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Summary 

The solubility of the spin label TEMPO (I) in membranes  depends 
on the fluidity of the membrane.  An empir ical  relat ionship has been estab-  
l ished between TEMPO solubility and fluidity, measured  by the order  
parameter  S~o. This relationship is employed to determine the fract ion 
of the lipid in membranes  of rabbit muscle sarcoplasmic  re t iculum that 
is in a fluid state. We find that 84% of the lipid in this membrane is 
in a fluid state at 25 °C. 

Many biological membranes  exhibit the fluid hydrophobic proper t ies  

of  pure phospholipid bi layers .  1, 2 The importance of fluid regions in mem-  

branes is demonstra ted by the tempera ture  dependence of t ranspor t  in 

bacter ial  membranes,  which can be cor re la ted  with physical propert ies  of 
3-6 the isolated lipids. It is of great  in teres t  to know what fraction of the 

lipid in a biological membrane is in a fluid state.  The small  spin label 

molecule TEMI:~ (I) parti t ions between aqueous and hydrophobic regions 

in model and biological membranes  much as it does between hexane and 
7 

water.  

~/~ CH3--(CH~)s /C\ 
I O--N O 

(I) (II) 

(CH~) Io -- COOH 
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We describe here  a convenient assay, based on this solubility of TEMPO 

in membranes,  for determining the fract ion of the lipid that is in a fluid 

state in a biological membrane.  
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Figure 1. A resonance spectrum of TEMPO (5x10-SM) in an aqueous suspen- 
sion of cholesterol  and lipids extracted from rabbit sarcoplasmic ret iculum 
(10.5% cholesterol  w/w). The spectrum was recorded at 25°C and the total 
lipid concentration was 28.77 mg/ml .  A__is the height of the resonance line 
(above the baseline) ar is ing f rom TEMPO in a fluid hydrophobic region. B 
is the peak-to-peak height of the derivative line due to T E M I ~  in aqueous 
solution. 

Our assay  for membrane fluidity involves three steps.  The f i rs t  

is to obtain the resonance spectrum of TEM1K) in the membrane of in ter -  

est.  Figure 1 gives an i l lustrat ive spectrum. The high-field line is split, 

the inner signal (with height A) ar is ing f rom TEMPO tumbling rapidly in 

a fluid hydrophobic environment and the outer signal (with height B) ar is ing 

J l 
27  
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Figure 2. A resonance spectrum of the fatty acid spin label (ID in an aque- 
ous suspension of cholesterol  and lipids extracted from sarcoplasmic re t icu-  
lum (10.5% cholesterol  w/w). The spectrum was recorded at 25 ° and the 
total lipid concentration was -20 mg/ml .  For  order  parameter ,  $1o, calcu- 
lations, T'  and T_Z are measured  as indicated in the figure and values of .  
T , ,  T, , ,"and Tzz (5.8, 5 8, 31.9 g) are  those of Hubbell and McConnell. i 
Vertica~ arrows indicate signals due to fatty acid label (I1) free in solution 
in equilibrium with bound fatty acid. 
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from TEMPO in wate r .7  The rela t ive intensity of A and B depends on 

the concentration of membrane lipid present  and on the parti t ion coeffic-  

ient of TEMPO between aqueous solvent and membrane.  As shown below, 

the parti t ion coefficient of TEMPO in bi layer model membranes  depends 

inverse ly  on the order  parameter .  Therefore,  the second step is to de ter -  

mine the order  parameter  of the membrane lipid using a convenient spin 

label fatty acid such as (I1). A typical spectrum of (1I) in membrane lipids 

is shown in Figure 2. T h e  third step employs an empir ical  relat ionship 

between order  parameter  and TEMPO partit ion coefficient to determine 

the fraction of lipid in the biological membrane that is in a fluid state.  

Experimental  
8 

TEMPO was synthesized by the method of Rozantsev. For  meas -  

urements  with T E M I ~ ,  8~1 of the label in water  (5 x 10-SM) was added to 

0.8 ml of lipid (25 mg/ml)  to give a final TEMPO concentration of approx- 

imately 5 x 10 -s M. The fatty acid spin label (If) was prepared  as described 

elsewhere f rom 12-ketostearic acid. 9 12-Ketostearic acid was prepared by 
10 

oxidation of 12-hydroxystearic acid with nickel-aluminum alloy. Mem- 

branes  were labeled with (]I) by exchange from bovine se rum albumin. 

Membranes (9-10 ~moles phospholipid) added to 0.13 ml of a 2.5% solution 

of the bovine serum a l b u m i n - s p i n  label fatty acid complex (2:1) were 

incubated for 30 min .  at 22~C. The membranes  were separa ted f rom 

excess bovine serum albumin complex by three centrifugations f rom buffer 

at 120, 000 x g for 60 min. Membranes from the sarcoplasmic  re t iculum of 

rabbit  muscle were prepared 11 and suspended at concentrations of 5 mg to 

10 mg of l ip id/ml  in 0.1N KC1 and 0.05N histidine (pH 7.0). Concentrations 
12 

of lipid were calculated f rom phosphate analyses  and the repor ted  lipid 
13 

composition of sarcoplasmic ret iculum. All resonance spect ra  were 

recorded  at 25 °C. 

Resul ts  and Discussion 

Quantitative analysis  of a paramagnetic  resonance signal having 

two components requires  knowledge of the heights and widths of the indiv- 

idual l ines.  However, when the lines a re  overlapping, as in Figure 1, it 

is somet imes  convenient to cal ibrate the changes in some spectral  pa ra -  

meter  as a function of the experimental  variables of in teres t .  In our case, 
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these variables are the concentration of fluid lipid and hydrocarbon chain 

flexibility. 1, 14 The order parameter, Slo, as determined with the spin 

label (ID, is  a quantitative measure of chain flexibility, or the amplitude 

of anisotropic motion in lipid bilayers.  1, 14 This order parameter is de- 

fined by the equation, 

S l o  = 
T,; - T 1 

Tzz - . 5 (Txx+Tyy) 

T I t  ! -TjI 

- 26.1 

where the variables are given in Figure 2 and in the caption. 

(i) 

The amount of TEMPO dissolved in fluid membrane lipid is m e a s -  

ured using the'TEMPO parameter," (A/B) x 10 ~, as determined from the 

amplitudes A and B in Figure 1. For calibration of this TEMPO parameter, 
15 we have used egg lecithin as well  as lipids extracted from sarcoplasmic 

reticulum in mixtures of varying proportion with cholesterol .  The effect 

of cholesterol  is  to decrease the amplitude of motion of lipid acyl chains 

and to increase the order parameter.  16, 17 Plots relating the TEMPO 

parameter to concentration of fluid lipid, [FLUID LIPID], are shown in 

Figure 3. For pure lipid bilayers, above the transition temperature of 

10 

9 

8 

7 

6 
(A/B)102 5 

4 

3 

2 

1 

0 

I I ~ i I I 
/p," _ 

/ / / /  

/ /  A/" . 
/ / "  ~ / / "  / . a  -j" 

; 1; 1; 2'0 2'5 30 
[FLUID LIPIDS] (mg/ml) 

$10 
0.347 
0.358 

0.385 
0.408 
0.448 

Figure 3. Plots of TEMPO parameter, CA/B) x 10 ~ vs. the concentration of 
total lipid (mg/ml)  for representative values of 81o. The solid l ines c o r r e s -  
pond to mixtures of cholesterol  and egg lecithin. The dashed lines c o r r e s -  
pond to mixtures of cholesterol  and extracted lipids of rabbit muscle sarco-  
plasmic reticulum. The plots are for cholesterol  concentrations ( w / w ) o f  
20%(0-  @), 16.4%(O O ) ,  2 0 . 9 % ( A - - - a ) ,  10 .5%(a- - -A) ,  and3.0% 
(1::3---Q). 
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the lipid, the concentration of fluid lipid is equal to the concentrat ion of 

total lipid. Each plot in Figure  3 co r responds  to a single sample  with a 

charac te r i s t i c  o rder  pa ramete r .  The y- in te rcep t  of the plots is not zero  

because  the signal of TEMPO in lipid regions over laps  the 13C hyperfine 

satel l i te  of TEMPO in the aqueous phase.  Clearly,  there  is a l inear  

dependence of TEMPO parameter ,  ( A / B ) x  10 2, on concentrat ion of fluid 

lipid. The slope, "specif ic  TEMPO pa rame te r " ,  (p), of each plot is a 

function of the order  pa ramete r  and has the s imple form 

p = (A/B)' x 10 e (2) 

[FLUID LIPID] 

where  (A/B)'  = (A/B)-(A/B)o.  Here  (A/B)o is the ratio of the two peak 

heights in the absence of lipid. 

3 
c~ 0 7 ~ V ~ ~ ~ - ~  • V ~ 

0.6 o J 

o J 

0.28 0.32 0.36 0 .40  0.44 
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Figure  4. A plot of the specific TEMPO parameter ,  p, vs. the o rder  
parameter ,  $1o, for mixtures  of choles terol  with egg lecithin (O) and with 
lipids ext rac ted  f rom sarcoplasmic  re t iculum (A, A, and U3). 

In Figure  4, the specific TEMPO paramete r ,  p, is plotted ve r sus  

the o rde r  parameter ,  S~o. The f igure includes points for mixtures  of 

choles terol  with lecithin and with ex t rac ted  lipids of sa rcop lasmic  r e t i cu -  

lum. The curve  through these points is the s tandard curve f rom which 

the fluid fract ion of u biological membrane  may be calculated.  By divid- 

ing the concentrat ion of fluid lipid, [FLUID LIPID], f rom Eq. 2, by the 

concentration of total lipid, [TOTAL LIPID], one obtains 

% FLUID LIPID = ,(A/B)' x 102 , " I00 

x [TOTAL upm] 
(3) 
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We have applied this technique to membranes  of sarcoplasmic  

re t iculum of rabbit  muscle.  Table I shows the data and calculated % 

FLUID LIPID for preparat ions of this membrane.  We find an average % 

FLUID LIPID equal to 84% of the total membrane lipid. 

The spectra  of (II) show no evidence of heterogeneity with respect  

to order  parameter  in membranes  of sarcoplasmic  re t iculum or in pure 

bi layer  lipid membranes .  Therefore ,  we conclude that the lipids that a r e  

in a fluid state have a homogeneous fluidity (chain flexibility). This  c o n -  

clusion is consistent  with the known rapid la tera l  diffusion of phospholipids 

in lecithin b i layers .  18, 19, 20 Our procedure assumes  that the solubility 

of TEMPO in a lipid phase, at a given temperature ,  depends only on the 

order  parameter  of the lipid phase, and not explicitly on lipid composition 
21 

nor on specific protein-l ipid interact ions that also affect o rder  parameter .  

In our opinion, the la rges t  uncertainty in the method a r i se s  f rom experi-  

ments involving sys tems  containing a high concentration of cholesterol ,  

since the method assumes  that the binding capacity of a homogeneous 

fluid phase of a given order  pa ramete r  is proportional to the total weight 

of lipid, i r respect ive  of the rat io of cholesterol  to phospholipid. Since the 

molecular  weight of lecithin is approximately twice that of cholesterol,  

this approximation involves the assumption that in a homogeneous f lu id  

lipid phase two cholesterol  molecules provide roughly the same binding 

capacity for TEMPO as does one lecithin molecule. A cont ra ry  (and to 

us unreasonable) assumption is that the cholesterol  molecules provide n qo 

binding capacity for TEMPO in a fluid bi layer .  With this second assump-  

tion, our above est imate  of the f ract ion of lipid that is in a fluid state 

in membranes  of sarcoplasmic  re t icu lum is high by approximately 10%. 

The conformity of all the data in Figure  4 to a single curve provides 

direct  support for the assumption that the solubility of TEMPO does 

depend on the order  parameter  for lipid mixtures  either with or without 

cholesterol  and does not  depend strongly on lipid composition. This is 

par t icu la r ly  true for two data points near S~o = • 326 where one lipid 

phase (from sarcoplasmic  ret iculum) contains no cholesterol  and the 

other lipid phase (egg lecithin) contains 12 weight percent  of cholesterol .  

If a membrane were heterogeneous and had two distinct fluid lipid 
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phases,  the p resence  of these phases  should be revea led  by a cor respond-  

ing heterogenei ty in the spec t ra  of the bound fatty acid (1"I). In this case,  

a more  e laborate  analysis  would be required.  If on the other  hand a 

membrane  has two distinct phases,  one fluid and the other "frozen",  the 

p resen t  method provides  a re l iable  assay  for the  fract ion of lipids in a 

fluid state, as descr ibed  in the present  work. P re l iminary  exper iments  

involving egg lecithin and dipalmitoyl lecithin, below the phase- t rans i t ion  

t empera tu re  of the latter,  support  the validity of the present  approach to 

heterogeneous sys t ems  of this type. Indeed, the present  a s s a y  method 

might be used  to obtain information about the phase d iagrams of lipid 

mixtures,  and offers  the possibi l i ty  of detailed study of phase separat ions 

in biological membranes .  
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