" to total "dutside"'phOSpho—
1ipid is that expected for vesicles of this size.

In summary, our data from the experiments employing the paramagnetic

ions show that, on the average, PC and PE are distributed symmetrially

between the inner and outer surfaces of the co-sonicated vesicles buffered

at pD 11.0.
Discussion B

Our experiments show that at physio]ogicai pH values the proton and

phosphorus magnetic resonance spectra of sonicated E. coli PE and of egg

PE dispersions are broad and unresolved. By contrast, sonicated egg PC
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and sonicated PE dispersions buffered at pH values above the pK of the
- ethanolamine yield high resolution spectra whose integrated intensitieé
correspond to most of the lipid molecules. . L
These data suggest to us that the charge of the primary amine has
a marked effect on the péckihg and mobiiity-of the head group and of the
hydrophilic region of the PE molecule. We prdpose, in agreement with

Phillips et al. (1972) that when PE is zwitterionic the head groups inter- .

act strongly and tightly with those of neighboring PE molecules; the

positively charged amine group of one molecule may attract electrostatically

the negative]y'charged phosphate group of an adjacent mo]ecu]é, thus
festricting molecular motion. vAf higher pDvleve]s where PE‘is negativé]y
charged this'attractioh is reduced and may become repulsive, thus permit-
ting greater mo]ecu]ar motion. This interpretation is further fortified
- by our observation that:the pD dependent broadening and decrease in spectral
vintensities are more prohounced for resonance§ originating from nuclei
situated at or close to the head group than at the fatty acid terminj.
The nature of the distribution of the protons and pﬂbsphorus nuclei
which yield either broad undetected resonances or'higﬁ réso]ution speétra
is not_ésfab]ished at present. A possible distribution is one where only
a specific fraction of the PE molecules, either within each bilayer or in
a specific sqp-population of the heferogeneous dispersions, yield high |
resolution spectra. A?other possibility is that within each PE molecule
only a fraction oflthe nuclei, possibly those furthest removed from the
head group and/or those oriented at fhe magic angle, yfe]d the high reso-
“lution spéctré (Chan et al., ]972). In any event, one should consider |
that even at the higheét pD values studied not all of the PE}mo]ecu]es

bear a net charge.
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An alternative interpretation is that the pD dependences of the
spectra are due to gross structural variations between the PE dispersions

buffered at the different pD values. The observation, by electron micros-

:copy, that the sizes and shapés of the optically clear sonibated dispersions

are not significantly altered by the pD at which‘they are buffered renders
this interpretation less 1ike1y but does not éxc]ude it. The decay_of the‘
spectra with time suggests, however, that as the sample ages an aggrega-
tion process occurs Whereby the PE molecules reach é more stable state of
restri;ted mobility. |

. Our data do not warrant a conclusion regarding the exact nature of

the effect of PE and its state of ionization on molecular motion. It may

affect the rate, extent, and anisotropy of flexing of the head group dnd

" the fatty acids, it may affect the lateral diffusion rate in the planes

of the bi]ayered lamellae, or it may affect both. Recent estimates.of the
lateral diffusion rates of PE and PC render the latter less likely (Devaux
and McConne]],.1973). ;’ v

The mobility differences suggested by the NMR results are strengthened
by previous experimenﬁa] observations. Shimshick and McConnell (1973) have
employed a spin-labeled fluidity probe to study phospholipid dispersions
of PE and PC. From the_pgrtition coefficient equations stated in their
papér one calculates that their probe is more,soluble:in PC thén in PE
dispersions, thus implying that PE is less mobile. Stéim (1968) and
Chapman and Wallach (1968) have shown that for a given fatty acid compo-
sition the endothermic transition of PE is at a higher temperature than
that of PC, and Phil1ips t al. (1972) have employed X-ray diffréction fo

show that, at neutral pH, PE molecules are more closely packed than are
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those of PC. Thué it seems that in addition to the genera11y accepted role
of the fatty acids in affecting the fluidity of model as well as biological
membranes,’the phospholipid head-groups,vtheir charge.and structure, may
also affect the f]uidity of the membrane. Consequently, parameters such as
pH and ionic strength may significéntly affect membrane fluidity. This
supposition has -been examined recentiy by Overath and Trduble (1973), who
showed the transitioﬁ temperature of acidic phoépho]ipids to be inversely
proportional to ionic strength.  o

Our experiments show that co-sonication of equimolar concentrations

of PE and PC at pD values below the pK of the ethanolamine results in
single shelled vesicles as well as multilamellar heterogeneous structures;
these preparations yield magnetic resonancerépectra of reduced intensfty.
By contrast, co-sonication of these molecules at pD 11.0 results in single
shelled vesicles which yield a ¢MR spectrum which account§ for all the
phospho]ipidvmoiecules and a PMR spectrum which accounts for é]most all the
PC and about 70% of the PE. The decrease in spectrallintensity as the'pD
is reducéd is qUa]itative]y similar to .that observed with pure PE disper-

sions. By contrast, however, we have shown that the magnetic resonance

spectra of,sonicatéd PC show no pD dependence, in this range; consequént]y,_-‘:

we suggest that the pD effect on the spectra of these co-sonicated disper-
sions results from the net negative charge on most of the PE molecules at
pD 11.0 and their zwitterionic nature at the 1ower.pD values investigated
(recall that the pD for the ethanolamine is about 10.2). The factors
contributing to the reduced spectral infensities are, at present, diffi-

cult to assess, as noted above in the'discussion of the PE dispersions.
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v We havé‘ﬁtudied the effect§ of paramagneticgiohs (1;2;; Mn+2,.
Fe(CN)Z3) on the magnetic resonance spectra of co-sonicated PC:PE vesicles -
buffered at-pD‘11}O. ’Ou;'data suggests that theiPE.ahd PC, at this pD,
are distributed gymmetrica11y bétween the iﬁner and oUtér surfaces of the
vesicles. Litman (1973) has uséd seTective chemical labeling to study'
the "insidé-outside“'distribution of PE and PC in mjxed phospholipid
vesicles, bﬁffered at pH 5.0. His data show that co-sonicated dispersions
composed of equimolar cohcentrations of PC and PE are asymmetric; the
“inner surface contains more PE molecules and the outer surface contains
moré PC molecules. The difference between our findings and those of
Litman (1973) is most likely a result of the different pH values we
employed, as well as the smaller radii of his vesicles. The small
sizes of the éo—sonicated”vésit]es suggest that the head groups of the
'molecules on the inner surfaces are packed more tightly than are those
on the outer monolayer. The head group of PE is less bulky than that
of PC and it is réasonable to conjecture that this parameter would perhit
tighter packinglof PE than of PC. Also, ét neutral and acidic-?a]ues of
pH where both mo]ecules-afe zwitterionic, the prihary»amine on the‘PE
head group permits stronger e]ectrostatic intermolecular attraction and
hence tighfer binding than does the quaternary amine of PC. Béth bfvthese
considerations can account for Litman's observation (1973) of asymmetric
vesicles with_the greater fraction of the PE mo]ecﬁTes residing on the
inner surfaces at acidic values of pD. By contrast, at pD values above
the pK of the ethanolamine, where PE bears a net negafive charge, the .
electrostatic repulsion beﬁween PE molecules will be reduced by randomly

partitioning the PE and PC molecules between the inner and outer surfaces,

as we have observed.
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With reservations, the observed effects of the ethanolamine head

group on the mobf]ity and "inside"-"outside" distribution of these mole- ) 5
cules in membrane model aystems may be applicable to‘bio1ogica1 membranes. .
Many bio1ogica1 membranes contain relatively large amounts of PE and PC
and in some membranes, €.g., human erythrocytes (Bretscher, 1972; 1973;
Verkleij ____l__ 1973), these molecules are believed to be asymmetrically
distributed between the inner amd outer 1ayers of the membrane.

 Our resultsand those of Litman (1973) imply that the structure and
charge of the phospho]1p1d head groups affects their spontaneous parti-
t1on1ng between the surfaces of model membranes. In biological membranes,
however, the spatial arrangement of these molecules is undoubtedly also -
determined biosynthetically as, for example, by the "Flipase" conjectured
by Bretscherr(1973) and asymmetrica11y situated biosynthetic enzymes or
"phospholipase D—]ike"'enzymes. With respect to the latter, it is
interesting that phospholipase D activity has been described recently in
a variety of plasma membranes‘(Saito'and Kanfer, 1973); however, there is
Tittle data to support thesevor any other mechanisms.

The observed differences in the mobilities of PE and PC suggest that

PE may alter membrane f1u1d1ty either Tocally or in genera], and that in |
membranes asymmetric in PE and PC, prote1ns or other components embedded
in different sides of the membrane would experience different viscosities.
However, it has been observed that PE (and also phosphatidy]serine)'in a
wide variety of membranes (but not all) has esterified to it the majority
of tne polyunsaturated fatty acids (Answe]] and Hawthorne, 1964, Rouser -
gg,él;, 1968;.Stanciiff et al., 1969; Breckenridge §E.él;;-1972; Mason

et al., 1973). The physiological significance of such a distribution
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may be to compensaté for the decrease in mobility that the PE mo]ecu]és
experienée, due to their head group, byvproviding them with more fluid-
Tike”fatty.atids, But this arguﬁent can also be permuted; perhaps one
of the ro]es-of PE is to carry thése polyunsaturated fatty acids; whose
primary function is not to alter the membrane fluidity, in general, but
rather to provide a proper local environment or to serve as a store of
‘biosynthetic pretursofs for mb]ecd]es derived from polyunsaturated fatty
acids, e.g., the prostaglandins (Hinman, 1972). This latter possibility
is made attractive by the recént demonstratfon of a phospholipase that

t al., 1971).

shows high specificity for PE over PC (Victoria et
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Footnote 1
The chemical shifts of the phosphorus resonance of sonicated egg

PC buffered at pD'8.0;and at 11.0 are identical: 160 Hz (6.6 ppm) to
higher field than an external standard of K;P0, at pD 14.0. Thus the

phosphorus'resonance of sonicated PE is shifted 22 Hz (0.9 ppm) to Tower

field than that of sonicated egg PC. This shift is partly due to dif-
ferences in susceptibilities and parf]y to an intrinsic difference in
the chemical shifts'of PE and PC, since-for a co-sonicated dispersion
of PC and PE the PE phosphorus resonance is'shiftéd'only 11.0 Hz (0.45

ppm) to lower field than the PC phosphorus resonancé.

Footnote 2

We have found that addition of MnC]2 to co—sqnicdted PC:PE diépef—
sions buffered at pD 11.0 results in a visib]e precipitate at about
10;4 M MnClZ. This prec pitate is probably Mn(OH)2 which has a low
solubility at basic pD. Thus the Mn+2 concentratiohsvndted in the
abséissa of Figure 8 are probably inexact. The precipitate did not
contain any phospholipid vesicles, as revealed by the observation that:
the intensiFy of the fatty acid methylene and terminal methyl proton

2

'resonances were unaffected by the addition of Mn'® at the entire con-

centration range investigated. The cho]ine-Nf-(CH3)3 proton'resonance

2 concentration; however, the maximum

was broadened by incréasing Mn*
broadening was only threefold and thus there was no Change in the:

observed intensity of this resonance. Furthermore, resonication in
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the presence of Mn+2 did not result in a decrease'in its ampTitude._

The observation that, at pD 11.0, Mn+2 significantly broadens'the-¢MR-

resonances andion]y's]iQh&]y that of the cho]ine-N+-(CH3)3 protons,l

as well as the low solubility of Mnt2 at high pD values, suggest to us
that there is little free Mn+2 in solution. That is, most of the Mn+2
is either bound to the negatively charged phosphate groups, thus |

broadening .their resonances, or precipitated out of solution.
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vTABLE I: Effect of pD and Temperature on PMR Linewidths (Hz) of

| Sonicated PE Dispersions.

~CH,- -CHy ~CHo=NH,

PE pb - ;
22°C  45°C 22°C  45°C 22°C  45°C
1.0 38%2 2882 7t eh 23t 23t
egg 9.3 855 60%4 27t2 2af2 - -
8.0 10075 7575 28tz 28%2 - -
1.0 37t2 291 gt 1sh o4ty 20t
E. coli - : - |

Eox 93 75%2  gols sstz  36%2 - -
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Figure Legends

FIGURE 1: 3.lP NMR spectré of sonicated egg PE dispersions buffered at

PD 11.0 (a), 9.3. (b), and 8.0 (c). The external reference is KP0, at

pD 14.0.

FIGURE 2: Proton magnetfc'fesonance spectra of sonciated egg PE disper-
sions buffered at pD 11.0 (a), 9.3:(b), and 8.0 (c). The spectra were

recorded at 22°C, the abscissa scale is ppm downfie1d~from T™S.

FIGURE 3: The effect of pD on the fraction of PE molecules contributing
to the intensity of the high resolution terminal methyl proton resonance
of sonicated egg PE’dispersions; 0- spectra_recorded:ét 22°C and @-

spectra recorded at 45°C.

FIGURE 4: The effect of pD on the ratio of the intehsityvof the terminal
methyi_proton resonance to the sum of the intensities of the fatty acid
methy]ene»p1us termina1 methyl‘proton resonances of sonicated egg PE
dispersions. The expetted ratio, calculated from‘the fafty acid com—}
position is indicated by ¢. The graph caicu]ated from”spectra recorded

at 22°C is denoted by 0, and from data obtained at 45° C by @®.

FIGURE 5: e NuR spectrum of co-sonicated PC:PE dispersions buffered
at pD 11.0.  The external referénce is K;P0, at pD 14.0.
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FIGURE 6: Proton magnetic resonance spectra of 25 mM co-sonicated PC:PE
dispersions, before (a) and after (b) the addifibn.of 0.1 M K3Fe(CN)6.
"Outside" N+—‘(CH3)3 and Jinside” N+;(CH3)3'correqund respectively to
the resoﬁancesvdriginéting from PC molecules in the outer .and inner

- monolayers.

FIGURE 7: The effect of pD on the fraction of the phospholipid mole-
cules contributing to the ¢MR and PMR spectra of co-sonicated PC:PE dis-
persions. o = phosphorus resonances of PC plus PE. ® = términa] methyl

'proton resonance. ¢ = choline N+—(CH3)3 proton resonance.

FIGURE 8: The change in intensity of the ¢MR spectra relative to the
original spectra yé;_MnC12 addition to co-sonicated PC:PE dispersions

buffered at pD 11.0. The signal intensity after resonication in the

2

presence of Mnte is indicated by (a).
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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