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Magnetic Resonance Studies on Memb:rane and r-bdel Membrane Systems: 

I II. A comparisonbeuveen sonicated and unsonicated .'egg rolk lecithin 

(' 
ALAN F. HORWITZ, * DANIEL M. MIGIAELSON and MELVIN P. KLEIN 

Laboratory of Chemical Biodynamics, Lawrence Berkeley Laboratory 

University of California, Berkeley, California 94720 (U.S.A.) 

SUMMARY 

Magnetic resonance spectra and relaxation rates of sonicated and . . 
. ullsonicated vesicles of egg yolk lecithin are reviewed and compared. 

The NrvIR relaxation rates differ by about two orders of mqgnitude while 

the ESR order parameters show no such variation. The apparent contra-

diction may be removed by proposing that the ESR data reflect the order 

of segments of the fatty acids while the NMR relaxation rates reflect 

positional fluctuations. r-Iacroscopic vesicular tumbling contributes 

insigI"lificantly to the relaxation rates. Resonance and non~resonance 

data converge on a dynamic model of the fatty acid mol ~culescontaining 

several gauche conformations. 

'*A postdoctoral fellow of the National Heart and Lung Institute of 

the NIH, 1970-72. 
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The. NMR spec.tra of sonicated and unsQni.cated egg yolk lecithin 

(EYL) dispersions are ma:rkedly differentl -3 .o It is pertinent to ascer

tain if this difference has a s.iJnple origin, such as particle ttnnbling, 

or if it indeed reflects a structural difference between the two types 

of bilayers l ,476.. Publications from this laboratory have presented proton 

and phosphorus magnetic resonance spectra and relaxation rates of 

sonicated aqueous lecithin dispersions together with some plausible 

structures of the fatty acid chainsl ,2,6. We concluded from the 1'2 data 

(or inverse linewidths) and te!llPerature dependence of the Tl data that 

tile relaxation rates reflect the microscopic motions of the chains them

selves rather than the macroscopic ttnnbling of the vesicles l ,6. 

This conclusion was recently questioned by Finer et al. 4 We pre

sent here four arguments that demonstrate the minor role of vesicle 

ttnnbling and suggest that these two types of bilayers have similar but 

different t.iJne dependent conformations. 

Proton and Phosphorus Relaxation Rates of Sonicated EYL are not 

Determined by Vesicle Ttnnbling. 

A) Theoretical arguments do not support the contention that particle 

tumbling is important., 

NMR relaxation rates are determined by the rates of nuclear motion. 

One effect of sonication is to disrupt the multilamellar vesicles of 

unsonicated lecithin dispersions into smaller vesicles which undergo 

. more rapid tumblingl , 7 . I t is thus necessary to consider the contribution 

of vesicle ttnnbling to the nuclear relaxation rates. For molecules 

undergoing isotropic motion, Eq~ (;)8 

(1) 
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can be used to estimate the motionally, narrowed linewidth, l'lw, where l'lw 2 . a 

is the rigid lattice second moment and 'c is the rotational correlation 

time .. 

lVhen the rigid lattice value of the second moment is used in Eq. (1) 

together with a value of 'c appropriate to vesicle tumbling, the pre

dicted and ~bserved linewidths are vastly disparate 1 16. Finer et a1. 4 

used a second moment estimated from the value of the methylene proton 

1inewidth of unsonicated EYL rather than that of the rigid lattice. With 

that value of ~w02, tumbling times appropriate to sonicated vesicle radii, 

and a more sophisticated expression which becomes equivalent to Eq. (1) 

in' the limit of rapid motion, they calculated linewidths agreeing 

reasonably with those displayed by the vesicles. The use of such a 

second moment was not justified and, in general, it is improper to do so.8 

In the special case of axial motion, however, the value of the rigid 

lattice second moment. used in Eq. (1) can be replaced by a new reduced 

second moment, ~w~, 2 , 
. 0 which can often be 

l'lw~2 = ~W 2 
o 0' 

. 2 
3 cos a-I 2 

( 2 ) 

estimated using Eq. (2), 

(2) 

where e is the angle between the axis of rotation and the interproton 

vectorS,9. (It follows that rapid motion about a second axis, different 

from the first, can reduce further the value of the second moment used in 

. lOt) ).. d . b Eq. (1).. It is apparent from Eq. (2 that only rapl motIon a out an 

axis making an angle very near 540 44' with respect to the interproton 

. vector will reduce the linewidth. from the rigid lattice value of ~7xl04 

Hz to the value of ",103 Hz observed in unsonicated EYL and used by Finer 

et al.. 4 in Eq, ell.. We do not view this as a physically plausIble axis; 

The long axis of the fatty acid chain would appear more feasible for 
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rapid axial motionl ; were such motion to occur, the second moment liould 

be reduced by a factor· of 4., 

BJ There is no unique relaxation rate for the.protons in sonicated 

EYL. 

\~en the motion is complex and involves several correlation times 

(omitting the rapid axial case discussed in (A)), the net correlation 

time is given by Eq. (3), 

1 E _I_ 
i TC. 

. 1 

(3) 

where 1/T·. are the correlation· times for each motional component, ~, c. 
vesicle t~ling and fatty acid chain motions.+ If the narrow resonances 

observed in sonicated EYL resulted primarily from vesicle ttmlbling (or 

from lateral diffusion of phosph~lipid molecules), a single value of TC 

and thus a single value of TZ for all of the methylene resonances would 

be predicted, a prediction contrary to observation. The variety of TZ 

and linewidth values observed for the resolved protons and the distribution 

of TZ values for the methylene resonances themselves demonstrate clearly 

that fatty acid chain motion is at least as important as vesicle tumbling 

(or lateral diffusion).6 

C) Studies on membranes do not support this contention. 

Proton magnetic spectra of rabbit sciatic nervell and of rabbit 

sacroplasmic reticular membrane preparationslZ have been reported and show 

relatively narrow resonances, qualitatively similar to those of sonicated 

EYL, for the methylene and methyl protons. A size distribution of the 

sacroplasmic reticular membranes was not reported, but it is unlikely 

that the components of the sciatic nerve giving rise to the high resolu

tion spectrum are similar in gross structure to sonicated EYL. 

I I 
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D) The linewidths of sonicated EYL are independent of viscosity. 

The correlation time for particle tlDnbling is linear in viscosity 

(asstuning the Stokes-Einstein relation). TIle data in Table 1 show that 

the proton andphosphonls linewidths are independent of glycerol concen

tration over a 5-fold range in viscosity. These observations are in 

accord with others made independently13; they provide clear evidence that 

particle tumbling does not affect significantly sonicated EYL line-

widths .. 
. 

A Comparison between Sonicated and Unsonicated EYL. 

The foregoing discussion suggests that the relatively long trans

verse relaxation rates (relatively narrow NMR lines) observed in soni

catedEYL reflect the dynamic structures of the fatty'acids in these 

vesicles .. It is obvious that the rotational correlation tbmeswill be 

substantially longer for the larger unsonicated vesiCles than for ~leir 

sOhicated progeny. Since the ttnnbling of the smaller vesicles contri-
. :. . 

butes little, if any, to the nuclear relaxation, these contributions 

in the unsonicated vesicles must be inconsequential. Thus the motional 

parameters underlying the nuclear relaxation are different in the two ' 

vesicular types~ The methylene proton TZ values are "'10-4 sec arid ",lO-Z 

sector the unsonicated14 and sonicated vesicles6 , respectively, implying 

a laO-fold difference in their correlation times. 

The detailed differences between these two vesicles are unkrimVJ1, 

although there are some similarities. \~le still uninterpreted, the dif

ferences between these two types of vesicles are evident in differential 

scanning colorimetryZ4 The evidence stmnnarized below for both types of 

bi.layers leads to the conclUsion that there is an abrupt in'crease in 
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motion very near the methyl tenninus and that there ts about a.n order of 

magnitude increase in a component of motion proceeding from the polar end 

to the methyl tenninus of the fatty acid chains. 

14 15 . . 
Chan et al.' have Interpreted proton T 2 data for unsonicated .h"YL 

as reflecting an order of magnitude decrease in a component of 'c pro

ceeding toward the center of the bilayer, and an abrupt increase in 

1lPtion very near the tenninal methyl. 

Our proton T1 and T2 data for sonicated EYL and dimyristoyl 

lecithin were interpreted as x:evealing a roughly exponential decrease 

of a factor of 2-3 ina component of motion upon progressing from the 

glycerol end toward the methyl end of the fatty acids and an abrupt 

increase of another factor of about 3.-4 near this end1 ,6. The interpre

tation of an abrupt increase is supported by a recent evaluation of C13 . 

T d 16 . . h . .. '. f th d 6 1 ata , In agreement W1 t our preVIOUS InterpretatlOn 0 . ese ata. 

There is no intention of implying that the polar ends of the fatty acids 

are highly immobilized; rather, they are only one order of magnitude less 

. -8 -9 
mobile than the methyl md, viz., TC = 10 sec vs TC = 10 sec . We sug-

gested that the mobility of the bulk of the chain results principally 

from coupled trans-gauche isomerizationsl ,6. I 

Structured ESR spe.ctra of vesicles containing ni troxide labeled 

phospholipid analogues have been interpreted in tems of an order 

parameter17-19 while the individual M.m lines are analyzed in the frame-

work of relaxation theory. Although it may not be useful, one can cal, 

. culateorder-parameters for the structureless NMR lines, from the ratio 

of their observed widths to the rigid lattice wid!=hs, and deduce that 

they are several orders of magnitude smaller than those determined by 

ESR. Also, one can calculate correlation times from the ESR spectra, 

, ' I, 

, . 
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by using Eq.o (1), which agree reasonably well with. those appropriate 

to ourNMR relaxation rates6 . The spin-label order-parameters (bv defini-. . 
tion) are a measure of the time-average ordering at their locale on the 

fatty acid chains while the NMR relaxation rates reflect localized posi

tional fluctuations. (Recall the different time scale$ for the two types 

of measurements.) The facts that both the order-parameters mId the relaxa

tion rates decrease by about an order of magnitude from the polar to apolar 

ends of the molecule and show an abrupt increase in motion near the methyl 

end of the molecule, suggest that the two methods reflect similar struc-

The preceding discussion would lead to the conclusion that the ESR 

ruld M·m. experiments report similar structural dynamics. All NMR data 

reported thus far show markedly broader lines in unsonicated thrul in 

sonicated vesicles; the former vesicles also . show a parallel positional 

dependence of the relaxation rates as discussed above. By contrast, the 

ESR data do not exhibit a comparable difference17 ,18 . The conformat~onal 

constraints imposed by the nitroxides near their locale render it likely 

that they reflect the order along a finite length of the chain while the 

nuclear relaxation rates reflect motion at their locale. SUC1I an inter-

pretation envisions fluid yet relatively ordered chains. Sonicat~on might 

then change the mm. correlation times without significantly modifying 

the ordering 6 

Evidence from several non-resonance techniques are in accor~ with 

the foregoing conclusions. X-ray scattering data show decreasing 

electron densi ty along the methylene chain wi th an abrupt decrease 

near the methyl 20 . Laser raman spectra show bands from individual fatty 
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d . . 1 h nfi . 21 aci scontalmng severa gauc e co onnatlons '. Finally, based on ret 

other t)ves of experiments, Trliublc has independently proposed "kinked" 

f . d .c' . 22 atty aCl conLormations . 

Our present state of ignorance precludes a discussion of any 

detailed structural differences between the two types ofbilayers. 

This work was supported, in part, by the U. S.Atomic Energy 

Connnission. 

REFERENCES 

1. A. Hon'litz, in C. F. Fox and A. D. Keith, Membrane IvIolecular Biol~ 

Sinauer Associates, Stamford, 1972, p. 164 ~ 

2'0 A .. Horwitz and M. P .. Klein, ~ Supra. Str:, 1 (1972) 19. 

3 •. J. C. Metcalfe, N. J .. M. Birdsall, J. Feeny, A. G. Lee, Y. K. Levine 

and p, Partington, Nature, 233 (197l) 199. 

4. E. G. Finer, A. G. Flook and H. Hauser, Biochim. Biophys. Acta, 260 

(1972) 59. 

5. B. Sheard, Nature, 223 (1969) 1057. 

6. A. F. Horwitz, W. J. Horsley andM. P. Klein, Proc. Nat. Acad. Sci. 

U.S~A., 69 (1972) 590. 

7, D. Attwood and L. Saunders, Biochim. Biophys. Acta, 98 (1965) 344. 

8.. A. Abragam, The Principles of Nuclear Magnetism (Oxford Uni v. Press, 

Clarendon, London), Chap. la, 1961. 

9. E. R. Andrew and R. G. Eades, Pro~ Roy. Soc. A, 218 (1953) 537. 

10. D. Wallach, ~ Chern .. Phys., 47 (1967) 5258. 

11 .. P .. Dea, S. 1. Chan and F. J. Dea, Science, 175 (1972) 209. 

: t , 



-9-

12. D. G. Davis and G •. Inesi, Biochim •. Biophys. Acta, 241 (1971) 1. 

13. R. D, Kornberg and H. M. McConnell, Proc. Nat.. Acad;. Sci. U.S .A., -.- ~---

68 (1971) 2564. 

14 .. S. 1. Chan, C H. A. Seiter and G •. W •. Feigenson, Biochem. Biophys. 

Res, Cornmun., 46 (1972) 1488. 

15. S. 1. Chan, G. W .. Feigenson and C. H .. A .. Seiter, Nature, 231 (1971) 

110. 

16, Y •. K. Levine, P. Partington, G. C. K. Roberts, N. J. M. Birdsall, 

A. G. Lee and J. C. Metc~lfe, FEBS Letters, 23 (1972) 203. 

17. J. Seelig, J. Amer. Chern .. Soc., 92 (1970) 388!. 

18., W. L. Hubbell and H .. M. McConnell, L Amer. Chern. Soc., 93 (1971) 314. 

19. B .. G •. McFarland and H .. M. McConnell, Proc. Nat. Acad. Sci. U.S.A., 

68 (1971) 1274. 
ed. , 

20. J. K. B1aisie, in C. F. Fox,/ICN-UCLA SympOSilDIl in Molecular Biology, 

Vol. 1, ~~rnbrane Research, Academic Press, 1972, in press. 

21. J •. L.Lippert and W. L. Petico1as, Proc. Nat. Acad. Sci. U~S.A., 

68 (1971) 1572. 

22. H .. TrMuble and D. H. Haynes, Chern. Phys. Lipids, 7 (1971) 324. 

23. W. S. Singleton,].f. S. Gray, M .. L. Brown and J. L. White, J. Amer . 

.. Oil Chern. Soc., 42 (1965) 53 .. 

24.. J. M. Ste:im, Adv •. in Chern. Series, 84 (1968) 259. 



-10'-

Footnotes 

t For rapid motion about more" thrul one axis eq. (2) must be modified to 

eq. (2a) 

fltJ.)." ,2 = flw 2(3 cos
2 

d 0 2 
(2a) 

where e is the angle between the interproton vector and the first axis 

of rotation, and where (Xi is the angle between the first axis of rotation 

and the second, etc. For methylene protons e is 90° and (Xi is the tetra

hedral angle, 109°28'. (e is also the tetrahedral angle in C13 studies. 

Application of this expression predicts an additional reduction of C13 

vs HI linewidths by a factor of 2.2.) For methylene protons eq. (2a) 

becomes 

(2b) 

where n is the number of bonds about which rapid reorientation occurs. 

+Equation (3) is valid for isotropic motions, but for anisotropic motions 

eq. (3a) must be used (c.f., D. E. Woesner, J. Chern. Phys., 36 (1962) 1). 

liT = E C. liT. 
C i 1 Cl. 

(3a) 

Using eq. (2b) it is easy to show that simultaneous, rapid axial motions 

about two bonds will reduce the linewidth by about an-order of magnitude. 

This is s:imilar to the total decrease in lff 2 (or linewidth) observed as 

ds 1 th . h 1 ch· 14,15 Th h t . one procee a ong e ent1re met y ene am . us eac pro on ~alr 

does not derive its 1inewidth solely from rapid axial motions. 

I , 
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FIGURE CAPTION 

Figure 1. The effect of glycerol on the NMR linewidths of sonicated 

egg yolk lecithin: 

• fatty acid methylene protons 

o fatty acid methyl protons 

f1 phosphorus 

Egg yolk lecithin was prepared according to the method of Singleton et 

al. 23 For proton eXperiments the lecithin was sonicated in SO mM phos-. 
phated buffer containing 0.15 M KCl and 10-5 M EDTA, pD = 7.5, and for 

phosphorus experiments it was .sonicated in SO mM tris buffer containing 

O.lS M KCl and 10-5 M EDTA, pD ~ 7.S. The details of the sample prepara

tion have been described previously2. Glycerol was added to the samples 

after sonication, and they were allowed to stand for at least 30 minutes. 

Proton spectra were recorded at 20°C on a Varian HR-220 NMR spectrometer, 

and the phosphorus spectra were recorded at 33°C on the Fourier transform 

spectrometer described rreviously2. 
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