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of small unilameilar phospholipid vesicles 

by M I C H A E L  F. B R O W N  and AMIR S A L M O N  

Department  of Chemistry, University of Arizona, 
Tucson, Arizona 85721, U.S.A. 

U L F  H E N R I K S S O N  

Department  of Physical Chemistry, Royal Institute of Technology, 
S-100 44 Stockholm, Sweden 

and O L L E  S O D E R M A N t  

Department  of Physical Chemistry 1, University of Lund, 
P.O.B. 124, S-221 00 Lund, Sweden 

(Received 7 September 1989; accepted 27 September 1989) 

Deuterium (2H) N.M.R. spectroscopy has been used to investigate experi- 
mentally the molecular dynamics of phospholipid vesicles. 1,2-dimyristoyl-sn- 
glycero-3-phosphocholine (DMPC) was deuterated specifically in both acyl 
chains, and aqueous suspensions of vesicles were studied above the main order- 
disorder transition temperature. 2H spin-lattice relaxation rates (R1) were mea- 
sured at nine different magnetic field strengths, corresponding to Larmor 
frequencies (v o -- ~Oo/2n ) spanning 2'5 MHz to 61.4 MHz. Of three models con- 
sidered, a model in which R 1 oc co o 1/2 best described the 2H N.M.R. results, 
whereas fits to R 1 oc o901 or to a lorentzian plus a constant dispersion were less 
satisfactory. Thus a broad distribution of motions exists, which must be 
explained by any model for the N.M.R. relaxation of liquid-crystalline phos- 
pholipids. 

Here we address the problem of interpreting the N.M.R. spin-lattice relaxation 
rates (Rx) of phospholipid vesicles. It  is found experimentally that IH, 2H, and 13C 
R 1 values of both unilamellar vesicles and multilamellar samples of liquid-crystalline 
phospholipids depend on the magnetic field strength, i.e. frequency [1-4]. The inter- 
pretation of the results in terms of molecular dynamics poses difficulties, however 
[4-10]. We have now acquired 2H R~ data which enable distinction among various 
suggested relaxation models; a broad distribution of motions is evident. 

Brown [5] suggests that collective order fluctuations in the MHz  range may 
contribute to the dispersion. Such a dynamical process yields R1 oc o) 0 t/2 in nematic 
liquid crystals, where ~o is the Larmor  frequency, and ~3C N.M.R. data for phos- 
pholipid vesicles at relatively high frequencies can indeed be fit approximately to 
such a relaxation law [7]. Marqusee et al. [8], on the other hand contend that such 
a process should give rise to a R~ oc co o ~ dependence, owing to the bilayer dimen- 
sionality. In these continuum descriptions, a constant term is also included to 
account for the fast internal motions of phospholipids within the bilayer [9, 10]. A 
further possibility is a noncontinuum model, involving a lorentzian and a constant 
term [5, 6, 11, 12]. The latter model has been used extensively to explain frequency 
dependent data obtained for micellar systems [11-13], where it has been termed the 

t To whom correspondence should be addressed. 
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' two-step '  model. Finally, Rommel et  al. I-4] have interpreted the dispersion in the 
high frequency regime (>  1 MHz) in terms of internal isomerizations and overall 
molecular rotational diffusion. 

As far as results obtained at high frequencies (>  15 MHz) go, each of the models 
can represent the data. However, previous 2H and 13C relaxation data are available 
over only a limited frequency range. To extend the measurements to lower fre- 
quencies, and thereby test the suggested relaxation laws, we have performed 2H 
N.M.R. studies of aqueous suspensions of sonicated vesicles of 1,2-dimyristoyl-sn- 
glycero-3-phosphocholine (DMPC) above the main order-disorder transition tem- 
perature. The 2H nucleus was chosen because its relaxation is in t ramolecu lar ,  and 
thus not complicated by problems of interpretation as found for the 1H nucleus 
[14]. The figure shows 2H R 1 values determined at 30~ for vesicles labelled with 
deuterium at the third position of both acyl chains, viz. 1,2r3',3'-2H2] DMPC. The 
labelling of the acyl chains with 2H and synthesis of D M P C  followed standard 
procedures 1-15, 16]. The spin-lattice relaxation rate, R1, was measured by the 

300 

200 

100 

300 

200 

I~ 100 

300 

200 

100 

: :',:::: : : }:',:,, 

J(o))=A+BI~o 

l : : :::,,, .... I :l',:",, 

J(o))=(1-A)2.B+ 

A2Cr 1 ] 
$o L ~ J  

Ol . . . . . . . .  : . . . . . . . .  
1.0 10 100 

Vo/MHz 
2H spin-lattice relaxation rates (Rt) as a function of the Larmor frequency (vo/MHz) for 

vesicles of 1,213',3'-2H2] DMPC at 30~ Each reported value is the weighted average 
of at least two and typically three or more independent measurements of R1 employ- 
ing the same sample of DMPC vesicles. The weighting factors were obtained from 
standard deviations of three parameter fits of R1 to the raw inversion recovery data; 
error bars correspond to standard deviations of the average R 1 values [23]. Where no 
error bars are indicated, the size of the symbol is larger than the error bar. Also given 
are the fits of the relaxation laws discussed in the text, using equation (1) and the 
expression for d(to) as indicated in the figures as fitting functions. For clarity the figure 
has been divided into three panels; in each panel the performance of the indicated 
relaxation law is shown. 
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inversion recovery method, using an electromagnet for frequencies between 2.5 and 
13.8 MHz and superconducting magnets at higher frequencies. Data at nine mag- 
netic field strengths are included, corresponding to Larmor frequencies between 
2 .5MHz and 62.4MHz. The results encompass 1.4 decades of frequency, and 
extend significantly previous 13C R~ studies spanning 0.9 decade [3, 7]. As can be 
seen, the values of R1 increase with decreasing frequency over the entire range. This 
behaviour is in contrast to that of surfactant micelles such as those formed by 
dodecyltrimethylammonium chloride, where a constant value of R1 is reached at 
sufficiently low frequencies [17, 18]. 

It should be noted that rotational tumbling of the vesicles and phospholipid 
lateral diffusion over the curved vesicle surface do not produce the dispersion in the 
figure. For  these processes, the contribution to R1 can be estimated from the rela- 
tions 

(R1) = (3nE/20)Z2[J(coo) + 4J(2~o0) 1. (1) 

Here X is the quadrupolar coupling constant, and set equal to 170 kHz, while 

J(co) = Sc2D[2Zc/(1 + (c0~c)2]. (2) 

In (2) ScD is the C-ZH bond order parameter [19] and the effective correlation time 
z~ is given in terms of the vesicle radius R~o~, solvent viscosity ~/, and phospholipid 
lateral self-diffusion coefficient D by 1/z c = [3k B T/(4n~lR~J + 6D/R~j .  Taking 
S = - 0 . 2  [201, Rv~ = 12.5nm [211, and D = 3 • 10-12m2s-X at 30~ [22] yields 
R~ = 5 to 0-008s -1 over the frequency range v 0 = 2.5 to 61.4MHz, which is small 
relative to the observed values of R~. 

The three panels of the figure include the results of non linear regression fitting 
of the following relaxation laws: R~ oc co -1/2 + const, R~ oc co -~ + const, and the 
' two-step '  model to the data. The error square sums ERRSUM and ERRSUM a 
[23] of the fits to the data are given in the table. As is evident from the figure and 
the table, the first of the models does indeed best match the experimental findings. 
Similar results are obtained for 1,217',7'-2H21 D M P C  at 30~ as well as for 1,213', 
3'-2Hz] D M P C  and 1,217',T-2H2] D M P C  at 50~ In this context it is worth 
mentioning the work of Pastor et al. [241, who use a model consisting of fast axial 
rotation and a slow noncollective wobble of lipids in the bilayer. These two motions 
are then superimposed on the fast internal motions [5, 6, 10, 24]. This motional 
model gives rise to a complicated relaxation law with several lorentzian terms. The 

Error square sums for the various relaxation models1". 

Model n~ ERRSUM ERRSUM a 

R1 = A + B~oo 1/z 2 II-I1 1.587 
R1 = A + Boo o i 2 198-9 28.41 
Two-step noncollective 3 33.87 5.647 

t The error square sums, ERRSUM, is defined as ERRSUM = ~,[(R~ 2, where 
R$ bs and R~ a~c are the observed and calculated values of R1, respectively while aR, is the 
standard deviation of R1, determined from replicate measurements of RI. In the fitting 
procedure, ERRSUM is minimized [29]. When comparing models with different numbers of 
adjustable parameters, the reduced error square sum (ERRSUMa), defined as ERRSUM/d, 
should be used [23]. Here d -~ N-n is the number of degree of freedoms, N the number of 
data points, and n the number of adjustable parameters. 

:~ Number of adjustable parameters for the indicated model. 
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data in the figure can also be represented very well with two lorentzians and a 
constant, which is perhaps not surprising bearing in mind that the number of fitting 
parameters now totals five. 

Thus a model yielding R 1 oc 09 -1/2 + const describes the 2H R 1 data over fre- 
quencies spanning 2.5 MHz to 60 MHz (actually from 2.5 MHz to 120MHz, due to 
the dependence on the spectral density at twice the Larmor frequency, cf. equation 
1). Moreover as shown elsewhere [251, the fit of the 2H R1 data can be used to 
predict 13C R 1 rates at natural abundance for DMPC vesicles [261, which include 
frequencies up to 450 MHz. But given that a model approximated by R 1 oc co-1/2 
+ const accurately reproduces the 2H and 13C relaxation data over a broad fre- 

quency range, the hypothesis that collective order fluctuations govern the relaxation 
is by no means proven. In fact, other models based on a distribution of correlation 
times 1-271 also predict an to- 1/2 dependence. Recent 2H N.M.R. studies of oriented 
multilamellar samples of DMPC are noteworthy in this regard 1-281, and are incon- 
sistent with a formulation of order fluctuations solely in terms of motion of a local 
director axis (order-director fluctuations, ODF). What seems clear is that a broad 
distribution of motions exists, which is not described by a single lorentzian disper- 
sion, and which depends approximately on to-1/2 over the accessible range of fre- 
quencies. Evidently a comprehensive treatment of the relaxation should consider a 
hierarchy of motions, including local segmental [5, 9, 10] and molecular [4, 51 
motions, in addition to concerted fluctuations of molecules within the bilayer. 

Leaving aside the specific cause of the relaxation data presented in the figure, the 
observed dispersion suggests two things. First, there are motional components over 
a very wide time-scale in phospholipid vesicles. In the event that such motions have 
physiological implications in cell membranes, the actual dynamical process may be 
of lesser importance. Second, any model for the N.M.R. relaxation of vesicles must 
properly account for the dispersion reported in the figure. 

We thank Peter Stilbs, Stockholm, and Per Linse, Lund, for providing the com- 
puter programs and Hfikan Wennerstrfm, Lund, for helpful discussions. Work 
sponsored by grants GM41413, EY03754, and RR03529 from the U.S. National 
Institutes of Health, and by the Swedish Natural Sciences Research Council. 
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