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PRELIMINARY COMMUNICATION 

Anisotropic nuclear spin relaxation of cholesterol in 
phospholipid bilayers 

By MICHAEL F. BROWN 

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

(Received 2 April 1990; accepted 21 August 1990) 

It is shown that a simple model for anisotropic rotations of membrane 
constituents can predict the angular dependence of the Rlz relaxation rates of 
cholesterol labelled with 2H at different ring positions. The results suggest that 
a general formalism is possible for the contributions from molecular motions to 
the nuclear spin relaxation rates. 

Nuclear magnetic resonance (NMR) relaxation can yield information regarding 
the nature, rates and amplitudes of molecular motions in liquid crystals and mem- 
brane lipid bilayers. Through combination of experiment with appropriate theoretical 
models, one can obtain new knowledge of molecular dynamics. We report that a 
simple model for anisotropic rotations of membrane constituents [1] can predict the 
dependence of Rlz on the bilayer orientation for cholesterol labelled specifically with 
2H at various ring positions [2]. The same formalism can explain the anisotropy of Rlz 
for liquid crystalline phospholipids [3]. Hence a unified description is possible. 

The quadrupolar coupling of an I = 1 spin such as 2H with the electrostatic field 
gradient (EFG) at the nucleus is governed by a Hamiltonian of the form 

H~(t) - Ho(t) -- ( H o ) ,  (1) 

where H~(t) is the time-dependent part of the quadrupolar Hamiltonian HQ(t) with 
respect to an average value given by (HQ) over the space of Euler angles ~ - 
(A, B, F). The quadrupolar Hamiltonian is most readily formulated in terms of the 
irreducible components of the EFG tensor (spatial part) and the spin angular momen- 
tum operators (spin part). The irreducible EFG components are characterized by the 
largest principal value ~ --- V~z = eq and the asymmetry parameter 1/ - (Vyy - Vxx)/ 
V~=. In terms of the Wigner rotation matrix elements [4] that transform the irreducible 
EFG components to the frame of the stationary magnetic field, one finds 

H~(t) = x/2 a- •Z E ( -  I)MT: MID(o2L( ~F; t) - (O(o~(~))bMO 
M 

-- x/lq[D(2_)2M(~F; t) + ~2M,r~(2)t~v.,, t)]}, (2) 

where Z - e2qQ/h and all other symbols have their customary meanings. Cylindrical 
symmetry of both the molecule and the phase is assumed, so that only (D~)(T))  
appears in the average or residual Hamiltonian. The irreducible tensor operators 
corresponding to the components of the spin angular momentum I are given by [5] 

1 2 T20 = x/~[3/; -- I ( I +  1)], (3a) 

T2+_l = ~/�89 + IzI+_), (3b) 
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T2_+2 = 12, (3c) 

where I_+ = I x ___ ily. 
Standard NMR relaxation theory [5, 6] can be employed to analyse the time- 

dependent perturbation (2) arising from molecular motions. An approach [1] similar 
to that used for N M R  and electron paramagnetic resonance (EPR) spectroscopy of 
liquid crystals [7, 8] is adopted. The relaxation rates for thermal equilibration of the 
Zeeman order (R~z), the decay of quadrupolar order (R~Q), and the decay of trans- 
verse coherence (R2) are given by 

Riz  = �88 + 4J2(2~Oo)], ( 4 a )  

RIQ = 9 9 2 Z 2 j  I((D0) , (4b )  

R2 = 3~2X213J0(0) + 3Jl(co0) -F 2J2(2co0)1. (4c) 

(In ordered media the single-quantum transitions are non-degenerate, so that cross- 
relaxation terms are non-secular and are negligible [8, 9]. Their inclusion for degen- 
erate transitions leads to replacement of 3J~ (coo) by 5J1 (COo) in (4 c).) The JM(co) in (4) 
are spectral densities (M = 0, 1, 2) corresponding to different rotation matrix 
elements. They can be separated into parts arising from the two coupling parameters 
6 and r/plus cross-terms as indicated below: 

&(co) = J~(~o) + J~(~o) + J~(co), (5) 

where 

j~)(co) [(iO~0~ ( ~)12 > (2) 2 -(2) = - I(DoM(~))I 60M]JOM(CO), (6a) 

X', \ "-'2M, ~)[2)j2~(CO), (6 b) 

and J~)(co) depends on the two coupling parameters. The cross-terms (x) can be 
evaluated using group theoretical procedures, for example by employing the sym- 
metries of the rotation matrix elements [10]. The dependence on frequency co is 
described by the reduced spectral densities JOM(co)'(2) and j2M (-(2) co). 

In (2) the Wigner rotation matrix elements can be expanded using the closure 
property of the group of rotations R 3 to yield [1] 

D~!M(T; t) = ~ E D~!o(g2)O~)N(g20; t)D~)M(12() �9 (7) 
Q N 

First the EFG tensor is transformed from its principal axis system to the frame of  the 
rotational diffusion tensor (f~); secondly, from the diffusion tensor principal axis 
system to the frame of the director (bilayer normal) (f~0); and finally from the director 
to the coordinate system of  the main magnetic field (f~). Note that the time depend- 
ence is contained entirely in the transformation from the principal axis system of the 
rotational diffusion tensor to the director. Extension to include additional motions, 
such as director fluctuations, is possible [1]. 

A development similar to that of (5) and (6) then yields for the spectral densities 

JM(co) = ~ ~ ]Dr - x/lr/[D~�89 + D~2~(O)]i2[(lD~(O0)l 2) 
Q g 

-I(O~(O.o))126QO,~NollO~(Of)lej~2~(oo). (8) 

The assumption of rotational symmetry about both the z axis of the diffusion tensor 
and the director axis means that cross-terms involving different values of the indices 
Q and N vanish; other cross-terms remain. The squares of the Wigner rotation matrix 
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elements in (8) are evaluated using their Clebsch-Gordan series expansions 

ID~)M(~)t2 = ( _  1)M M, ~ (2j + 1) D~(~) ,  
j M'  - M '  - M  

(9) 

in which ~2 - (a, fi, ~) are generalized Euler angles, and the quantities in parentheses 
are Wigner 3-j symbols [11]. The values o f j  are given by the triangle condition A(22j), 
and are restricted to even values, which is consistent with the reflection symmetry of 
the model [1, 7] used to describe the bilayer environment. In (9) the terms D~(/2) 
represent the Legendre polynomials Pj(x), where x --- cos ft. For a symmetric top with 
two equal moments of inertia the Wigner rotation matrix elements [4] are eigenfunc- 
tions of the Laplacian (diffusion) operator, with eigenvalues given by [L(L + 1) + 
(t/D -- 1)Q2]D• where L = 2 in the present case. The problem of rotational diffusion 
in an ordering potential has been studied in detail in [12-15]. For low to moderate 
ordering ((P2(x)) < 0-9) use of the correlation times for a symmetric top [1] repre- 
sents an approximation [1, 7, 16] to the more exact results [13]. The reduced spectral 
densities are then given by 

2z~ ) 
j~2)~(oJ) ~j(~)(og) = 1 + co2z~ )2' (10) 

where 1/T~ ) = [6 + (qD - 1)Q2]Dj_, in which qD --- Dn/D• and D is the rotational 
diffusion tensor, with principal values D u and D• Equations (8)-(10) in combination 
with (4 a-c) yield mathematically simple expressions in closed form for the case of 
quadrupolar relaxation due to anisotropic rotational diffusion, in which the influence 
of the ordering potential on the correlation times [13] is neglected for simplicity [1]. 

The applicability of the above formalism [1] can be tested by considering relatively 
simple cases in which the principal values and axes of the coupling tensor are well 
defined. One such system is cholesterol in phospholipid bilayers. Cholesterol is an 
important and widespread constituent of eukaryotic cell membranes, and has been 
studied extensively by NMR spectroscopy .[17-21]. It is also implicated in disease 
states including atherosclerosis [22]. Recently, experimental Rrz studies have been 
conducted of cholesterol labelled specifically with 2H at different ring positions in 
phospholipid bilayers, and the results explained by a three-site rotational jump model 
[2]. A significant anisotropy of the R~z relaxation is observed for bilayers of cholesterol 
and 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC) oriented macroscopically 
between glass slides. The orientational anisotropy is found to depend on the angle of 
the C-2H bond relative to the cholesterol frame, and illustrates the richness of the 2H 
relaxation behaviour in ordered media [1-3]. Since the cholesterol ring is rigid, one 
can safely assume that the static EFG tensor is largely unaffected by internal motions. 
The principal value 6 - V= is then parallel to the C-2H bond axis, with an asymmetry 
parameter t/ of nearly zero [23]. The reduction of the number of undetermined 
parameters simplifies the problem in comparison with flexible phospholipid molecules 
in the liquid crystalline state. Thus one can test more directly the formalism for the 
R~z, R~Q and R2 relaxation rates described by (4a-c) and (8)-(10). 

The figure shows the experimental R~z data of Bonmatin et al. [2] obtained at 
v0 = 30-7 MHz (4-70 T) for cholesterol labelled with 2H at different positions of the 
sterol ring. Here R~z is plotted as a function of the angle fl~ between the director axis 
(normal to the lamellar surface) and the magnetic field direction (symbols). For the 
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Fit of model for anisotropic rotations of  membrane constituents [1] to experimental 2H 

spin-lattice (R~z) relaxation rates [2]. Data obtained at coo/2n = 30.7 MHz are indicated 
for cholesterol in liquid crystalline DPPC bilayers (50mo1%) oriented macroscopically 
between glass slides (T = 30~ Rjz is plotted as a function of the angle between the 
lamellar normal and the main magnetic field for cholesterol labelled with 2H at (a) the 
C7 position (fl = 75~ (b) the C2,4 axial position (// = 75~ (c) the C2,4 equatorial 
position (fl = 68 ~ and (d) the C6 ring position (fl = 56~ where fl is the angle between 
the C-2H bond direction and the cholesterol long axis [2]. The data can be fitted by 
assuming that the motions fall within either the short- or long-correlation-time regime 
with respect to the T~z -- 1/Rlz minimum. In (a)-(d) the continuous lines are calculated 
from (4a) and (8)-(10) given [1] that (P2(x)) = (P4(x)), where x = cosfl0, with 
coupling parameters Z = 170 kHz and q = 0 [23]. A representative fit is shown in which 
the axial motions are in the short-correlation-time limit, indicating that the results for all 
2H-labelled sites can be described by the same dynamic parameters of (P2(x)) = 0.9; 
z0 = (6D• -~ = 2 x 10-8s and ~/D = 50. Alternatively, the results can be fitted by 
assuming that the axial motions are in the long-correlation-time regime, with (P2 (x)) = 
0"9;z0 = 1-5 • 10 -Ssandr/D = 2 (not shown). 

C-ZH bonds  at the C 7 ,  C 2 ,  4 axial, and C2,4 equatorial  positions o f  the cholesterol ring 
it is observed that  R~z(0 ~ > Rlz(54-7 ~ > Rlz(90~ Moreover ,  the magni tude  o f  the 
anisot ropy varies depending on the C-2H labelled position; see the data  for C6 carbon  
in par t  (d) o f  the figure. A representative fit to the data  using (4a)  and (8)-(10) is 
indicated by the cont inuous  lines in the figure. It  is assumed that  the dynamics  o f  
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cholesterol can be approximated by a restricted anisotropic diffusion model, in which 
the unique principal axis of the rotational diffusion tensor coincides with the long 
dimension of the cholesterol ring. The angle fl between the C-2H bond orientation and 
the z axis of the diffusion tensor is then determined by geometrical factors [19]. The 
fit accounts for the R~z data and is probably within the experimental systematic and 
random errors; small deviations are evident. It appears comparable to that reported 
by Bonmatin et al. [2] using a three-site jump formalism for the rotational motion of 
cholesterol about its long axis [24]. In addition, other models have been proposed [25]. 

Thus the simple anisotropic diffusion model correctly predicts the trends in the Rlz 
relaxation rates as a function of the bilayer orientation. Moreover, the observation 
that the magnitude of the orientational anisotropy decreases as the angle fl is varied 
from 75 ~ to 56 ~ is reproduced. It is noteworthy that the entire set of R~ z data, 
comprising different 2H-labelled positions of the cholesterol ring, can be fitted with a 
common set of dynamical parameters, corresponding to the short- (long-)correlation- 
time side of the Tlz = 1/R~z minimum. The various other quantities are known 
from geometrical considerations or from independent measurements. The values of 
( P 2 ( x ) )  : 0"9 (0.9), D• = 8.33 x 106s -1 (1"11 x 107 s -l) and DII = 4"17 x 
108 s -1 (2"22 x l07 s -l) used to fit the Rlz data at 30~ fall within the range obtained 
from EPR spectroscopy of cholestane spin labels in membranes [26, 27]. 

The present formalism can also explain the Riz anisotropy observed for phos- 
pholipids in the liquid crystalline state [9, 28]. The two systems differ in that the 
cholesterol molecule is highly rigid, whereas the acyl chains of phospholipids are 
flexible in the L~ phase, with many rotameric degrees of freedom [29]. In the former 
case it is the static EFG tensor that is modulated by whole molecule motions (see 
above). By contrast, for liquid crystalline phospholipids the presence of additional 
motions must be considered. The general problem of side chain dynamics in liquid 
crystalline media is complex [14]. For example, pre-averaging over internal coordi- 
nates can yield residual principal values of the coupling tensor, which can be modulated 
by slower rotations about molecular principal axes involving reduced moments of 
inertia [1, 3]. The principal values and relative orientations of the principal axes of the 
residual EFG tensor are not known a priori, but can be calculated within certain 
simplifying approximations [3, 30]. The lack of a substantial anisotropy of R l z  for 
liquid crystalline phospholipids [9, 28] has been used by JarreU et al. [28] to argue 
against a significant contribution to the relaxation due to order fluctuations [1]. 
However, it is possible that order fluctuations arising from molecular rotations [1] 
modulate the residual coupling tensor remaining from faster segmental motions [3]. 
Assumptions regarding wobbling of the rotation axis are not necessary, nor must one 
assume that rotations about different axes are uncoupled. It should be noted that the 
model used by Bonmatin et al. [2, 24] to interpret the Rlz data for cholesterol cannot 
explain their results for phospholipids in the liquid crystalline state [28]. 

In conclusion, the simple model employed here [1] can describe accurately the 
contributions from molecular motions to the dynamics of membrane bilayers. It is 
likely that additional motions are present [31, 32], for example those arising from 
segmental motions in the case of phospholipids or director fluctuations [1], which 
require further R~z and R1Q measurements. 

Note.  Since this work was completed, several articles of a related nature have 
appeared [33-35]. The current approach differs from that of Bonmatin et al. [35] in 
that we are able to simulate the Rlz results in terms of an anisotropic diffusion model. 
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