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" DISCLAIMER

_This document was prepared as an account of work sponsored by the United States

. Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
‘California, nor any of their employees, makes any warranty, express or implied, or
- assumes any legal 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. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. ‘
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to a greater or lesser extent,'regions of lipid_biiayers.

Evidence is accumulating that many piological membranes contain,

1-3 Since

4-8

many conclus1ons drawn from mode]s of these systems may indeed be

appilcable to natura] membranes, the structural and funct1ona] properties

. of lipid bilayers is an active area of research. Nuclear magnetic

resonance“(NMR)vprOVides a powerful method for investigating some struc-
tural and dynamicibrbperties’of such systems, In_particular,‘the ]pngi-
tudinal, T], and transverse, T,, nuclear relaxation tjmes are explicitly
and implicitly related to molecular motions.’ Recent advances in Fourier
transtrm'NMR spectrdscopy.provide'the means for measuring these relaxa-

10-12

tion times in complex spectra. Since sonication of aqueous disper-

sions of lecithin produceS»reTatively reproducible and homogeneous vesicles

wh1ch nge rise to high resolution NMR spectra,6 -8,13 we have chosen

this system for our initial measurements of the nuclear relaxation times

1n aqueous d1sper51ons*of phospholipid b11ayers.

'MATERIALS AND METHODS

Proton magnetic resonance measurements were performed on a Varian

HR-220 spectrometer. extensively modified for Fourier transform opera-

“tion. _3]P magnetic resonance measurements were perfonned at. 24.3 MHz.

on an instrument of our own design. Both spectrometers are interfaced

“with a computer system designed in this ]abdratory; lThe'T]'measurements

used the method of Vold et al.,'C

while the'Tzvvalues were determined by
a variation of the Carr-Purcell method. 14215 A Carr-Purcell sequence is
estab]iShed and terminated after the T 2 3v.tnth pulse in ntexperiments
In each experxment the echo fo]1ow1ng the f1na1 pulse is Fourier trans-

formed to yie]d the partia]]y (transversa]]y) re]axed spectrum The
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decay.of each 1nd1v1dua1 ]tne then establlshes its va]ue of T2 The

‘details of this method w111 be pub11shed e]sewhere ]2-_Non sp1nn1ng"l
' cap11]ar1es were. used for the T, measurements The reSOnance asstgnv :

ments followed those of Chapman and Morr1son ]6

Lec1th1n was prepared from hen egg yolks, by the method of Stng]eton '

23;314,17 and was further pur1f1eo by chromatography on s1]1c1c ac1d,
Unsontcatedh]ecithin.dispersionslwere prepared using 30-60 wmoles

1

1ipid/ml D,0 by the method described by Demel et al.'® The 1ipids

' were then sonciated for ]5'min‘on ice usfng a Branson 185E sonicator
and centr1fuged at 17 300 X g for 30 min at 4°C._ A1l sampies were pre-

-4

pared and stored under argon in 0.15 M KC1 and 10 * M EDTA. The lipid

concentrat1on was determlned by phosphate ana]ysls,]g'and the purity'was

checked by thin¥1ayer chromatography on siJica'ge1 deve]oped wtth:

ch]droform:methanol:water (65:25:4) and by the measurement of the‘oxida- |

: tion lndex 20

In son1cated 1ec1th1n at 220 MHz, the cho]1ne ‘N-methyl and the
'fatty ac1d methy]ene, a]]y], vinyl, methy], and a- carbony] protons

are among the reso]ved resonances 9 ]6

Thelr T] va]ues are given in
Table I. Flgure 1 shows the temperature dependenc1es of the values of
the sp1n 1att1ce re]axatlon t1mes for three of these resonances. In
'ifthe temperature reg1on 1nvest1gated this p]ot reveals two 1mportant
po1nts (a) T] 1ncreases w1th temperature for each of these c]asses of
j'protons; and (b) the T] of the terminal methy] protons is c]ear]y 1onger
than that of the cho]1ne or methylene protons which in turn appear to

differ from each other - The fatty ac1d methy]ene protons appear to be

‘character1zed by a 51ngle va]ue of T], but a dlstr1but1on of va]ues

[
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cannot be excluded. The data presented in Table I indicate that the

T, values for the vinyl and a-carbonyl protons are similar to but dif-

1

- ferent from those 6f the methylene protons. We may treat the data of

Figure 1, as well as the data for the other resonances which have a

similar dependence on temperature, as Arrhenius plots and derive the

- activation energies for the thermal relaxation processes 21 The values

so derlved are g1ven in Table I, and agree favorably with literature

22

va]ues for’ potent1a1 barr1ers to internal rotation in a]kanes Since

our observat1ons extended-over a small temperature range, we may be

" unable to detect a distribution of activation energies for the methylene

protons if such werevto-exist.

In Table I are also listed preTiminary'valuesvof the transverse:

relaxation times for some se}éCted_resonanceS'in sonicated egg lecithin.

The,N—methy], methyl, and phOSphorus nuclei each appeared to relax

accord1ng to a s1ng]e exponent1a1 For each of these groups the value

'of the transverse re]axat1on time that one est1mates from the conven-

t1onal l1new1dth Tz*, is less than or equal to our experimental T2']3

The methy]ene protons exhibited a heterogeneity of T2 values. About

20% showed a single value of T2 of about 0.056 sec; the remaining 80%

were much shorter and non- exponentta], 1mp]1cat1ng a d1str1but1on of

of T2 va]ues. Aside from the methyl and N-methyl protons. the remaining

proton resonances exh1b1ted re]at1ve]y short values of T2 Similar

"resuIts have been obta1ned with d1myr1stoy1 L-a lecithin (at tempera-

tures above the trahs1t10n po1nt23).

‘Because of the implicit complexity of relaxation processes in

general, and in these systems 1in part1CU1ar,va quantitative discussion
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]1es outs1de the scope of this note. ]] 2l Thus;'thehfol]owing'conments
on our re]axat1on resu]ts shou]d be con51dered as suggest1ve Let us'
rassume howevcr ‘that the dom1nant re]axat1on resu]ts from modu]atwon'

of‘the-dlpo]ar coupllng to the nearest protons, e.q., the compan1onA

proton for‘the methy]ene group and the_two'compenion protons on a methyl__

group” )

_ For’ a]] proton resonances,_Ti 1ncreases with 1ncrea51ng tempera—7
ture, 1nd1cat1ng that at 220 NHz we are in the short corre]at1on time
reglme The data in Table I revea] the c]ose agreement betueen the .
act1vat1on energ1es for thermal re]axat1on and for 1nterna] rotat1on,‘ |
‘they provxde strong ev1dence that the domlnant source of thermal re]axa-'

tion derives from modu]at1on of the 1ntramo]ecu1ar dlpolar 1nteract1ons

by the~1nterna] rotat1ons. In the short corre]at1on time reg1me, theorles~

based on isotropic mot1on pred1ct that T]-T2 wh1ch is at variance with

. our resu]ts that'T]?Tz. 'Thus, we are ob]1ged to conclude that the motions

are'tn_fact anfsotropic, Two c]asses of motion:mey'be'suggested'which'

| account for'the ObservetiOns'r (n re]ative]y sma1?'ofsp1acenents’oue‘to
rotat1ons of 1nd1v1dua1 metny]ene carbon atoms Wh]Ch occur at- h1gh fre-
quencies, and (2) re]at1ve1y ]arger angu]ar d1sp]acement< of protons

further down the'chain Which are a consequence of the hinh frequency

" rotations. The former mot1ons, wh1ch are rough]y constart along the

fatty ac1d cha1ns, wou]d resu]t 1n the ]onger rough]y corstant va]ues

B of T], 1n agreement with' our observatlons Manlpu]atlon of CPK space-
f1111ng mode]s 1nd1cates that mot1ons of the ]atter c]ass may 1nvo]ve

1arge segments of the fatty acxd cha1ns That is, start1ng fromr

'the minimum energy,_a]] trans conformat1on, rotat1on about a 51ng]e
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C-C bond wod]d result,‘for.examp]e; in a geuChe + conformation. That
segment of the molecule between the origin'of.the rotation and the
methyl end would execete a Tafge displacement; a simultaneous gauche -
rotation about the bond 8 (toward the methyl end)sfrOm the first bond,

would virtually restore the original linear shape. Rotations about

C-C bonds‘cleser’to the methyl end would lead td'disp]acements requiring
Tess volume, and WQuld be lesstlike]y_to lead to co]]isional encounters

- with neighboring fatty acid cheins;'and thus would be more probable and

result in longer relaxation times. This is, of course, only one of many

possible conformational transitions which could account for our observa-

- tions. Such dyhamics simul taneously maintain minimal displacements of

large*segments of the molecules, account for the cbserved activation energy

for and'hear]y'cohstant value of T] for the methlene protons, and f.na]]y

- prov1de a mechanism for the abrupt 1ncrease in transverse relaxation

~ times for thevmethyl ‘protons and those methy]ene protons which are

probably near the methyl terminus.

Simplistic estimates of the correlation times corresponding to the
| =11

measured Va]ues‘of T, lead to values in the range of 10° <t < 1078

sec.Z] Since we have measurements at only 220 MH9. we do hot assign a

correlation time for the T] processes, but may sa- “ely state that it is

‘certa1n1y ]ess than 10 9 ec. Since the m1n1mum d1ameter for sonlcated

lecithin vesicles is .about 250 R, for'wh1ch the Debye corre]at1on time
6 9 '

at 204C is ¥ 107° sec, * we may . confidently rule out the tumbling of the

vesicles as a significant source of motion contr1but1ng to nuc]ear

re]axat1on

“*For comparison, at 20°C, for water e z 10']2'sec;_and for hemoglobih.

Tc ¥ 10-7 sec.



- a spin- d1ffus1on mechan1sm has been proposed

o ' ;;6_7
24

A recent paper reports va]ues of T] for the ]3C NMR of sonlcated
: 1ec1th1n b1]ayers which show that the ]3C nuc]el exnlblt a d1str1but10n ' )
| of thennal.relaxatjon times. The shortest—Tl values’ app]y to the car- o

bons at the'polar,end.of the mo]ecules, while the values for‘carbon
atomsd3-13’are ]onger and neariy equal. “The three.remaining‘carbons,
14-16, show 1ncreas1ng]y 1onger times w1th the term1na] methyl ‘the
longest. A]though the re]axatIOn processes or mechanisms for protons
ditfer'1n deta1] from those for ]3C, the»re]axatlon times share a simi- -
Tar funCtjonaT dependence on the correlation times. These 3¢ data.
impdy a_reiative]y Iong'correlation tfme_atbthe po]artend, a shorter and
'near]nyOnstant ualue for carbon atoms 3-13, and still shorter values of
correlation times as the terminal'methy1 is aoproached. A]though not
stated by the.authors, a reasonabfe interpretation of these data is that A
a 1arge segment of the'mOTeCule exétutesvrelatiVe]y uniform motion at a
hlgh frequency which is s1gn1f1cant1y s]ower than that. executed at the
term1na1 methy] end of the molecu]e Th1s 1nterpretat1on is 1n accord
with' that offered above to account for the proton T] and T2 data

Proton re]axat1on rates in 1ec1th1n have been measured and’ d1s-

-25-27

cussed by other authors The]r measurements, made by other metnods,

-vsuggest that the protons of 1ec1th1n are cnaracter1zed by a 51ng]e value

of T] Argu1ng in ana]ogy w1th resu]ts from studies on solld n- a]kanes,28 =30,

31 - . The sp1n—d1ffus1on

c%“‘

. mechan1sm for these mo1ecu]es pxoposes that sp1n sp1n f]1p f]ops betueen A
pa]rw1se adJacent protons prooacate along the a]1pha ic cnaln toward the
termxna] methyl Because of lts re]at1ve freedom to reorlent the met;y]

“has a SHortervT] than do. the methy1ene protons, and tnus serves as a heat
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sink at these low temperatures. The entire molecule is then characterized

by a sing]e T]. If a spih-diffusion mechanism were operative in lecithin,

as has been suggested, then the va]ue of T ‘would only provide informa-

tion about the motion of the heat sink. In a recent paper, Chapman has
tentatively proposed ‘the choline headgroup as the heat sink.27
| The results from Table I show that there is not a single spin-

lattice reTaxatiOn time characterizing the protons of sonicated egg

ecithin at 220 MHz. Further; the apparent existence of different

relaxation times for protons along the methylene chain clearly excludes
efficient coupling among all the methylene protons. If spin-diffusion

contfibuteS'significantiy to thermal relaxation in these molecules, it

is likely restricted to short segments of the methyTene chain. If so, -

one must inquike into the nature and location of the heat sinks.
‘The data in Tab]e'I suggests that the choline protons do not serve

as a poss1b1e heat sink for the proposed spin-diffusion. Further evi-

. dence that the polar headgroups are magnet1ca]1y 1solated from the

apolar regions derives from our observations on the effects of Mn'" ions
added to the external aqueous phase of the dispersions. 10_4 MMt ions
produced a marked effect on the width of the N-methyl protons, notably

reduced their va]ue.of T], but had Tittle effect on the parameters of

-the methylene or methyl protons;f'We conclude then that spin-diffusion

toward the po]er headgroup is rot responsible for thermal relaxation of

the apolar region of lecithin in sonicated bilayers.
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TABLE I
Sp]h 1att1ce T] ‘and transverse, T2, re]axatwon t1mes and act1vat10n energles for some resonances of

sonlcated egg 1ec1th1n

. .‘ 0 .‘ . ) v:_ . v . ‘ ! N . B "
: i . - HH - : .
SCHy-C0-  ~CHy= =CHy=C=C- HC=CH- . - =CH

"”(C”3) _’: R 2

Ty (seconds)  0.41 % 0.02 0.34 %0.02 0.47 +0.03 0.41 +0.04 0.54 + 0.03 0.76 + 0.06.

0.056 (20%)

ﬂjeimmwmm)‘ksiwaW;&agm4.-105m2 27402  3.2+03  42+03 -

T lseconds) - 0,075 - 0.008 - “'iglep(sy) 0-005 - 0.020 0.0 . 0710
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FIGURE 1
Arrhen1u> p]ots of the sp1n-1att1ce re]axatlon time versus temperature for
some selected resonances in son1cated egq yolk lecithin, The data presented

were obta1ned from two d1fferent samples run on two different days.

TABLE 1

The T] values were determined at 40°C for a given exper1ment the est1mated
error was within 10%, as indicated, however for exper1ments performed on dif-
ferenfvdéys with different samples . the error sometimes ekceeded this limit. r
The estimates of T, were made at 20°C; the text confains an explaination of the
two\re]éxation £imés‘for the~méthy1ene pfotons. The phosbhorus nuclear relaxation

timés were'méasured at 34°C.and are inciuded here for. completeness and will be

discussed in subsequent pub11cat10ns 9(a)refers to d1myr1stoy1 L-a -lecithin

and (b) refers to egg yo]k ]ecxthln.
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