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Magnetic Resonance Studies on Membrane and.Lbde1 bbmbrane SystemS%

III. A comparison between sonicated and unsonicated égg yolk lecithin

ALAN F. HORWITZ,* DANIEL M. MICHAELSON and MELVIN P. KLEIN

Laboratory of ChgmiCal Biodynamics, Lawrence Berkelgy Laboratory

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

SUMMARY

Magnetic resonance spectra and relaxation rates of sonicated .and

“unsonicated vesicles of egg yolk lecithin are reviewed and compared.

The NMR rélaxation rates differ:by about'two orders of magnifude whi1e 

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

diction may be removed by proposingbthat the ESR data reflect the order

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

positional fluctuations. Mécroscdpic vesicular tumbling contributes

insignificantly to the relaxation rates. Resonance and non-resonance

-V'daté converge on a dynamic model of the fatty acid mol >cules containing

~ several gauche conformations.

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

the NIH, 1970-72.
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The NMR speCtra of sonicated dnd unsonjcated egg yolk lecithin
(EYL)ddiepersione are markedly differentl_sﬂ' It is pertinent to ascer-
tain ifrthis difference has a simple origin, such_as particle tumbling,
or if it indeed reflects a structural differehce between the two types

of bilayersl’4f6,

Publications from this laboratory have presented proton
and phosphorus magnetic resonance spectra and relaxation rates of
sonicated aqueous lecithin dispersions together with some plauSible_

1 2’6. We“concluded from the T data

structures of the fatty acid chains™’
‘(or inverse linewidths) and temperature dependence of the T1 data that
‘the relaxation rates reflect the microscopic motions of the chains them-
selves rather thah the hacroscepic tunbling of the vesiclesl’6.v

| This conciusion was recently qdestienedbby Finer et_gl;? We pre-
sent here four arguments'that demenetrate the minor role of vesicle
tumbling and SUggest that these two types of bilayers have similar but
different time‘dependent'coﬁfonmatiens |

Proton and Phosphorus Relaxatlon Rates of Sonlcated EYL are not

Determlned by Ve51c1e ‘Tumbling.

- A) Theoretlcal arguments do not support the contention that particle
tumbllng is 1mportant

NMR relaxation rates are determlned by the rates of nuclear motion.
One effect of sonication is to'disrupt the multilamellar Vesicles of
unsonicated 1ecithin dispersions into smaller Vesicles which undergo

1,7

" more rapid tunbling It is thus necessary to consider the contribution

of vesicle tumbllng to the nuclear relaxatlon rates. For molecules
undergoing isotropic motlon, Eq. (1)

bw = K; 2 T ‘. | : : ' (1)
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can be used to estimaté thelmqtionally narrowed linewidth, ay, where &5;2
s the'rigidrlattiée'second moment and T is thé rotétional correlation
-time.

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

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

dicted and_ébserved linewidths are vastly disparate1’6. Finer et al.*

used a second moment estimated. from the value of the methylene proton
linewidth ofvunsonicated EYL rather than that of the rigid lattice. With

that value of Ao, 2

o 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 50.8

In the special-tase 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, Awéz; which can often be estimated using Eq. (2),
=23 Cosz -2 @
“where ¢ is the angle between the axis of rotation and the interproton

vector8’9. (It'follows that rapid motion about a second axis different

2
. & =
Aw o Awo

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

10 1-) It is apparent from Eq. (2) that only rapld motion about an

Eq. (1)
axis maklngvan angle yery near 54° 44' with respect to the interproton
- vector will reduce thevlinewidth‘from the rigid'léttice yalue of ~7x10°
Hz to the value of mld% Hz qbséryéd in unsonicated.EYL_and used by Finer
'gg_gl;é in Eq. (11; We do not view this éé a»phyéicallyvplaﬁSiblé‘axié:

The long axis of the fatty acid chain would appear more feasible for
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rapid'axiél motionljbﬁere such_mofion to occur, the second mOméht would
be reduced by é factor of 4. | o |

B)”Therevis ho unique relaxation rate for thé‘protohs in soniéated
EYL. - |

Whén the motion is éomplex and involves severalicérrelétion times
' (omitting thc:rdpid axial case discussed in (A)), the net correlation
time-is given by Eq; 3, = | o |
: : : _1—— - : : -
T . : : ’

Ci_

1

. T ;
- C

=™

. where.l/rd;are‘the Cérrelation-times for each motional cohponent, e.g.,
vesicle t&hbiing énd_fatty acid chain motions.” If the narrow resonances
observed in‘soniééted EYL jesulted primarily from vesicle tumbling (or
from lateral diffusion of‘phosphqlipid mélecules), a single value of .

and thus a single value of Tz.fbr all of the methylene resonances would

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

and linewidth Values'observed for the resoived protons and the distribution

of T2 falues fbr the methylenc resonances,themselves demonstréte clearly
that fatty.acid thain motion‘is at 1eé$t as important as vesicle tumbling
(or lateral‘dif.fusion).6

C) Sfudies oﬁ[mémbranes do hot support this cbntention.‘“.

'Proton.magnetic spectra of rabbit sciatic nervell'and of rabbit

-sacroplasmic reticular membrane preparations12 have been reported and show -

_relativelyvnarrow'fesonanCes, qualitatively similar to those of sonicated-
EYL; fof the methylene and methyl protons. A size distribution of the
sacroplasmic réticular membranes was-not’reported,,bﬁt_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.

e




sei:”f'blrvtheuunsonicatedl
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D) The linewidths of sonicated EYL are independent of viscosity.

The correlation time for particle tumbling is linear in viscosity
(assuming the Siékes-Einstéin relation). The data in Table 1 show that
fhe'protOn and phosphorus linewidths are independent of glycerdl concen-
tratioﬁ‘over a 5-fold range in viscoéity. These obséfvatiéns are in
accord with others madé»independentlyls; they provide clear evidence that
particle tumbling does not affect significantly soﬁicated'EYL'line-
widths. | |

'A'CdmpariSon'between Sonicated and Unsonicated EYL.

The foregoing discussion suggests that the relatively IOng trans-

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

cated EYL reflect the dynamic structures of the fatty acids in these
vesicles. It is obvious that the rotational correlation times will be

Sﬁbstantialiy longer for the larger unsonicated vesicles than for their

sonicated progeny. Since the tumbling 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 T, values are 1074 séC’éﬁd'&IO'z

4 and sonicated vesic1e56; respectively, implying
a 100-fold difference in their édrrelation times}v

The detailed differences between these two vesicles are unkniown,
élthough thefe are some similarities. While Still uninterpreted,'the dif-
ferences between theée two types of vesiéles are evident in diffefential _“

24

scanning colorimetry“®. The evidence sumarized below for both types of

bilayers leads to the conclusion that there is an abrupt increase in
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motion.very'near'the'methyliterminus and that therévi$ about an order of
 magnitude increase in a component of motion prcceeding from the polar end -
to the methyl terminus of the fatty acid chains.

14 15

Chan et al. have interprcted proton‘Tz.datavfbr'unsonicated'EYL

as reflecting an ordef of magnitude decrease in a:component of Te Pro-
ceeding toward the center of the bilayer, and an abfupt increase in
motidn‘very near the tefminal methyl. , | _ |
Our proton Tl'ath2 data for sonicated EYL and dimyristoyl
lecithin.wefe interpréted as revealing a‘roughly exponential decrease
of a factor of 2-3 in-a component of motion upon progressing from the
glycérol end toward the methyl end of the fatty'acids andban abrupt

1,6

1ncrease of another factor of about 3-4 near this end™’ The interpre-

tation of an abrupt 1ncrease is supported by a recent evaluation of C13

16, in agreenent w1th our prev1ous 1nterpretat10n of these data6.

T1 data

There is no intention of 1mp1y1ng that the polar ends_of the fatty acids

are highly immobilized;»rather,‘théy are only>one order of magnitude less
o _ _ 9

mobile than the méthylr:hd,-vii.,'rc = 10-8_sec ygprc = 10 ~ 'sec. We sug-

gested'that‘the mobility of the bulk of the chain results principally
.ffom coupied transfgaﬁche isomerizatibnsl’6. _'_,c : _‘,

 Structured ESR-Spectra of vésicles cohtaining nitroxide labeled
phospholipid anaiogues havé been interpreted in tenps of an orderv_ .
parameter17-19.whilevthe individual NYR lines are analyzed in the frame-
work of relaxacicn theory. Although it may not be'uséful, 6ne'cah cal-
_culate order-parameters for the structureless NMR 1ine$, from the ratio
of their obset&ed widths to the rigid lattice widths and deduce that

they are several orders of magnltude smaller than those determlned by

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

-~
.




by using Eq. (l); which agree reasonably well with. those appropriate
‘to our NMR relaxation rates®. The spin-label order-parameters (by definl—'
tlonj'are a measure of the time-average ordering at their locale on the
fatty acid chains while the NMR relaxation rates-reflect'localized posi-
tiohal fluctﬁations.- (Recall the different time scales for the two types
of measurements.) 'The-facts that both the order-parameters and the relaxa-
tion rates decrease by about an order of magnltude from the polar to apolar
endq of the molecule and show an abrupt increase in motlon near the methyl
end of the molecule, suggest that the two methods reflect similar struc-
tural dvnamicsl

The precedlng dlscu551on would lead to the conclusion that the ESR
. and NMR experlments report 51m11ar structural dynamlcs All NMR data
reported thus far show markedly broader lines in unsonicated than in
- sonicated vesiclee; the former vesiclee'also.shoﬁ a parallel positional
dependence ofvthe relaxatioh rates as discussed above. By contrast the
VESR'data do not exhibit a comparable difference17?18; The conformatlonal
constraints 1mposed by the nitroxides near their locale render it likely
| that they reflect the order along a f1n1te length of the chain whlle the
nuclear relaxat1on rates-reflect motion at the1r locale. Such an inter-
| pretatioh envisions fluid yet relatively ordered chains. Sonicatjon might
B then change the NMR‘correlation times without:significantly modifying
~the order1ng. , | | | | |

Ev1dence from several non-resonance technlques are in accord w1th
the foregoing conclu51ons. X-ray scattering data show decreaS1ng

‘electron den51ty along ‘the methylene cha1n with an abrupt decrease

near the methyl 0, Laser raman spectra show bands from 1nd1v1dua1 fatty



- other typcs of experiments, TrHuble has 1ndcpcndcntly proposed "l\lnked"- :

-8-

acids containing several gauche confonna‘cions‘21 . Flnally, based on yet

fatty acid confonnatlons22

Our present state of ignorance preéiudes a discussidn of any

detailed svt_ructural differences between the two types of bilayers.

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

Coxmnl ssion.
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Footnotes

fFor rapidtmotion'abOUt more.than one axis eq. (2) must be modified to

eq. (2a)
' o 2 2 .

2 2 n_f3cos” a.-1

12 o 55 2f 3cos_ 8- e S
Busy Bu > ¥ > . ~ (2a)

where 6 is the angle between the 1nterpreton vector and the first axis

of rotatlon, and where s is the angle between the first ax1s of rotation
and the second, etc. For*methylene protons 6 1s_90°_and a; 1is the tetra-
hedral angle, 109°28'. (6 is also the tetrahedral angle in c13 studies.
Application of this expression predicts'an additional reduction of C13
!§_H1 linewidths by'aifactor of 2.2.) For methylene protons eq. (2a)
becomes | ' | »
RN (0.113)“. | (2b)
7o . To o

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

Equation (3) is valid for isotropic motidns,‘but for anisotropic.motions
. ;

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

1< = : C; ey . ' : | (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 similar to the total decrease in l/T2 (or linewidth) observed as

14,15

one proceeds along the entire methylene chain Thus each.proton palr

does not derive its 11neW1dth solely from rap1d axial motions.
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FIGURE CAPTION

Figure i;ﬁ The effect of glycefol on fhe NMR‘linéwidths of sonicated
egg yolk lecithin: | | o
‘e fatty acid methylene profons»
o fatty acid methyl protons |
4o phosphorus

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

23

al. For proton experiments the lecithin wasvsonicated in 50 mM phos-

5

phated buffer containing 0.15 M KC1 and 107> M EDTA, pD = 7.5, and for

phosphorus experiments it was'sonicated in 50 mM tris buffer containing

5

0.15 M KC1 and 10 ° M EDTA, pD = 7.5. The details of the éample prepara-

tion have been described previouslyz._ 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

spettrpmetér described previouslyz.
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