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l'Je present phosphorus magnet; c resonance (Ph/~R) 

spectra, relaxation rates, and chemilll shifts for unsonicated and sonicated 

lecithins in aqueous dispersions and for eCjg lecithin in chlorofof;;t and 

:'1cthanol. !\qL:COUS leciti1in dispersions arc cllaracterized by long valUeS ';or 

Tl and consi<.icrdbly shorter values for T
2

• 80th of these valuGs as l'le'l: as 

t'lC value of the line\:idth chanrJe with sonication. Lecithin dispersions in 

:'~2thanol and chloroform flave relaxation rates shorter than those seen for 

sonicated lecithin. 'v!e do not,at this time, present a detailed interpretation 

of these results. On an empirical level, however, since the relaxation 

rates are sensitive to the type of dispersion and possibly to the solvent, 

\Ie are optornistic that they will be sensitiVe to structural changes involving 

the head group region • 
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Ph,ospholipids are a major constituent of most biological membranes. 

Intrinsic to ,these molecules is a phosphodiester which links the head

group to the'glycerol backbone. Phosphorus-3l nuclear magnetic resonance 

ll'l'll\lR) studies of these molecules have the potential of providing infor-

ma tion concerning the. structure, environment, and dynamics of tl1C head

group region (and in some instances the entire molecule) -in membrane and 

model membrane systems. Since evidence is accumulating, that many membranes 

contain regions of phospholipids arranged in a bilayer (1-3), aqueous dis

persions of phospholipid bilayers provide a suitable model system for 

initiating such work l4-6). In this paper we present our initial observa

tions of 1::he PhMR spectra and relaxation rates for sonicated and unsoni

cated aqueous lecithin dispersions, and a preliminary observation of'a 

Ph.\1R spectrum from unsonicated membranes from h coli. 

~l\TERIALS AND METHODS 

Lecithin, prepared from hen egg yolks according .to the method of 

- Singleton et al. (}), was further purified by silicic acid chromatography. ---

The colUlml Kas eluted wi th the following solvents: CHC1
3

, CHCL:CILOH_ . .) .) 

(7: 2), and rnCl 3 : CH30H l7: 3). Traces of column material were removed 

by diluting the lipids into absolute ethanol and centrifuging at 5,000 x g 

for 15 min. - The lecithin was stored in absolute ethanol under argon at 

-'22° C. The lecithin was detennined to be pure by proton mag11etic 

resonance (PMR) spectroscopy at 220 Mr-Iz and by silica gel thin-layer 

chromatography using rnCI 3 :CH30I-I:H20 (65:25:4) as. the solvent (7). TIle 

lipids were visualized wi tll iodine and identified by comparison to a 

5e't of standards. The extent of oxidation was low as detemmned by the 

oxidation index of Klein (8). 111e lipid concentration was, detennined by 

the phosphate procedure (scaled dm{J1 by 10) of McClair (9). 
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lJllsoni c:it(.)cl egg yolk lecithin disp(;r;iOlLs \vere pn,:p;JTcc.l by dry ill,~ 

100- 2SLI lJllloles of lipiLl onto the walls of a rowld bottom flask, adding 

::: 1111 of a buffer containing 0.15 M KCl, 10 -4 M EDTA, and 0.1 1-1 tris -HCl 

8.5 and agitating with two glass beads for 5 min on a vortex 

mi.."xer (10). The samples were prepared under argon and stored on ice; prlor 

to use the samples were agitated for an additional lninute on a vortex 

mixer. 

Sonicated leci~lin dispersions (11,12) were made by sonicating the 

ur.sonicatcd dispersions prepared as described above (with the exception 

that 30-100 1111101es of lipid were used and that no EDTA was added). The 

sonication was performed for 15 min on 2 ml samples, on ice al1d under 

argon, using the 1/2 inch tip on a Branson l85E sonicator at a power 
; 

setting of 4-5 (68 watts). The sonicated lipids were then centrifuged 

at 17,000 x g for 30 min at 4°C. The supernatant was poured off and made 

10-4 M in EDTA. Dispersions of dimyristoyl L-a lecithin were prepared in 

a similar manner with the exception that the lipids were prepared and "' 

stored above their transition temperature, 23°C1l3). 

?vlerck-acicl washed alumina, sui table for chromatogrJ.phic analysis, 

\~J.s used for alumina column dlromatography. Silicic acid d1Yomatography 

was performed using Mallinkrodt SilicAR CC-4, 100-200 mesh. Dimyri.stoyl 

;:md dipalmi toyl L-a lecithin were obtained from Calbiodlem and from K and 

K, ::mJ the cadmiulll dlloride salt of L-ex ~lyccrophosphoryldlolinc wJ.s 

obtained from Sigma. These dlemicals were used without further purifi-

cation. Phospholipid standards and Absorbsil 5-P for ~lin-layer chroma-

tography were purdlased from Applied Science. Sonicated dispersions of 

didillydros treculoyl lecithin were a gift of Dr. R. D. Kornberg (14). 

"' "' ----"'"'---.-~--.-,...---,-...-,........--........ ,."..,,, ...... -..------......... _---------------
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Ph;.\:lR measurements ... -Jere made on a sample volume of 'Vl ml contained 

:111 gl:.lSS SphCl'CS with. a diameter of ",13 lTLTTl. Spectra of the solid samples 

\,'C1'C taken on 1 g of material dried by evacuation or by storage over 

P 205 and sealed in 15 111m sample .tubes. The ambient probe temperature 

\,-as 31 °C. Spectra were taken on a Fourier transformJ\1Jv1R spectrometer 
J , 

opel-ating at a frequency of 24.3 MHz (15). A 180 0 pulse was 80 \.! sec .. ' 

Linc\vidths were detennined from the non-eAllonentially fl.l tered Fourier 

tnmsfonn spcctra (15). The spectra, 'ere integrated using internal pyro-, 

phosphate as a standard. The spin-lattice rela..'(a tion tiIDes, T l' were 

];1casured by the met..~od described by'Vold et a.i.. (16'). Transverse relaxa-

tion times, T 2' were detennined by a spin.-echo Fourier transfonn method 

to be described elsewhere (17). 
, 

r.£SULTS 

Estimates of motional parameters from magnetic resonance linewidths 
. 2 . 

require a knowledge of the second moment, flus (the square root of which is o 

close, in value, to the linewidth), in the absence of any motion (IS). 
J 

The linewidth of the cadmium chloride salt of L~a glycerophosphoryldloline 

was measured to provide at least a lower limit for· flw 
2 . The result of 

. 0 

t..'lis measurement is shown in Table I. Using the coordinates from the 
\ , . . 

crystal structure for this compound (.:19), -we have estimated the contri-

bution to the second moment fro~ only the 4 protons on the two methylene carbon 

carbon atoms adj acent to the phosphorus. AI though the remaining protons 

Hl. the molecule will contribute to the linewidth, they were not considered 

ln our calculations because their distances from the phosphorus are diffi-

cult to determine. The'result of tilis estimate, also given in Table I, 

D.? "',i, $I •• 
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lS In Y-:JSoll:1blc agreement with the ljncwidth measurement, suggesting 1 

tllCTc{orc, that the dipolar interactions with. neighboring protons are 

the primary source contributing to the linewidth in this solid structure . 

The SY11Ul1ctric appearance and gaussian shape of the resonance also support 

this interpretation (see Fig. 1). 

Also presented in Table I is the value of the linewidw~ for solid 

dipalmitoyl L-a lecithin. This value is similar to, but somewhat smaller 

tl;.:m, tilat foy L-a -glycerophosphorylcholine, suggesting again that dipolar 

interactions with neighboring protons detennine the linewidth. The 

smaller liriewidth may reflect some motion of the 11eadgroup in lecithin 

precluded by the presence of the salt in the glycerophosphorylcholine 

sample or, a1 temately, may reflect different confonnations of the head-

group. 

TIle Fourier transfonn spectrum of unsonicated egg yolk leci~lin is 

sho\m in Figure 2. The chemical shift of the phospholipid phosphorus is 

127 I-Iz (5.3 ppm) to higher frequency than the phosphorus in pyrophos-

phatQ, at pH = 8.0,* used}iLs an intornal stancifJ.rci. TI10 c;;orro~po{hling 

I 

free induction decay sho\m in Fig. 3 reveals two components whose relaxa-

tion times and fractional intensities are given in Table II. Therefore 

the resonance shO\'ffi in Figure 2 a superposition of ~le resonances corres-

ponding to 1:\1[0 different classes of phosphorus with different relaxation 

times. The respective origins of these two components must at this time 

DC speculative, but we suggest three possibilities: 

''=;'\1:. this pH the variation in dlemical shift hTith pH is minimal (21). The 

data in Table III give ~le chemical shift with respect to the external 

'II. 
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1) 111.0 biG components may arise from the distribution of particle 

s i.:es Ch~l'~cteristic of these unsonicated vesicles (6). In this intcr-

pretation one class of sizes would give rise to one relaxation time 

h'hLlc anothel' class of sizes would give rise to the other relaxation 

UJl1e. 2) Altern~tively, the two components may arlse from the differing 

~lh)bilitics of the headgroup resulting from How classes of siz:cs lvithin 

. each vesicle (6,21). 3) And, finally, cadl headgroup may. exist in u..;o 

conformations. 

The effect of sonication on unsonicated lecithin dispersions is 

toproduc'e vesicles ''lhidlgive rise to relatively narrow proton (22) and 

carbon-13 resonances (23). This beha -iOT is paralleled with PhMR. lVith 

iIlcrep..sing sonication time a relative'ly narrow resonance with the same 

chemical shift emerges from the broad resonan~e that is characteristic 

of unsonicated lecithin (vide supra). This time course is sho~~ in 

Figure 4 .. Integration using pyrophosphate as an internal standard 

revealed that 90:10% of the phospholipid contributes to this narrow 

resonance. A spectrum of egg yolk le~i thin is shown 1n Figure 5. 

The relaxation data for lecithin in water are summarized in Table II. 

It is evident ~~at the effect of sonication on the linewidth (as described 

above) is also reflected in the values of T2 and, to a lesser extent, 

T
1

. That the Tl value increases with sonication suggests but by no means 
, 

establishes that the short correlation ~ime regime for, II relaxation is ' 

applicable. The data in Table II show that the valuES,of the spin-lattice 

relaxation times of the two synthetic lecithins are nearly identical, 

\'hile that for egg yolk lecithin is substanti;).lly longer. \'[e do not have, 

at.this time, an explanation for this difference. 
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FOT SOllLC:ltC.} lecithin llispcTsj,Olb t!lC value of '1'2 ue:termi..l1cJ frolll 

" spin-ccho experiment is significantly longer than that estimateu from 

'-:';1(; linch'idth, suggesting a finite non-dipolar contribution to the line-

"j\.lth. This presumably non-dipolar contribution has also been seen in 

proton l';}'-lR (17,25). TIle value of T 2 is independent of the echo spacing, 

thus no substantial contribution to the linewidth arises from diffusion 

through ma611etic field gradients. Since sonicated lecithin dispersions 

are quite small, ",250 )\ in diameter, it is important to consider the contri-

Dution of particle tumbling to the dipolar linewidt..~. Using the values 

of the second moment given in Table I and a value of 10-6 sec for 

the rcorientation time of the entire vesicle (25), the residual dipolar 

linewidth will be of the order of 100 Hz (18). TIle observed linewidths 

and transverse relaxation times, TZ' determined by spin-echo experimcnts, 

are clearly indicative of significantly shorter correlation times for 

ble mOlecular motions. 

The data in Table III show the effect of different solvents on the 

owmical shifts and relaxation rates in lecithin.' In no case does Tl = T2, 

a pattern observed in this laboratory for many other phosphorus compounds. 

I:1 both methanol and in chlorofonll the spin-lattice relaxation times 

are shorter than those in water with the value in the latter solvent an 

order of mag11i tude shorter than in the former. By contrast, the value 

of the transverse rela'(ation decreases and is nearly the same in bot.:"l 

solvents. The chloroform results were not substantially altered by drying 

Ule lipids from DZO and resuspending them into CDC13 , indicating that 

tile solvent protons per se are not primarily responsible for, tllC thermal 

relaxation. The relaxation rate in these solvents may be reflecting the 

t)'l)e of "micellar" structure(s) in each particular solvent. 

(' 
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Figure 6 sho\\""s a spectrum obtainec1 from unsonicated 13. coli TIlClnbranes 

prepared by tlle metllod of Kaback l26). A qualitatively similar resonance 

h-:iS seen in membranes pTeparec1 by sonicating \'[ho1e cells of E. coli. 

Tentatively h'e assign this ph9sphorus resonance to the L coli phosphol.ipicls. 

The chemical shift of this resonance is "100 Hz to -lO\ver frequency with 

respect to pyrophosphat~ at pH ::: 10.5 used as an external standard. It 

is interesting that tlle E.:. coli resonance is 227 Hz lower than iliat of 

lecithin in \Vater. The phospholipid composition of 13. coli membranes is 

reported'to be 70% phosphotidylethanolamine, 20~ phosphotidylglycerol, and 

5'~ diphosphotidylglycerol(28). AsslFning that the resonance is indeed from 

the phospholipidS railier than from nucleotides or nucleic acids, iliis 

difference may reflect the chemical shifts of these phospholipids in mem-

in-anes as contrasted to lecithin in water. Estimates suggest tlLat there 

is at least an order of magnitude more phospholipid phosphorus than other 

phosphorus containing molecules in these membrane preparations. 

DISQJSSION 
~ 

The main featurcso£ the PhMR spectra presented in this note are the 

simple (one line), relatively narrow resonances. This feature, as well as 

tIle general applicability of PhMRto all phospholipids and its adequate 

sens i ti vi ty, renders Ph.7'vIR an a ttracti ve approach to tlle study of membrane 

sys tents. The spectral s imp li ci ty can be an advantage ~ n c).'Periments with 

phospholipid dispersions, but its major advantage may be in membrane 

studies in which overlapping reson.mc s and ambiguous assignments have 

been of major concern inPMR. Aliliough the sensitivity of PhMR is less 

than that of Pj\1R, we obtain signal-to-noise rc--_ios > 7 on a 1 ml sample of 

• 

• 
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:iO :::\r c1:inyristoyl lecithin with 100 pulses Lat 24.3 j\Hz). For rclaxation 

studies \\There one must \vait 5 Tl's bet\'o'een pulses, about 12 min of data 

~lccu1l\ulation are required . 

1m incomplete w1derst3.l1ding of the relaxation mechanisms in simple 

phosphorus containing compounds as well as in phospholipid molecules 

clearly limits the intcrpl'etability of relaxation data at present. Work 

bvourselvcs ullcl others will lead to clarifications. Since the P1YifR spectra 

;1l1d :;:ela..-xation times are sensitive to tl1e type of dispersion and :)ossibly 

to thc solvent, it is likely that these paramctcrs will also bc sensitive 

to other dwnges in the headgroup region of these molecules. 

In conclusion, Pl1l\1R of phosphOlipids has the potential of providing 

useful structural and dynamic information about the headgroup region of 

phospholipid molecules. Recently, for example, PhMR in conjunction with 

PMR was used to deteI1lline the rate of two-dimensional diffusion in sonicated 

leci thin 114). Wi t.h sufficiently sophisticated instrumentation ~'1is rate could 

be measured by pulsed gradient techniques L29). In subsequent corrnnunications 

\,:c hope to develop the use of Phlm. as a .general probe of the inter- and 

intramolecular structure of the headgroup region in phospholipids. 
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T:,blc I.ScconJ Moment Calculations and Linelvidth Estimates of 

L-o: glycerophosphoryld1oline and Dipalmitoyl L-a Lecithin. 
) 

c..v observed 

/J.v calculated* 

C;lycerophosphorylcholirie t 
. 3 . 

4.5 x 10 Hz 

4.8 x 103 Hz 

Dipalmitoyl lecithin 

2.0 x 103 Hz 

, CJc1JniUJ1.1" ·dlloride salt;· tlle second mOTI1ent calculation used a value of 

2.9 R for the phosphorus-proton distances. 
I 

;\; Calculated value olthe linewidth at half maximum using the Van Vleck 

;;loment analysis and· assoong a gaussian line shape. Contributions 

h-om only the. i~ neighboring methylene protons were considered (see 

text) (30). 

\ ' 
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Lb}..., II. l'hospllorus ;'.1agnctic P.csonance Linewic1ths a.'1c1 Relaxation. 

l~atcs from Lecithin Dispersions. 

l~.V 

590 lIz 7'5. 5 ~6~:"i:;/: 

Sonicated 

Egg Yolk Lec. 

Sonicated 

n~nyrist. Lec. tt 

Sonicated 
tt DiJihydrostrec. 

1+ 
0.9 - O.Z 

8.3 
+ 0.5 -

1.4 + 0.1 -

1.4 + 0.1 -

.\ 
0.07 sec 

O 11** . sec 
t 

0.13 sec 2.8 Hz 19.5 

ZO.O 

19.0 

*Thc linewidth estimated from the spin-echo T2 by the relation 

Ll v = 1/1T. T 2" 

;I:*The value of T2 using a spin-echo spacing of 0.006 sec. 

'The value of TZ using a spin-echo spacing of 0.015 sec. 

TTThese samples were in DZO; the other samples were in H20. 

;':;;::*Linewidth estimated from the free-induction decay . 

+ - 1 Hz 

+ - 1 Hz 

+ - , 
1. Hz 

I 
.~ ____ J 
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'l';:h k rI r. 1 'lll):"l)llO n.b iI\:l"]1Ct:i C lZcsollallccHcl (1.'\:l tionl<ate~;) ChCllli Gil .' 

Shifts, anJ Llncwidth Estimates for Eg~ Yolk Lecithin ill 

;)i:LCc'j:cnt Solvents. 

.T
1 

. T2 * t:.v 
t 

t:.v 

.+ 
19.2 

+ .,1.0 kLter 8.3 - 0.5 sec 0.12 sec.· 2.8 l·lz - 1Hz 
+ 46 + -1.5 ~lethanol 1.2 - 1 sec 0.009 sec 34 Hz - 10 Hz, 

Chloroform 0.12 
+ 

0.02 0.010 32 Hz 58 + 10 Hz -1.2 - sec sec -

:~Va1ue of T measured by collecting only the first echo (varying the , 2 
I 

echo spacing). 

'Estimate of the linewidth from the spin-echo T2 using the re1ation
I 

ship 6v = l/n-T 2' 

ttShifts are referred to 50% H3P04 used as an external reference. 

0 
tt 

- + -

+ -
+ -

, t- ,T __ f.," 

0.2 

0.2 

0.2' 
" ,. 

-.1' . 

i 
f 

I 
,"""'. :.t t" .4" ........ · .•. ,<:ilH ';'" 
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1872 pulses \<Jere accwnulated with. a 30 sec wait between pulses. 

Fig-moe 2. p31 Fourier transfonn spectrwn of ",90 mM unsonicated egg yolk 

leci~lin in 0.1 M tris-HCl, 0.15 M KCI, pH = 8.5. 400 pulses 

\.<Jerc accwnulated with 6 sec between each pulse. 

Figure 3. Plot of 'the free induction decay envelope, corresponding to 

the spectrunl in Figure 2. 0 = negative envelope; ~ = posi-

tive envelope. The apparent scatter of the later time points 

results from lTIodulation between spectral components. 

Figure 4. TIle effect of sonication on the phosphorus magnetic resonance 

spectrwn of egg yolk lecithin. Separate samples were soni-

cated for the specified length of time and were not centri-

fuged; all other conditions \<Jere similar to those described 

in the Methods section. 

Figure 5. p31 Fourier transfonn spectrwn of (a) 90 mM pyrophosphate and 

Figure 6. 

(b) 15 n].\l sonicated egg lecithin in 0.1 M tris-HCI, 0.15]11 KC1, 

pH = 8.5. 500 pulses were accumulated,with 7 sec between pulses. 

P
31 F' f f E . 1 ourler trans -orm spectrwn -rom _', COIl, melTlDranes. A 3 ml 

sample containing 20 mg/ml protein in 0.05 M tris-HCl, 0.15 M 

KCl, at pI-! = 7.5, was pulsed 1052 times. 
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r------------------LEGALNOTICE--------------------~ 

This report was prepared as an accoun t 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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