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The rotational diffusion and lateral diffusion of 3-([a-carboxy-4-(4-hydroxy-3,5-diindophenoxy)-3,5-di- 
iodophenethyl]-carbamoyl)-2,2,5,5-tetramethyl-3-pyrrulin-l-yloxy-ethyl ester (spin-labeled L-thyroxine) in 
dimyristoylphosphatidylcholine (DMPC) multilamellar vesicles were investigated by using electron spin 
resonance (ESR) techniques. Using the motional narrowing formalisms, the effective rotational correlation 
times of spin-labeled L-thyroxine in DMPC vesicles at 31°C were estimated as 3.1.10 - 9  and 4.8.10 - 9  S for 
the linear term and the quadratic term, respectively. The difference in calculated rotational correlation times 
of the linear and quadratic terms suggests an anisotropic rotational diffusion of spin-lableled L-thyroxine in 
the fluid DMPC vesicles. Moreover, at 31°C the rate of lateral diffusion of spin-labeled L-thyroxine in 
DMPC was approximately 5.2.10-s cm2/s as determined by the ESR line-broadening method. The value is 
similar to that of spin-labeled fatty acids. These results indicate that spin-labeled L-thyroxines diffuse freely 
in the DMPC matrix. 

Introduction 

Thyroid hormone regulates differentiation and 
development in a number of species and is im- 
portant for the regulation of metabolic homeosta- 
sis in the adult [I]. In the past two decades, it was 
believed that the delivery of thyroid hormones into 
cells was by simple passive diffusion [2-4]. Re- 
cently, however, cell surface receptors for thyroid 
hormones have been detected in purified rat liver 
plasma membranes [5,6], rabbit adipocytes [7], and 
human erythrocyte ghosts [8]. Krenning et al. [9] 
and Rao et al. [10,1 I] have provided evidence that 
the uptake of 3,Y,5-triiodothyronine (T~) in iso- 

Abbreviations: ESR. electron spin resonance; DMPC, r--a-di- 
myristoylphosphatidylcholine; doxyl, the N-oxy-4',4'-dimethyl- 
oxazolidine derivatives of keto fatty acids; SL-T 4, 3-{[a-car- 
boxy-4(4-hydroxy-3,5-diiodophenoxy)-3,5-diiodophenethyl]- 
carbamoyl }-2,2,5,5-tetramethyl-3-pyrrolin- 1 -yloxy-ethyl ester. 
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lated rat liver cells may be receptor-mediated. In 
addition, Cheng et al. [12,13] demonstrated that 
the entry of T 3 into cultured mouse fibroblasts 
occurs by receptor-mediated endocytosis. 

At the present time, the characterization of the 
dynamic interactions of thyroid hormones with the 
plasma membranes is still lacking. Recently, elec- 
tron spin resonance (ESR) is used to study the 
interaction of ligands with the receptor in the 
membrane [14]. In this communication, we used 
3- ( [ a-carboxy-4-(4-hydroxy-3,5-diiodophenoxy)_ 
3,5-diiodophenethyl]-carbamoyl}-2,2,5,5_tetra. 
methyl-3-pyrrolin-l-yloxy-ethyl ester (SL-T4, see 
Fig. la), as a probe to study the interaction of 
L-thyroxine with the liposomes derived from L-a- 
dimyristoylphosphatidylcholine (DMPC). 

Materials and Methods 

L-a- Dimyristoylphosphatidylcholine (DMPC) 
was obtained from Sigma. 5-Doxyl stearic acid 
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Fig. 1. Chemical formula of spin probes: (a) spin-labeled z,- 
thyroxine (SL-T4), (b) 5-doxyl stearic acid spin label. 

spin label (Fig. lb) was product of Syva. SL-T 4 
was synthesized as previously described [15]. 

Preparation of  D M P C  rnuhilamellar vesicles 
An aliquot of ethanolic solution of SL-T 4 was 

added to DMPC dissolved in chloroform. The 
solvent was dried under a stream of nitrogen. The 
samples were then placed under vacuum overnight 
to remove residual solvent. Vesicles were prepared 
by the addition of 0.5 ml phosphate-buffered 
saline, pH 7.3 (OXOID Dulbecco 'A'  solution 
without Mg 2÷ and Ca 2+) vortexed for 10s im- 
mediately after equilibrating at 35°C for 1 min. 
The sample was centrifuged at 300 × g for 10 min 
and the vesicles were resuspended in 0.03 ml phos- 
phate-buffered saline buffer (pH 7.3). The con- 
centration of lipids was about 17 mM and SL-T 4 
was incorporated into vesicles with mol% from 0.5 
to 18. Based on the amount of free spins remain- 
ing in the supernatant after centrifugation it was 
estimated that at least 90% of SL-T 4 was incorpo- 
rated into DMPC vesicles. The method for prepar- 
ing 5-doxyl stearic acid spin label-lipid vesicles 
was the same as described above for SL-T 4. 

E S R  mesurements 
The ESR measurements were performed on a 

Century Line Varian Spectrometer equipped with 
a variable temperature controller and a digital 
thermometer (Fluke 2100A model). The incident 
microwave power was 5 mW. The field sweep was 
100G and the modulation amplitude was 1.0G. 
For determining the peak-to-peak linewidth of the 
central-field line A H  (see Tables I and II) a 4 0 G  
field sweep was employed. The effective rotational 

correlation times for isotropic rotation of the spin 
probes were calculated using the linear and 
quadratic terms of the ESR motional narrowing 
formalisms [16-18] from the ESR spectra of SL-T 4 
in DMPC vesicles at 31°C. 

'r 2 = 6 . 5 1 . 1 0 - ' ° b H ( O ) [ ( h o / h  ,)":-(ho/h+,)'/2] 

× s (linear term) 

'r 2 = 6 . 5 1 . 1 0 - ' ° ~ H ( O ) [ ( h o / h  ,),/2~_(ho/h,,),/2.2 ] 

× s (quadratic term) 

where AH(0) is the peak-to-peak linewidth of the 
central field line and h o, h_ t and h+j are the 
peak-to-peak amplitudes of the first derivative res- 
onances of the central, high- and low-field peaks, 
respectively. 

Results and Discussion 

The temperature dependency of the ESR spec- 
trum of SL-T 4 in DMPC muitilamellar vesicles is 
shown in Fig. 2. The main phase transition of 
DMPC is about 23.7°C [19]. Above the phase- 
transition temperature the three-line pattern of the 
ESR spectrum appears to be symmetrical indi- 
cating a rapid motion of SL-T 4 in the fluid DMPC 
matrix. Below the phase-transition temperature, 
however, the line became broader as the temper- 
ature decreased. Fig. 3 shows that the maximum 
splitting values (in gauss) of the ESR spectra of 
SL-T 4 change as a function of temperature (see 
also the dotted lines of Fig. 2). The estimated 
phase-transition temperature of DMPC was about 
22.6°C (Fig. 3) which is about 1 °C lower than that 
obtained by differential scanning calorimetry 
method [19]. The results here suggest that the 
motion of SL-T 4 in DMPC vesicles reflects the 
structural organization of the membrane and that 
the maximum splitting value may be a sensitive 
parameter  for determining the rotational motion 
of SL-T 4 in the membrane. Assuming isotropic 
rotational diffussion the effective rotational corre- 
lation times of the spin probe can be calculated 
using the linear and quadratic terms of the ESR 
motional narrowing formalisms [16-18]. When 
these two values are similar it is suggested that the 
spin probe undergoes isotropic rotational diffu- 
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Fig. 2. Temperature dependency of the ESR spectrum of SL-T 4 
in DMPC vesicles. The label-to-lipid ratio was 0.03. Each 
spectrum was taken at the temperature as indicated. The maxi- 
mum splittings were connected by the dotted lines. 

sion. When these two values are substantially dis- 
similar it is argued that the spin probe undergoes 
anisotropic rotational diffusion [20]. At 31°C the 
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Fig. 3. Maximum splitting vlaues of the ESR spectrum of SL-T 4 
in DMPC vesicles as a function of temperature. A 5 G modula- 
tion amplitude was employed to measure the maximum split- 
ting value. Prior to measurement, the sample was equilibrated 
at each indicated temperature for 10 rain. 

effective rotational correlation times of SL-T 4 were 
3.1. 10-9S (the linear value) and 4.8. 10"9S (the 
quadratic value), respectively. It is therefore plau- 
sible that SL-T 4 undergoes anisotropic rotational 
diffusion in the membrane. The average isotropic 
hyperfine constant A 0 is sensitive to solvent polar- 
ity [21]. At 31°C the A 0 values of the ESR spec- 
trum of SL-T 4 in phosphate-buffered saline, DMPC 
vesicles and benzene were 16.0, 15.5 and 14.2G, 
respectively. The polarity of SL-T 4 in DMPC 
vesicles is closer to phosphate buffered saline than 
to benzene. This suggests that the nitroxyi group 
of SL-T 4 is near the polar head group rather than 
the lipid core. In addition, the phenolic groups of 
SL-T~ should be chemically more hydrophobic than 
the nitroxyl moiety. It appears that the orientation 
of SL-T 4 in DMPC vesicles is that the nitroxyl 
moiety is near the polar head group and phenolic 
groups are near the lipid core. 

Fig. 4 shows the ESR spectra observed at 31°C 
and 14°C with SL-T 4 in DMPC vesicles. The ESR 
line became broader with increasing SL-T 4 to 
DMPC ratios. The line broadening can be due to 
two modes of interaction: the dipolar and the spin 
exchange. The dipolar interaction can be neglected 
for label-to-lipid ratios smaller than 0.2 at temper- 
atures higher than the main transition temperature 
[22]. The spin exchange may therefore be responsi- 
ble for observed line broadening in this study. The 
exchange broadening AH, x is directly related to 
the exchange frequency Wc~ (the probability of 
spin exchange per second) which in turn is directly 
proportional to the rate of lateral diffusion Odiff by 
the following equation [22]: 

, d,Da,// C 
We~ ' - '  FX ( I + C )  

Where F, d c and A are the area per lipid molecule 
(60/~ for T >  T,), the critical interaction distance 
(approx. 20 A,) and the length of one diffusional 
jump in the lipid lattice (8 .~). In the case of 
random distributions of the label, the plot of We~ 
against C/(I  + C) should yield a straight line. If 
the labels are clustered in the membrane, the plot 
of We~ against C/(I  + C) will no longer be linear 
[22]. 

Fig. 5 shows that at 31°C Wc~ is not propor- 
tional to C/(1 + C) for SL-T 4 in DMPC vesicles 
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Fig. 4. Concentration dependency of the ESR spectrum of SL-T 4 in DMPC vesicles. The molar ratios of label to lipid were: (1) 0.001, 
(2) 0.005, (3) 0.01, (4) 0.03, (5) 0.060, (6) 0.09, (7) 0.120, and (8) 0.18. The measured temperatures were (A) 31°C and (B) 14°C. 

Fig. 5. Exchange frequency We, as a function of C / ( I  + C): (1) SL-T+ in DMPC vesicles; (2) 5-doxyl stearic acid spin label in DMPC 
vesicles. The data points for SL-T+ and 5-doxyl stearic acid spin label were obtained from Tables I and I!, respectively. The ESR 

measurement was carried out at 31 -'-0.2°C. 

(curve 1 of Fig. 5 and Table I). The result suggests 
that at label-to-lipid ratio higher than 0.05, SL-T 4 
is clustered in the fluid DMPC matrix. This can- 
not be due to the limitation of SL-T 4 incorporating 
into DMPC vesicles at high concentrations in- 
asmuch as at 14°C the linewidth of the ESR 
spectra broadened continuously at high concentra- 
tions (see Fig. 4b). Also at pH 7.4 the partition 
coefficient of thyroxine between phospholipid and 

water was 1.2. 104 [23]. On the other hand, curve 
2 of Fig. 5 shows that at 31°C I,V~ is proportional 
to C/(I + C) for 5-doxyl stearic acid spin label in 
DMPC vesicles (also see Table II). This result 
suggests that the spin-labeled fatty acids are ran- 
domly distributed within the fluid DMPC lipid 
matrix which is consistent with the results ob- 
tained by Hauser and Guyer using microelectro- 
phoresis technique [24]. With the initial linear 

TABLEI 

CONCENTRATION DEPENDENCY OF EXCHANGE FREQUENCY. W¢,, OF THE SPIN-LABELED THYROXINE (SL-T4) 

IN DMPC VESICLES 

DMPC vesicles were prepared as described in Materials and Methods. The ESR measurement was carried out at 31°C + 0.2°C. ~ I1 
and AH 0 are the total linewidth and natural linewidth of the central-field line, respectively• AH~ = AH - .,kH 0 and Wc~ (MHz)= 1.4 

x AHem. The linewidth due to the dipolar interaction (AHd) is negligible, C < 2 0  [221. 

Label-to-lipid ratio, C / I  + C tall  (G) AH 0 (G) AHc~ (G) W+x (MHz) 

C (mol%) 

0.5 0.005 3.0 3.0 - 
2 0.020 3.4 3.0 0.4 0.56 
3 0.029 3.63 3.0 0.63 0.88 
4 0.038 3.84 3.0 0.84 I. 18 
6 0.057 3.98 3.0 0.98 1.37 
9 0.083 4.03 3.0 1.03 1.44 

10 0.091 4.20 3.0 1.20 1.68 
12 O. 107 4 .20 3.0 1.20 1.68 

14 O. 123 4.30 3.0 1.30 1.82 
18 0.152 4.28 3.0 1.28 1.79 
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TABLE II 

CONCENTRATION DEPENDENCY OF EXCHANGE FREQUENCY, W~, OF THE 5-DOXYL STEARIC ACID IN DMPC 
VESICLES 

DMPC vesicles were prepared as described in Materials and Methods. The ESR measurement was carried out at 31°C-' 0.2°C. A H 
and AH 0 are the total linewidth and natural linewidth of the central field line, respectively. A H , ~ = A H - A H  o and W~x 
(MHz)= 1.4× AH¢~. The linewidth due to the dipolar interaction (AHd) is negligible at C < 2 0  [221. 

Label-to-lipid ratio. C~ I + C A H (G) A H o (G) A He~ (G) We~ (MHz) 
C (mol%) 

1 0.001 2.5 2.5 - 

2 0.020 2.8 2.5 0.3 0.42 
4 0.038 3.2 2.5 0.7 0.98 
6 0.057 3.5 2.5 1.0 1.40 
8 0.074 3.8 2.5 1.3 1.82 

10 0.091 4.1 2.5 1.6 2.24 
12 0.107 4.3 2.5 1.8 2.52 
14 0.129 4.5 2.5 2.0 2.80 
16 0.138 4.8 2.5 2.3 3.22 
18 0.153 5.0 2.5 2.5 3.50 

portion of curve 1 in Fig. 5, the rate of lateral 
diffusion of SL-T 4 was estimated as 5 .2 .10 -8 
c m 2 / s  at 31°C in DMPC membranes whereas the 
rate of lateral diffusion of fatty acid spin labels 
was about 4.2- 10 -8 cm2/s .  The lateral diffusion 
of fatty acid spin labels in Escherichia coli mem- 
branes at 40°C was determined as 3.25.10 -8 
c m 2 / s  [22]. The finding that SL-T 4 has a lateral 
diffusion coefficient 5 .2 .10 -8 c m 2 / s  in liposomes 
which lack thyroid hormone receptors is signifi- 
cant. Earlier, using fluorescence photobleaching 
recovery techniques, Maxfield et al. [13] reported 
that the lateral diffusion coefficient of rhodamine- 
labeled 3,3',5-triiodothyronine bound to protein 
receptors on 3T3 Swiss fibroblasts was 2 .8 .10- l0  
cm2/s .  

When the spin label to lipid ratio exceeds 5 : 100, 
SL-T 4 aggregates in the fluid DMPC membranes 
(see curve 1 of Fig. 5). However, this may not 
occur under physiological conditions, since the 
free circulating hormones are in the picomolar 
range. The ESR approach will be a useful tool for 
characterizing the dynamic interactions of thyroid 
hormones whith the receptor in the plasma mem- 
brane. 
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