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The structures of rat liver and heart plasma membranes were studied with the 
5-nitroxide stearic acid spin probe, I( 12,3). The polarity-corrected order para- 
meters (S) of liver and heart plasma membranes were independent of probe 
concentration only if experimentally determined low I( 12,3)/lipid ratios were 
employed. At higher probe/lipid ratios, the order parameters of bo th  membrane 
systems decreased with increasing probe concentration, and these effects were 
attributed t o  enhanced nitroxide radical interactions. Examination of the 
temperature dependence of approximate and polarity-corrected order para- 
meters indicated that lipid phase separations occur in liver (between 19" and 
28°C) and heart (between 21" and 32°C) plasma membranes. The possibility 
that a wide variety of membrane-associated functions may be influenced by  
these thermotropic phase separations is considered. 

Addition of 3.9 mM CaCl2 to  I( 12,3)-labeled liver plasma membrane de- 
creased the fluidity as indicated by a 5% increase in S at 37" C. Similarly, 
titrating I( 12,3)-labeled heart plasma membranes with either CaClz or Lac13 
decreased the lipid fluidity at 37" C, although the magnitude of the La3+ effect 
was larger and occurred at lower concentrations than that induced by Ca2+; 
addition of 0.2 mM La3+ or 3.2 mM Ca2+ increased S by approximately 7% 
and 5%, respectively. The above cation effects reflected only alterations in the 
membrane fluidity and were not due t o  changes in probe-probe interactions. 
Ca2+ and La3+ at these concentrations decrease the activities of such plasma 
membrane enzymes as Na', K+-ATPase and adenylyl cyclase, and it is suggested 
that the inhibition of these enzymes may be due in part t o  cation-mediated 
decreases in the lipid fluidity. 
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Biological membranes have been proposed to exist as a fluid mosaic [ 11 . According 
to this model, a lipid bilayer forms the matrix with integral proteins embedded in the 
plane of the membrane. An essential feature of this model is that the lipids of functional 
cell membranes at physiological temperatures are in a fluid rather than a solid or gel state. 
Thus, the protein and lipid components would be expected to undergo rotational and 
translational motions and should also, in general, be randomly distributed. Numerous 
physical-biochemical investigations on biomembranes have provided experimental support 
for the fluid mosaic model. For example, differential scanning calorimetry studies indicate 
that the lipid gel to liquid-crystalline phase transitions in such cholesterol-poor membranes 
as sarcoplasrnic reticulum [2] and rat liver microsomes and mitochondria [3] occur at 
temperatures much lower than physiological. Several ESR and fluorescence studies have 
indicated that appropriately labeled lipids are able to undergo rapid translational diffusion 
in the plane of either model or biological membranes [4] . Furthermore, various integral 
proteins diffuse in the membrane at rates that are determined, at least in part, by the 
lipid fluidity. It should be emphasized that Singer and Nicolson did not exclude the possi- 
bility that short-range, nonrandom interactions may occur either between lipids and 
integral proteins or between certain integral proteins (eg, interactions between components 
of the electron-transport chain) [ I ]  . 

However, recent studies suggest that the fluid mosaic model may be over-simplified 
in that lipid domains of differing structure and/or fluidity may coexist in either model or 
biological membranes. The formation of “quasi-crystalline” clusters in dioleoyl lecithin 
(DOL) and sarcoplasmic reticulum at temperatures above their respective “bulk” lipid- 
melting temperatures at -22°C and 10°C was proposed by Lee et a1 [ 5 ]  to explain the 
partitioning of the spin-label 2,2,6,6-tetramethylpiperidine-l -oxyl (Tempo) between the 
lipid and aqueous phases. Lee and co-workers viewed these clusters as being short-lived and 
as having both higher molecular densities and lower fluidities than the freely dispersed 
molecules. It is also possible that the cholesterol present in biological membranes pre- 
ferentially associates with specific lipids, thereby creating domains of differing fluidity [6] . 
Phillips and Finer [7] proposed on the basis of their NMR experiments that mixed lecithin- 
cholesterol bilayers, which have less than equi-molar concentrations of cholesterol, will 
contain both short-lived (ie, lifetimes - 30 msec) clusters of 1ecithin:cholesterol at a 1 : 1 
ratio and clusters of free lecithin molecules. Distinct lipid phases might also be formed in 
biomembranes by the binding of divalent cations such as Ca2+, as has been observed in a 
variety of artificial membranes [8-1 I ]  . Also, evidence has been obtained which suggests 
that immiscible fluid domains may occur in either binary mixtures of dipalmitoylphospha- 
tidylethanolamine and dielaidoylphosphatidylcholine [ 121 or Bacillus stearothermophilus 
membranes [13]. Lee [ 6 ]  and Jain and White [4] have reviewed numerous membrane 
functions that might be regulated by lipid domains or clusters. Nevertheless, the existence 
of physically distinct lipid domains might easily be overloooked in a given experiment, if 
such structures were short-lived or associated on the basis of weak interactions. 

may be complicated by the presence of distinct lipid domains or clusters. The spin-label 
method has been widely employed to study the dynamic properties of model and biological 
membranes. Depending on the design of the ESR experiment, it is possible to extract 
information on various motions of the membrane-incorporated spin probe [14]. The I(m,n) 

The interpretation of any results obtained using membranes labeled with spin probes 
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label has been found to  be particularly useful. 

A polarity-corrected order parameter (S) [ 151 that measures the flexibility of the lipid 
chains may be calculated from the outer and inner hyperfine splittings (ie, 2 T l l  and 2T,) 
of  I(m,n)-labeled membrane spectra. The measurement of the S of a labeled membrane 
system therefore permits a direct determination of the “fluidity” of the bilayer. However, 
recent studies of several binary phase, model lipid systems indicate that I(m.n) probes 
preferentially partition into the more fluid phase [16-I 81. If the I(m,n) label is similarly 
excluded from domains consisting of  lipids in the gel or cluster state, the calculated S 
might indicate an unusually fluid environment that is not representative of the entire 
membrane. 

An additional difficulty in performing membrane ESR studies is that the presence of 
nitroxide radical interactions may interfere with the measurement of the lipid fluidity. The 
selective solubility of I(m,n) in the membrane could result in high effective probe concen- 
trations in the local lipid domains, even if a low probeltotal lipid ratio is used. We have 
previously observed that “intrinsic” properties of 1(12,3)-labeled rat liver and heart plasma 
membranes are assessed only if an experimentally determined low probe/lipid ratio is 
employed [19] .  Here, “intrinsic” properties are defined as those which are measured when 
probe-probe interactions are negligible and do not  refer to  membrane behavior in the 
absence of a perturbing spin label. 

The structures of rat liver and heart plasma membranes were further studied with the 
I(12,3) spin label as reported in the present paper. The temperature dependence of various 
spectral parameters was examined for membranes labeled with a wide range of I(12,3) probe 
concentrations. Thermotropic lipid phase separations that perturb the motion of the probe 
and may mediate a segregation of the probe at lower temperatures were observed in both 
membrane systems. We also report that titrating liver or lieart plasma membranes with 
Ca2+ decreases the respective lipid fluidities a t  37°C; La3+ additions to labeled heart plasma 
membranes similarly lower the lipid fluidity. 

METHODS AND MATERIALS 

Materials 

The N-oxyl-4’, 4’- dimethyloxazolidine derivative of 5-ketostearic acid, I( 12.3). was 
obtained from Syva Co, Palo Alto, Califoinia. Male Spiague-Dawley i ats weie priichxed 
from Holtzman Co, Madison, Wisconsin. Sucrose was from Calbiochem, La Jolla. California, 
and all other chemicals were from Sigma Chemical Co, St. Louis, Missouri. Liquid nitrogen 
storage tubes were obtained from Microbiological Associates, Los Angeles, California, and 
50 p1 micropipettes were from Drummond Scientific Co. 
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Preparation and Characterization of Rat Liver and Heart Plasma Membranes 

fuging crude nuclear fractions from liver homogenates in a reorienting sucrose density 
gradient zonal rotor. The degree of  membrane purification was determined by:  (1) assigning 
the activities of  both the plasma membrane enzymes 5'-nucleotidase and Na+,K+-ATPase 
and also the mitochondria1 enzyme nicmoamine osidase: and (2) phase-contrast microscopy. 
Liver membrane samples were suspended in 89,  sucrose, 5 niM Tris-HC1 (pH 7.6) and 
stored in liquid nitrogen storage tubes a t  --7O"C [21]  . 

tion procedure of Kidwai et al [ 2 2 ]  with several modifications [23] . The plasma mem- 
brane fraction. which collected at the interface o f  the loading medium ( 8 F  sucrose) and 
the linear sucrose gradient (-30--68.45 w/v), exhibited highly enriched specific activities 
of 5'-nucleotiilase (from 5 -  to 10-fold) and niiniinal activity from tlie mitochondria1 marker 
enzyme cytochrome c oxidase. Electronil~icroscopic analysis of the putative plasnia menibranes 
indicated a large number of double niembrane vesicles with diameters ranging from 700 ?, to 
4,000 ,%. These results suggest that the purity of our plasma membrane fraction is similar 
to that obtained by Kidwai et al. [22]  . Details of the preparation of the heart plasma 
membranes will be published elsewhere [93] . The sarcoleninia fraction was suspended i n  
8';;; sucrose, 100 mhl  Tris-HCI (pH 7.5): only freshly prepared cardiac membranes were 
employed in this s tudy .  

Liver plasma membrane was prepared essentially according to Evans [20] by centri- 

Cardiac sarcoleiiinia was purified according to  the sucrose density gradient centrifuga- 

Spin Labeling of Liver Plasma Membranes 

The I (  12,3) probe was dissolved i n  ethanol ( 1OP3M). a n d  various aliquots were dried 
with a stream of dry N1 gas in  liquid nitrogen storage tubes. 190 p1 samples of liver plasma 
membrane (3.3 mg membrane protein), stored ~ in t i l  use at --7O"C, were then added to the 
piwhe and  gently voi-texed for several niin at room temperature. The spin label/membrane 
I-atio employed was 0.7 to  4.1 pg I(  12,3)/mg of  liver plasma membrane protein. Spectra 
wei-e i-ecotded i n  a 150  p1 capacity aqueous cell with a Varian E-3 ESR spectrometer 
equipped with a variable temperature accessory (see below). The temperature was calibrated 
from 15" to 40°C using a tlierniocouple placed in the resonant cavity. The microwave 
power was kept a t  40 niW,  wliicli did n o t  heat the sample or saturate the ESR signal [19]. 

Spin Labeling of Heart Plasma Membranes 

until use at 4"C, were added t o  the I (  19.3) probe following tlie procedure described above. 
The spin label/membrane ratios were varied from 13 lo 935 pg I( 12,3)/Illg sarcolenimal 
protein. Spectra were recotded with a Varian E-104A Century Series ESR spectrometer 
equipped with a variable temperature accessory (see below). Rlicropipettes containing the 
labeled membrane samples were placed i n  a special holder (designed by R. D. Kornberg 
[24] ). which was mounted i n  tlie temperature accessory. A theriiiocouple readout meter 
(Omega Engineering, Stamford. Connecticut) with 0.01-nim diameter wires leading to the 
center of the cavity indicated the sample temperature tliroughout each experiment. The 
microwave power was kept a t  10 niW. which neither heated the sample nor saturated the 
ESR signal [ 191 . 

80 pI samples containing approximately 160 pg cardiac sarcolemmal protein, stored 
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Fig I .  ESR spectrum of‘ r a t  heart p I c i m : i  iiieml)rane 137°C) labeled wit l i  75 p s  I i  1 7 . 3 ) / n i ~  tricnibr;lne 
protein. The “unexp;tnded” spectrum w c i q  rccorded wi th  ;I I 0 0  yattss ficld \ W E C ~ .  5 x 1 O4 receiver 
gain, 4 iii ir i  scan time, and I sec time const:int. T I , ‘  and T, were n w s u r e d  ;IS sIio\vn: ?TI w a s  cuirected 
by  the addition of I .6 y u s s  [ 1 5 1 .  The outer win+ 1 titid 5 were “iitapnit‘ied” b y  recordin: w i t h  ;I 
100 gauss field sweep, 5 X ]Us receiver gain, 16 inin scan time. 2nd  I \el: time coi i~tai i t .  7 T l i  \vah  

ine:isureii from t h e  magnified wings as  indicated in hlatericils and Methods. Peak 4 i \  ret’crred to in the 
tcs t  as  the tiipti-field peak of the inner ltypert‘ine doublet. 

Spectral Measurements 

The hyperfine splittings of labeled liver and heart tnembranes were determined with 
several recording techniques. An “unespanded” spectrum of I( l2.3)-labeled rat cardiac 
sai-coleninia is shown in Figure 1 , which was r e c o d e d  on a Varian E- lO4A ESR spectrum- 
eter with a 100 g;iuss t‘icld sweep. .F X lo4 receiver gain. f o u r  inin scan time. and  I scc 
time constant.  Siniilar unexpanded spectra were previously obtained froni liver plasina 
membranes labeled with a low I( 12.3) probe cuncentration [ 191. Only the relative positions 
of the maxima and minima were used to deteriiiine T I , ’  and T,. Errors associated with 
positioning the peaks in the unexpanded spectrum usually preclude splitting determinations 
more precise t h a n  0.1 to 0.2 gauss. 

Elirenberg and co-workers [25] measured the ou te r  splittings o f  I( 13,3)-labeled 
Bacillus subtilis membranes by separately recording the ou te r  peaks with a high gain a n d  
slow scan t ime. Following this procedure with labeled heart membranes,  we recorded the 
outer  wings (peaks I and 5 in Figure I )  on a Varian E- l04A ESR spectrometer with a 5 X 
lo5 receiver gain. 16 miii scan t ime, and 1 sec t ime constant.  The  position of each peak 
was determined froni t he  intersection of  a horizontal  line with the curved port ion o f  the 
trace: the mid-distance between the intersection points was defined as the  peak position. 
The precision of the T I I  value obtained using the  “unexpanded with magnified wings” 
procedure was somewhat less t h a n  that  which Ehrstriini et al. “51 found with labeled 
bacterial membranes (ie, the standard deviations wt‘re 0.08 and 0.05 gauss. respectively). 
The unexpanded with magnified wings procedure was used to record all heart plasma 
membrane ESR data presented in this paper. 
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It should be noted that the low and high field magnified peaks in Figure 1 were 
shifted downfield by approximately 1 gauss from the corresponding positions of the 
unmagnified peaks. This small displacement in the magnetic field plot was the result of 
changing the sweep time from 4 to 16 min and was not due to the increased gain setting. 
Control spectra of I( 12,3)-labeled heart membranes were recorded as in Figure I ,  except 
that the filter time constant was varied. The discrepancies in peak positions were minimized 
as the time constant was decreased from 4 to 0.128 sec. These results suggest that the use 
of a 1 sec time constant in Figure 1 introduced time-constant averaging into the unexpanded 
spectra. However, the slight distortion present in the unexpanded spectra does not apparent- 
ly affect the accuracy of the hyperfine splittings reported here, since (1) 2T11 and 2Tll’ of 
Figure 1 agreed to within experimental error, due to the shift of both magnified peaks in 
the same direction, and (2) the 2Tl1, 2Tll’, and 2TI values of labeled heart membranes were 
independent of the time constant for the range 0.128 to 2 sec. 

Spectra of labeled liver and heart membranes were also recorded with the “expansion- 
superposition” method [19,26].  Here, a spectrum such as Figure 1 was “expanded” by 
(1) recording pairs of adjoining numbered peaks with a field sweep smaller than 100 gauss 
and (2) superposing the common peaks. All order parameters of 1(12,3)-labeled rat liver 
plasma membrane reported in this paper were calculated from expanded spectra, recorded 
with a Varian E-3 ESR spectrometer as described previously [19]. The expansion technique, 
modified for use on a Varian E-l04A ESR spectrometer, was also used to record the spectra 
of 1(12,3)-labeled rat heart plasma membrane (data not shown) [23]. With either the E-3 
or E-104A ESR spectrometer, the expansion technique permits more precise measurement 
of the hyperfine splittings than may be obtained from conventionally recorded spectra. 

Evaluation of the Flexibility of the Membrane-Incorporated 1(12,3) Probe 

assess the fluidity of fatty acid spin-labeled membranes in those cases in which either the 
inner or outer hyperfine extrema are not well defined. 

In a previous paper [26] we derived the following order parameter expressions to 

and 
I- 1 

Here, T,, and T,, are the hyperfine splitting elements of the static interaction tensor 
(T) parallel to the static Hamiltonian (H) principal nuclear hyperfine axes x and z, respec- 
tively. The x axis is parallel to the N-0 bond direction, and the z axis is parallel to the 
nitrogen 2p7r orbital. The elements of T used in this study were previously determined by 
incorporating nitroxide derivatives into host crystals as substitutional impurities: 
(T,,, Tzz) = (6.1,32.4) gauss [27]. The elements of the effective hyperfine tensor (T’), 
T I  I and TI, were measured from the paramagnetic spectra of 1(12,3)-labeled liver or heart 
membranes as shown in Figure 1, It should be noted that S(T11) has been previously 
derived for nitroxide labels undergoing rapid anisotropic motion in the membrane [28,29].  

288:TS 



Liver and Heart Plasma Membrane ESR Studies JSS: 305 

The expressions for S(T11) and S(Tl) may be used to evaluate the average motion of 
the spin label in the membrane if ( I )  the probe undergoes rapid rotational and segmental 
motion so that the effective Hamiltonian (H’) is axially symmetrical; (2) the polarity of the 
environment of the probe is identical to the corresponding polarity of the host crystal; and 
(3) “magnetically” dilute label concentrations are employed, since higher order terms 
representing probe-probe interactions are not included in H’. For example, we previously 
reported that TI (but not T I , )  broadened with increasing 1(12,3) concentration in liver and 
heart plasma membranes at high probe/lipid ratios [ 191 . If any of the above conditions are 
not satisfied, S(T11) and S(TJ will not, in general, be equal, and the respective order para- 
meters will serve only as approximate indicators of membrane fluidity. 

However, an order parameter that corrects for polarity differences between the 
membrane and reference crystal may be calculated if both hyperfine splittings are available. 
Appropriate corrections to S(TI I) and S(TJ may be applied by noting that the isotropic 
hyperfine coupling constant (aN) is sensitive to the polarity of the environment of the 
nitroxide radical. Here, a” and aN are the isotropic hyperfine coupling constants for the 
probe in the membrane and crystal state, respectively: 

Let us assume that changes in the polarity of the environment affect T,, and T,, in the 
same way. Equations (1) and (2) may then be corrected by dividing the elements of T 
(and T’) by their respective hyperfine coupling constants aN (and a”). Performing this 
operaiion on either S(TI1) or S(TJ yields the polarity-corrected order parameter (S) 
initially derived by Hubbell and McConnell [ 151 : 

The order parameter S is therefore sensitive to the membrane fluidity (or, more accurately, 
the flexibility of the membrane-incorporated probe), if experimentally determined low 
I(m,n) concentrations are employed. S, S(TII) and S(Tl) may assume values between 0 and 
I ;  these extreme order parameters indicate that the probe samples fluid and immobilized 
environments, respectively. 

RESULTS 

ESR Spectra and Order Parameters of I(12,3)-Labeled Rat Heart and Liver Plasma 
Membranes 

The effects of a wide range of I(12,3) probe concentrations on the ESR spectra of 
rat cardiac sarcolemma at 37°C were investigated. Figure 2A shows that the spectrum of 
sarcolemma labeled with an experimentally determined “low” probe concentration may be 
interpreted in terms of a membrane-incorporated 1(12,3) label undergoing rapid, anisotropic 
motion about its long molecular axis. A number of spectral alterations occurred as the 
probe concentration increased. The inner splitting, 2T1, broadened and the high field peak 
height of the inner hyperfine doublet (ie, peak 4 in Fig 1) decrease with increasing 
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Fig 2. Unexpanded spectra of rat heart plasma membranes (37”C), labeled with varying 1(12,3) probe 
concentrations. A - “Low” range spectrum of heart membranes labeled with 14 pg 1(12,3)/mg 
protein; B, C, and D are “high”-range spectra of heart membranes labeled with 25, 46, and 5 3  pg 
1(12,3)/mg protein, respectively. The spectra in A-D were normalized so that the amplitudes of the 
central bands were equal; E, P, and G are “very high”-range spectra of heart membranes labeled with 
88, 147, and 235 pg 1(12,3)/mg protein, respectively. The low, high, and very high probe ranges are 
defined in the Results. Figure 2A indicates A H  (the peak-to-peak distance of the central band). The 
positions of the “fluid” or “liquid-line” spectral components are indicated by arrows in Figure 2 B-G. 
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I(12,3) probe concentration; however, 2Tl could not be measured for concentrations 
exceeding approximately 88 pg 1(12,3)/mg protein due to the unresolved inner doublet 
(see Figure 2E). The peak-to-peak distance of the central band (ie, AH in Figure 2A) 
similarly broadened with the probe concentration for the range 14-88 pg 1(12,3)/mg 
protein. Figure 2F indicates that AH cannot be accurately measured for probe concentra- 
tions greater than approximately 147 pg 1(12,3)/mg protein. In addition, the high-field 
baseline became depressed, whereas the low-field baseline became elevated with increasing 
probe concentration. Despite the presence of spectral changes in Figure 2 B-D, 2Tll was 
essentially constant throughout this probe concentration range; at higher probe/lipid ratios, 
the sloping baseline interfered with the measurement of the outer hyperfine splittings 
(see Figure 2 E-G. Last, a “fluid” or “liquid-line” spectral component appeared in addition 
to the immobilized spectrum in heart plasma membranes at the higher probe/lipid ratios 
Fig 2 B-G). Previous experiments have suggested that the “fluid” component is due to 
the partitioning of the I(m,n) probe into the aqueous environment 1 16, 19, 301. Spectra 
qualitatively similar to those in Figure 2 A- E were obtained in earlier I(12,3) probe 
titrations of liver (31°C) and heart (22°C) plasma membranes 1191 . 

The functional dependence of the order parameters S, ,!,(TI,), and S(TJ on the 
I(12,3) probe concentration was determined for heart (37°C) and liver (31°C) plasma 
membranes (Fig 3). The S(T11) values were relatively independent of the probe concentra- 
tions used in Figure 3 to examine both membrane systems. However, S and S(TJ decreased 
substantially if the I(12,3) concentration exceeded 25 or 1.5 pg/mg protein in heart and 
liver membranes, respectively; the decrease in S(Tl) was greater than the corresponding 
decrease in S. If the pg 1(12,3)/mg protein ratios for heart and liver membranes were greater 
than 52 and 4, respectively, then S and S(T,) could not be calculated due to the unresolved 
inner hyperfine doublet. As noted in a previous I(12,3) study of rat cardiac sarcolemma, 
the ESR signal from heart membranes decreased slightly with time for temperatures above 
30°C 1191. Nevertheless, plots of S, S(TII), and S(TJ vs time indicated that the order 
parameters of cardiac sarcolemma (37°C) did not significantly vary after 2.5 h from initial 
values. 

Several characteristic probe/lipid ratio ranges may accordingly be identified for liver 
(31°C) and heart (37°C) (Table I in 1191 and Figs 2 and 3): (1) the “low” range was 
where AH, the hyperfine splittings 2Tll and 2TI, and the order parameters S, S(Tll), and 
S(TJ were constant (independent of probe concentration). “Intrinsic” membrane proper- 
ties may be determined from these spectra. A negligible fluid component was also associated 
with this range (Fig 3D in [19] and Fig 2A); (2) the “high” range was characterized by a 
broadening of TI and AH with increasing probe concentration and the appearance of a 
small fluid component (Fig 3E in 1 191 and Fig 2 B-D); Ti, was virtually unchanged from 
low-range values. Therefore, S and S(TJ measured only an “apparent” fluidity in this 
range, whereas S(TI ,) more nearly reflects a polarity-uncorrected, “intrinsic” membrane 
fluidity; and (3) the “very high” range was identified by noticeably broadened spectra and 
the presence of a substantial fluid component (Fig 3F in 1 191 and Fig 2 E-G). The 
measurement of AH and the hyperfine splittings was either difficult or impossible in this 
range because of the broadened spectra and sloping baseline. An interesting observation is 
that the onset of broadening in the spectra of heart membranes at 37°C occurred at much 
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Fig 3. The cft'ec,ts o f  incrrasina I (  12,3)  probe concentration on the order parameters of heart (37°C) 
and liver (31°C) membranes. A -  nS, LS(T;l) and nS(Tl), the percent changes in the cardiac sarcolemmal 
order parameter, from baseline value\ mc;isured at  14 pg probe/mg protein, are plotted as  a function o f  
1(12,3) probe concentration. The control values o f  S, S ( T I I ) ,  and S(T1) are 0.580, 0.615. and 0.552. 
Low-ranre order parameters were calculated I'roni heart membranes labeled with less than 20 p g  
I (  I 2 . 3 ) j m g  protein, wherc.a$ high-range order p:iranieters were measured f rom heart membranes labeled 
with 25 -53 yg prolie/nig protein ( w e  Kesult.;). The order parameters were determined using w e \ -  
panded spectra with iiiagiiified wings (bee htaterlals and Methods): B - S ,  AS(T1 1 )  and iS(T1). the per- 
cent cd1ange.i i n  tlic liver p1;isiiiii ~i icnibranc order par;i~iieters trom baseline values measured a t  U.7 pg 
probc/mg protcln. :ire plotted d s  a fuiictiori of the I (  12.3) Lmncentration. l l ie  control values of S. S(TII),  
a1id S(T1) arc 0.6 14, 0.643, and 0.593. Low-range order parainetcrs were calculated from liver inem- 
hranes Iabcled ith I t s \  t h a n  I .4 pg I (  1 2 .  3)/tiig protein. whei-ea.; high-range order paraineters were rnea- 
wred t'or liver ~iienibranes Iabcled with appro\imately 1.1-4.1 yg probc/nig protein (see Results). S. 
S( rl ,), and S(T,) were calL,ulated from e\panded spectra a s  indicated in Materials and Methods. 
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higher probe/lipid ratios than those previously noted for liver (31°C) or heart (22°C) 
membranes (see Discussion). 

It is important to determine why the spectra of labeled rat heart and liver plasma 
membranes are altered with increasing I(12,3) probe concentration. Clearly, extensive probe- 
probe interactions (ie, dipole-dipole and/or spin exchange interactions) occur in heart 
(Fig 2E-G) and liver (Fig 3F in [ 191 ) membranes labeled with “very high” probe concen- 
trations. Similarly broadened ESR spectra have been reported for other biological mem- 
branes when labeled with high I(m,n) probe concentrations [3 1-34] . Enhanced nitroxide 
radical interactions are also probably responsible for the “apparent” increase in the fluidi- 
ties of heart and liver membranes observed with increasing probe concentration in the 
“high” range (Fig 3). For example, the broadening of TI was closely correlated with in- 
creases in AH for both membrane systems (see Fig 6 in [19]); other investigators have 
previously demonstrated that radical interactions can broaden the AH of labeled model 
[35,36] and biological [31, 34, 371 membranes. The increase in TI was also associated 
with such characteristic exchange-broadened effects as the decrease in the high-field peak 
height of the inner hyperfine doublet [ lo,  38,391 and the downward displacement of the 
high-field baseline (Fig 2 D-G’ and Fig 3F in [19]) [ l o ,  16, 39,401. The observation that 
T I I  [and S(TII)] is essentially unaltered throughout the low and high ranges indicates that 
the “apparent” increase in fluidity with probe concentration is not the result of probe- 
mediated perturbations in the membrane structure; any fluidization that permits more 
flexibility in the membrane-incorporated probe requires that 2Tl commensurately decrease 
with increases in 2T1. 

Temperature Effects on the Order Parameters of 1(12,3)-Labeled Rat Heart and Liver 
Plasma Membranes 

The temperature dependence of the various order parameters was determined from 
the spectra of heart plasma membranes containing a ‘‘low’’ I(12,3) probe concentration; 
Figure 4A shows that the S(TII), S, and S(Tl) values of 1(12,3)-labeled heart membranes 
(20 pg probe/mg protein) decrease with increasing temperature. A plausible interpretation 
of Figure 4A is that the I(12,3) probe becomes less flexible as the temperature is lowered. 
These results may also be used to infer that the flexibility (or “fluidity”) of native lipids 
surrounding the probe is similarly sensitive to temperature alterations. Closer inspection of 
Figure 4A indicates the presence of a “break” at approximately 32°C for each order para- 
meter vs l/T(”K) curve. These discontinuities suggest that an abrupt change in the environ- 
ment of the probe occurs at 32”C, possibly due to either a lipid phase separation or transi- 
tion. The slope of each order parameter vs l/T(”K) curve becomes steeper for temperatures 
above the break in the direction expected for decreased viscosity. Similar breaks have pre- 
viously been identified in order parameter plots obtained from I(m,n)-labeled model [41],  
and biological [21, 31,421 membranes and have also been attributed to either a phase 
separation or transition. 

4A might be complicated if probe-probe interactions were to occur in the membrane. 
Since the probe concentration employed in Figure 4A was not established as being 
“magnetically dilute” for each temperature in the range 8” to 35”C, the order parameters 
S and S(TI) must be viewed as empirical parameters that are functions of not only the 
motion of the probe but also perhaps nitroxide radical interactions; S(T1) is also a function 

Nevertheless, the analysis of Arrhenius-type plots of order parameters such as Figure 
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Fig 4. Temperature dependence of S ( m  - - -m),  S(Tl1) (A--~ A), and %TI) I.-.), wliere S (Pq 5), 
S(T1,) (Eq I ) ,  and S(TI) (Eq 2) were calculated from the spectra ofl(l2,3)-labeled heart plasma mem- 
branes. The hyperfine splittings, 2T11 and 2TI, were measured from unexpanded spectra with magnified 
wings (see Materials and Methods). A 
branes labeled with a low 1(12,3) probe concentration (ie, 20 pg probelmg protein). B ~ Order 
parameters were determined from heart plasma membranes labeled with a high I( 12,3) probe concen- 
tration (ie, 45 pg probe/mg protcin). The temperature range was approximately 8' to 37°C. Order 
pnr;imetera were calculated using (T,,, Tzz) = (6.1, 32.4) gauss 1271. The arrows indicate the apparcnt 
break temperature at 32°C (see Results and Discussion). 

Order p m m e t e r s  were determined from heart plasma mem- 
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of the membrane polarity. However, S(TI I) is probably sensitive only to altera tions in  either 
the motion of the probe or the polarity of the environnient of the probe. The breaks 
observed a t  32°C in Figure 4 A  niay not solely reflect changes in tlie lipid fluidity. but 
could also be the result of abrupt alterations in membrane polarity and/or probe--probe 
interactions induced by the lipid phase separation. 

Figure 4 A  also indicates that tlie slopes of  the order parameter vs l /T("K)  curves, 
obtained from heart membranes labeled with 2 0  pg I( 1 2,3)/liig protein, become steeper 
in tlie following order: S(T,) < S < S(TII). Furthermore, the approximate and polarity- 
corrected order parameter curves appear to merge at approximately the break teniperature. 
32°C. The differences in the slopes of these curves might be accounted for if tlie polarity 
of the environment of the probe were t o  increase with decreases in temperature. An 
alternate interpretation for tlie divergence of these order parameter vs l /T("K)  curves is 
that probe-probe interactions increase as the telriperature is luiveretl below 32°C. 
Consideration of only the data in Figure 4 A  is. unfortunately. insufficient to permit its to 
clioose between these explanations. 

The effects of temperature on the various order parameters were also examinetl 
with rat heart plasma membranes labeled with a "high" I( ( 2 . 3 )  probe concentration 
(Fig 4B).  The S(TII )  vs 1 /T("K) curves obtained from heart membranes labeled with eitlier 
a "low" (Fig 4 A )  oi  "high" (Fig 4B)  probe concentration were generally i n  good agreement. 
However, the high range S and S(T,) values of Figure 4 B  were considerably lower than the 
corresponding order parameters measured using a low probe/mg protein ratio for each 
temperature in  tlie range 20" to 32°C. Altlioitgli S and S (TI I )  decreased with increasing 
temperature in Figure 4B. S(TI) was observed to increase with increasing temperature. 
The anomalous behavior of the high range S(T,) vs l /T("K)  curve may be due to enhanced 
nitroxide radical interactions that occur in heart tiienibranes at lower temperatures. I t  
should also be pointed out that the "discontinuity" at 37°C was less pronounced for each 
curve in Figure 4B.  

as the percent difference between values obtained a t  high and low probe concentrations 
for each temperature. Figure 5 indicates that AS(TL) and AS become moi-e negative for 
temperatures below 32°C. whereas AS(TIl)  did not vary significantly from zero for the 
range 8" to 32°C.  The invariance of tlie outer splitting suggests that. f o r  both low and high 
probe concentrations, the immobilized spectra reflect only those I( 12,3) probe molecules 
that sample lipid domains sharing the sanie fluidity and polarity. Since it is reasonable to  
assume that the tlexibility and polarity contributions to  the low and high range S(TI) 
values will be equal a t  a given temperature. AS(T,) (or. alternatively, AT,) niay be an 
empirical parameter that reflects only nitroxide radical interactions. I t  should be recalled 
that S(T,) decreased as the I( 12.3) probe concentration increased in heart plasma Iiieni- 
branes at 22" [ 191 and 37°C. The observation that AS(T,) in Figure 5 becomes inore 
negative for temperatures below 32°C therefore suggests that lowering the temperature 
also promotes probe-probe interactions in heart niembranes. A similar difference plot of 
AH vs l/T("K), calculated from low and high range spectra, increased between 35" to  22"C,  
but plateaued between 8" and 21°C (data not shown). One interpretation of the above data 
is that a lipid phase separation in rat heart plasma membranes (between 21" and 33°C) 
induces a segregation of the 1(12,3) probe. thereby increasing both the "effective" 
I( 12,3)/lipid ratio and nitroxide radical interactions (see Discussion). 

Difference cardiac sarcoleninial order parameter vs l /T("K) plots wei-e also calculated 
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Fig 5. Temperature dependence of A S  (m-m), AS(T11) (A-A), and AS(T1) (0-o) ,  where A(order 
parameter) was calculated from rat heart plasma membrane at  a given temperature as the percent 
difference between values measured at high (ie, the 45 pg I(12, 3)/mg protein ratio used in Figure 4B) 
and low (ie, the 20 pg 1(12,3)/mg protein ratio used in Figure 4A) I(12,3) probe concentrations. 
S and S(T1) values could not be measured for temperatures Less than 20°C due to the poorly resolved 
inner hyperfine doublet in the high-range spectra. This plot was obtained by progressing from low to 
high temperatures; similar results were observed if spectra were measured by progressing from high to 
low temperatures. 

The order parameters of 1(12,3)-labeled rat liver plasma membranes were previously 
studied as a function of temperature. Plots of (1-S)/S, 
[l - S(TJ] /,$(TI) (data not shown in [19]) vs l/T(OK) were obtained from liver membranes 
labeled with a probe concentration which was magnetically dilute at 31°C (0.7 pg 1(12,3)/ 
mg protein). These plots indicated the presence of characteristic breaks at 19" and 28°C. 
The discontinuities were also detected if higher probe concentrations (1.3 and 2.6 pg probe/ 
mg protein) were employed. These spin-label studies suggested that a lipid phase separation 
occurs in liver plasma membranes between 19" and 28°C. 

It is worthwhile to compare in more detail the order parameter vs l/T("K) curves 
obtained from liver plasma membranes labeled with different I( 12,3) probe/lipid ratios. 
The S(T1,) vs l/T("K) curves of liver membranes labeled with either 0.7 or 2.6 pg probe/mg 
protein agreed, in general, throughout the temperature range 35" to 22°C. However, the 
S and S(TI) values of liver membranes labeled with 2.6 pg probe/mg protein were lower 
than the corresponding order parameters of liver membranes containing 0.7 pg probe/mg 
protein for temperatures less than 27°C. Figure 6 shows that AS(T1) and AS become more 
negative for temperatures below approximately 27"C, whereas AS(T11) did not significantly 
vary from zero. The use of temperatures below 27°C apparently increases probe-probe inter- 

[l - S(T,l)]/ S(T11) [19], and 
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Fig 6. Temperature dependence of AS(.--.), G(T11) ( A d ) ,  and nS(T1) (ap.), where a(order para- 
meter) was calculated from rat liver plasma membrane at a given temperature as the percent differ- 
ence between values measured at 0.7 and 2.6 pg 1(12,3)/mg protein ratios. Hyperfine splittings were 
determined from expanded spectra on a Varian E-3 ESR spectrometer as described elsewhere [ 191. 
The temperature range was 21" to 35'C. 

actions in liver plasma membrane, inasmuch as I(12,3) probe additions at 31°C to liver 
membranes decreased S(T1) and S, whereas S(T1,) was unaffected (Fig 3B). These pre- 
liminary data suggest that a lipid phase separation occurs in rat liver plasma membrane 
between 19" and 28"C, which induces a segregation of the I(12,3) probe for temperatures 
below 27"-28"C. 

Ca2+ Effects on the Fluidities of Rat Heart and Liver Plasma Membranes 

probe/mg protein) were studied at 37°C. Titrations of the sarcolemma were performed 
with successive additions of CaC12. As may be seen in Table I, mM CaClz decreased the 
sarcolemmal fluidity, as indicated by positive increases in AS, AS(T1,) and AS(Tl). The 
calcium effect on the fluidity was apparently a concentration-dependent saturable process 
reaching a plateau at about 2.2 mM. The use of "saturating" concentrations of CaC12 in- 
creased S by approximately 4.7%; a decrease in the membrane temperature from 37" to 
32°C would be necessary to increase S by a similar amount. Furthermore, the decrease in 
heart membrane fluidity mediated by 3.2 mM CaCl, could be reversed by 27 mM EGTA. 
Control experiments indicated that addition of 27 mM EGTA, or 27 mM EGTA premixed 
with 3.2 mM CaCl, , did not affect the fluidity of untreated heart plasma membranes. The 
spectral alterations induced by CaZ+ were not simply due to an ionic strength effect, in- 
asmuch as 9.5 mM NaCl (or 9.5 mM KCl) did not change the S of heart membranes [23]. 

The effects of Ca2+ on the spectra of 1(12,3)-labeled cardiac sarcolemma (14 pg 
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TABLE 1. Effects of CaClz o n  the Order Parameters* of 1(12,3)-Labeled Rat Heart and Liver Plasma 
Membranest at 37°C 

CaClz (inM) S(T11) AS(T11) %Ti) AS(T1) S A S  

Hedrt plasma membrane 
~ ~ 0.0 0.6 15 ~ 0.548 0.578 

0.6 0.624 I .5 0.565 3.1 0.591 2.2 
1 .2 0.631 2.6 0.560 2.2 0.591 2.2 

2.2 0.638 3.7 0.577 4.3 0.601 3.9 
3.2 0.642 4.3 0.578 5.3 0.606 4.7 

Liver plasma membrane 
0.0 0.585 0.564 ~ 0.573 ~ 

1 .0 0.602 2.9 0.572 I .4 0.586 2.2 
7.0 0.614 4.8 0.577 2.3 0.593 3.4 
2.8 0.6 15 5.0 0.587 4.0 0.599 4.4 
3.9 0.623 6.3 0.584 3.5 0.601 4.8 

I .7 0.630 2.4 0.568 3.6 0.596 3.1 

*Order parameters were calculated as intlit,.ated i n  the t e x t .  The hyperfine splittings. I T l i  and 7TI, 
of‘ liver plasma inembranes were measured from e\panded spectra (see [ 19, 26 I ), whereas the cor- 
responding splittings of heart  pl;iunia membranes were determined from “une\panded spectra with 
iiiagnified w i n g ”  (see hlaterktls and Methods); the (1.8 psucs  atlilitioii to the apparent T, va lue  is 
included [ 151 . il (order pilratneter) \\:is c.alculatetl a’; the percent difference between values 
mexwred with a n d  without calciuin. 
TLiver atid lieart ineinbranes were labeled with 0.7 cind 14 pg I (  1 ?,3) per nip protein. 

Calcium-induced alterations in the fluidity of I( 12,3)-labeled rat liver plasma mem- 
branes (0.7 pg probe/nig protein) were also determined from expanded spectra at 37°C. 
Addition of niM CaClz decreased the liver membrane fluidity, as indicated by positive in- 
creases in AS, AS(TII)  and AS(TI) (Table I ) .  This confirms the results of a previous study 
which exanlined the effects of CaCIz on the unexpanded spectra of  I( 12,3)-labeled liver 
plasma membranes “11 . The effects ofCaC12 on the fluidity of liver membranes may also 
be viewed as a concentration-dependent saturable process in which the plateau is reached 
at approximately 2.8 mM. The maximum positive increase in the S of I(12,3)-labeled liver 
membranes induced by saturating concentrations of CaCI2 was 4.8%: a similar increase in 
S may be obtained by lowering the membrane temperature from 37” to 31°C [19] .  

The interpretation that CaZ+ decreases the fluidities of  I( 12,3)-labeled liver and heart 
plasma membranes must, however, be viewed with caution since Ca2+ has also been shown 
to segregate spin probes in several model membranes [ 10, 16, 391 . Any Ca’+-induced 
changes in the fluidity could conceivably be obscured if enhanced probe-probe interac- 
tions were simultaneously to  perturb the calculated order parameter [ 191 . Nevertheless, 
probe segregation was judged here to be unimportant. since the ESR spectra of Ca’+-treated 
liver and heart membranes did not exhibit significant exchange broadening. Moreover, the 
functional relationship between Cazf-mediated alterations in the hyperfine splittings and 
the probe/lipid ratio was examined in I(12,3)-labeled heart plasma membranes following 
a previously described protocol [19]. The alterations in S, S(TII), and S(TI) induced by 
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TABLE 11. Effects of Lac13 on the Order Parameters* of 1(12,3)-Labeled Rat Heart Plasma 
Membranes? at 37°C 

0 0.597 - 

24 0.605 1.3 
48 0.611 2.8 

101 0.628 5.1 
I49 0.632 5.7 
192 0.655 9.3 

A S ~ T ~ )  S AS 

- 0.560 ~ 

_.____- 

0.5 29 
0.538 1.7 0.568 1.4 
0.547 3.3 0.576 2.8 
0.564 6.4 0.592 5.6 
0.558 5.3 0.590 5.2 
0.555 4.8 0.598 6.6 

~~ ~ 

*Order parameter\ were celculated a h  indicated in the text. The liyperfine xplittings. 2T11 and ?TI. 
were ineasurcd from "iiiieipanded spectra with tnaenificd wings" (see Materials iind Methods); the 
0.8 p u s s  addition to the iippireiit TL value i y  included [ I S ] .  O(order paraineter) \vas calciilated ;IS the 

P Heart meinbrnnes were labeled with 14 !.IS I (  I2,3) per in? protein. 
ercent difference between values rneastired with and without lanthanum. 

saturating concentrations of Ca2+ were independent of whether the heart membranes 
contained low or high probe concentrations [23 ]  ; this suggests t h a t  cation-mediated changes 
in radical interactions do not occur. The most reasonable explanation of the above Ca2+ 
effects on liver and heart plasma membrane ESR spectra is that Ca2+ ions decrease the 
flexibility of the nieinbrane-incorporated spin probe by binding to  specific sites. 

LaCI3 Effects on the Fluidity of Rat Heart Plasma Membranes 

ma at 37°C. Table 11 shows that successive pM LaCI3 additions decreased the lipid fluidity, 
as indicated by increases in S. S(TII),  a n d  S(T,). The lanthanuni effects on heart plasma 
membrane fluidity may be described as a concentration-dependent saturable process similar 
to tha t  observed with CaZ+, altliough here the plateau was reached at approxiniately 
150 pM LaCI3. It should he noted that the rnagnitude o f  the La3+ effect on the membrane 
fluidity was greater and occurred at lower concentration than that induced by Ca2+;  for 
example, addition of 192 p M  LaC13 o r  CaCI2 increased S by 6.6 or 1.0%. Furthermore, 
the increase in S mediated by 192 pM La3+ was only partially reversed by 27 mM EGTA. 
The AS, AS(T,,) and AS(TI) values, obtained upon addition of a saturating La3+ concen- 
tration, did not depend on the probe concentration for probe/lipid ratios selected from the 
low and high ranges [ 3 3 ] .  La3+ probably alters the ESR spectra of I(l2,3)-labeled cardiac 
sarcolenima by binding to  specific membrane sites, thereby decreasing the fluidity (.)f the 
lipid bilayer. 

h C 1 3  was also tested for its effects on the spectra of I( 12.3)-labeled cardiac sarcolema- 

DISCUSSION 

The Effects of 1(12,3) Probe Concentration on Membrane ESR Spectra and Calculated 
Order Parameters 

I t  seenis likely that the order parameter effects and spectral alterations observed 
upon increasing the I(12,3) probe concentration in live1 and heart plasma membranes are 
due to enhanced probe-probe interactions. Certainly, the "very high" range spectra for 
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heart (37°C) (Fig 2G) and liver (31°C) (not shown) membranes predominately feature 
single broad lines that are characteristic of extensive nitroxide radical interactions. The two 
types of probe-probe interactions which may affect the ESR spectra of  labeled membranes 
are dipole-dipole and spin-exchange [36] . Exchange interactions are due to  the exchange, 
or “flip-flop,” of the spin states of two neighboring radicals having oppositely oriented 
spins. This electronic interaction requires that the participating nitroxide groups be 
essentially in van der Waal’s contact and decreases rapidly as the distance between the 
radicals increases. Therefore, the exchange process for dilute solutions of radicals not only 
depends on the label concentration but also is diffusion-controlled. On the other hand, 
dipole-dipole interactions are relatively long-range effects that tend t o  be averaged out in 
the presence of rapid diffusion and/or tumbling; these effects occur when the magnetic 
moments of nitroxide radicals produce local magnetic fields that may superimpose with 
the externally applied magnetic field a t  sites of other radicals. Both dipole-dipole and 
spin-exchange interactions may be involved in the spectral broadening observed in Figure 
2, although the relative contributions cannot be assessed from an examination of only the 
very high range spectra. 

(31°C) and heart (37°C) plasma membranes labeled with low, high, and very high I(12,3) 
probe concentrations: 

The uniform distribution model. Here, the I(12,3) probe is viewed as being homo- 
geneously dispersed throughout the accessible lipid domains for the entire probe concen- 
tration range. Experimental evidence provided earlier suggests that those liver (3 1 “C) and 
heart (37°C) plasma membrane lipid domains sampled by  the I( 12,3) probe are in a liquid 
or disordered state. Thus, the I(12,3) probe intercalates into liquid lipids a t  low probe con- 
centrations, presumably without perturbing the lipid phase. In the high probe concentra- 
tion range, all of the membrane-incorporated I(12,3) probe molecules participate in 
nitroxide radical interactions which not only broaden AH and 2TI but also decrease S and 
S(T,). The spectral broadening noted in the high range is probably due t o  weak exchange 
interactions, since the I( 12.3) probe undergoes rapid anisotropic motion which tends to  
diminish dipole-dipole interactions. The uniform distribution model also predicts that the 
exchange process will be diffusion-controlled for dilute solutions of the spin label. It 
should, in principle, be possible t o  evaluate the lateral diffusion constant for the membrane- 
incorporated probe if this model is valid; however, a major uncertainty in the estimation 
of such diffusion constants concerns the size of the lipid pool in which the I( 12,3) probe is 
soluble. The observation that 2TIl  and S(TII) remain virtually unchanged in the high range 
suggests that the use of these probe concentrations alters neither the polarity nor the  
fluidity of the environment of the probe. It should also be noted that the exchange process 
will not be necessarily diffusionally-limited at  the highest probe/lipid ratio in Figure 2 ,  
since here the average distance between pairs of labels may be closer than the “critical 
radius” for spin exchange [43]. 

binding sites in the lipid matrix that can be occupied by the 1(12,3) probe. The low probe 
concentration spectra accordingly reflect the environment of the I(12,3) probe in these 
sites. As the I(12,3) probe concentration increases and these sites become filled, a phase of 
pure (or, at least, very concentrated) I(12,3) molecules may then coexist with the endo- 
genous lipids as segregated “patches.” The high range spectra would therefore consist of 
two spectral components: (1) An anisotropic, immobilized spectrum which reflects 
magnetically dilute probe molecules occupying membrane sites; and (2) a single broad line 

Two distinct physical models are proposed to  account for spectra obtained from liver 

The patch model. In this model, the membrane contains only a limited number of 
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(eg, similar to Figure 2G) which represents I(12,3) probe existing in concentrated patches. 
Only those I(12,3) molecules in the patches would contribute to the nitroxide-radical 
interaction broadening observed in the high range. The absence of a marked probe concen- 
tration effect on 2TlI in the high range suggests that these segregated patches do not 
perturb the environment of the I(12,3) probe bound to membrane sites. An important 
consequence of the patch model is that it should not be possible, even in principle, to use 
high range spectra to calculate diffusion constants for the membrane-incorporated probe. 

Next one should consider how well the above models account for the low, high, and 
very high probe range spectra of heart and liver membranes. The patch model readily 
explains such high probe range spectral alterations as the broadening in 2TI and AH, the 
decrease in the high-field peak height of the inner hyperfine doublet, and the depression 
in the high-field baseline. Each of the above spectral changes would be predicted if a single 
broad line arising from concentrated patches of I(12,3) probe were to be centered over the 
anisotropic spectrum of probe molecules residing in membrane sites; progressive increases 
in the I(12,3) probe concentration would be expected to increase both the proportion of 
probe molecules in the segregated domains and the magnitude of the broad line that con- 
tributes to the membrane ESR spectra. The patch model is also consistent with the obser- 
vation that 2Tll is constant in the high probe range, since here the single broad line should 
have relatively little influence on the outermost peaks. Moreover, increasing the proportion 
of probe in the segregated patches would not necessarily affect the behavior of I(12,3) 
probe occupying membrane sites since the patch model requires the coexistence of distinct 
probe-containing phases. It should be noted that a phase of pure phospholipid spin label 
was previously found to separate out at temperatures below 20°C in sarcoplasmic reticu- 
lum [37]. Furthermore, clusters of androstane spin probe were detected in a spin-label 
study of dipalmitoyl lecithin (DPL) at temperatures below the phase transition [44]. 

The uniform distribution model does not explain the spectra of I( 12,3)-labeled liver 
and heart plasma membranes as readily as does the patch model. For example, a rather 
complicated mechanism involving "weak exchange" interactions would have to be invoked 
for the former model to account for high-range spectral changes. Additional studies must, 
however, be performed in order to determine which model more accurately reflects the 
distribution of I(12,3) in the membrane. It is also possible that the use of very high probe 
concentrations may greatly perturb the structures of liver or heart membranes, and in such 
cases neither the patch nor the uniform distribution model would be expected to describe 
faithfully the structure of the labeled membrane. 

Determination of Lipid Phase Separations From Liver and Heart Plasma Membrane ESR 
Spectra 

Plots of S(TII), S and S(TI) vs l/T("K), obtained from 1(12,3)-labeled heart and liver 
plasma membranes, were examined for the presence of phase separations (or transitions) 
that might alter the flexibility of the membrane-incorporated probe. Characteristic breaks 
or discontinuities occurred in heart plasma membranes at 32°C and also in liver plasma 
membranes at 28" and 19°C. Such breaks might signal the onset of phase changes in the 
respective plasma membrane lipids sampled by the probe. 

is not particularly straightforward. One serious problem is that probe-probe interactions 
might interfere with the detection of characteristic breaks in such plots. For example, the 
32°C break in order parameter vs l/T("K) plots of heart membranes is probably less pro- 
nounced in Figure 4B than in Figure 4A because of enhanced radical interactions. Further- 

However, the assignment of phase separations from order parameter vs l/T("K) curves 
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more, probe-probe interaction effects may obscure the existence of a low-temperature 
break in Figure 4A or €3, inasmuch as the use of low temperatures in 1(12,3)-labeled heart 
membranes promotes radical interactions. The absence of  a low characteristic temperature 
in Figure 4 is particularly anomalous, in view of the A(AH) vs l/T("K) plot which suggested 
a low-temperature end to  the phase separation at  approximately 20°C. Perhaps similar 
probe-probe interactions occurred at  lower temperatures in a previous study of I(12.3)- 
labeled rat liver plasma membranes (probe:phospholipid equal to 1 : 100) thereby permitting 
Houslay et a l  [45] to  detect only the 28.5"C break and not the additional discontinuity 
we observed at 19°C [19]. A second difficulty in interpreting Arrhenius-type plots of 
order parameters concerns the distribution of the probe in the membrane. I(m,n) labels 
have been found to  partition preferentially into the more fluid phase [ 16- 18 ,461  . If 
the I( l2 ,3)  probe should be restricted t o  the more liquid lipid domains (L) .  phase changes 
occurring in the solid lipid domains (S) will not necessarily be detected in order parameter 

Empirical parameters that primarily reflect probe-probe interactions were also 
employed in order to  observe lipid phase separations in 1(12,3)-labeled liver and heart 
plasma membranes. The temperature dependence of  radical interactions in these membranes 
was studied with A(order parameter) (Figs 5 and 6) and A(AH) vs l/T("K) plots. Lowering 
the temperature appears to promote probe-probe interactions in heart (from 32" to  2 1°C) 
or liver (froiii 27" to  20°C) plasma membranes, since AS(TI) vs l/T("K) plots of these 
membranes becanie more negative within the above temperature range. LJnfortunately. 
these A(order parameter) plots could not be used t o  assess probe-probe interactions 
below ?-O"C, inasmuch as 2TI was unmeasurable due t o  the poorly defined inner hyperfine 
doublet. Last, a A(AH) vs I/T("K) plot obtained from 1(12,3)-labeled heart plasma mem- 
branes indicated that radical interactions increased between 35" and 22°C. but plateaued 
between 8" and 21°C. 

lipid matrix of liver (at 28°C) or heart (32°C) membranes which tend to segregate the 
1(12,3) probe. As the fraction of S increases with decreases in temperature. the proportion 
of clustered probe rises, leading to enhanced radical interactions. These lipid phase separa- 
tions are easily reconciled with either of the proposed membrane-incorporated probe dis- 
tribution niodels. The uniform distribution model might be used to predict that the 
I(12,3) probe was homogenously dispersed in L and did not partition into S; lowering the 
temperature. wliich decreases the proportion of L to S, would be expected to increase both 
the I( 12,3) probe concentration i n  L and radical interactions. The patch model similarly 
predicts that the probe would be excluded from S ;  here, however, the formation of S will 
reduce the number of probe-membrane binding sites present in L ,  thereby increasing the 
proportion of pure phase probe. In the case of heart plasma membranes, the menibrane- 
incorporated I( 12,3) probe undergoing anisotropic motion probably remains soluble in a 
constant minimum fraction of lipid for temperatures less than 21"C, inasmuch as radical 
interactions d o  not change from 21" to 8°C. 

The hypothesis that lowering the temperature forms concentrated domains of 
I(12.3) probe in liver and heart membranes is consistent with tlie results of previous spin- 
label studies. The onset of radical interactions in heart membranes occurred at  lower probe 
concentrations at  22°C than at 37°C (ie, 1.5 vs 25 pg probe/mg protein) [19] ;these 
results would be expected if the size of the membrane lipid domains sampled by  the probe 
was much smaller at the lower temperature. Moreover. tlie use of temperatures below 20°C 
has been shown to promote radical interactions and probe clustering in DPL labeled with 

vs I/T("K) plots. 

One interpretation of the above temperature data is that S forms within the fluid 
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an oxazolidine derivative of androstane [36],  and also in sarcoplasmic reticulum probed 
with a phospholipid spin label [37].  

The Nature of Thermotropic Lipid Phase Separations That Occur in Rat Liver and Heart 
Plasma Membranes 

It is worthwhile to consider in more detail the lipid phase separation of liver plasma 
membranes. The breaks at 19" and 28°C observed in order parameter vs l/T("K) plots of 
1(12,3)-labeled liver membranes [ 191, as well as enhanced radical interactions that occur 
at temperatures less than 28"C, might suggest the following phase separation model. The 
19°C break corresponds to  a S - S + L transition, whereas the 28°C break detected by 
ourselves and Houslay et a1 [45] reflects a S + L -L transition. Recent 90" light scatter- 
ing experiments of liver plasma membranes have provided additional evidence that a phase 
separation occurs at 28°C [47].  However, the preceding model is not entirely consistent 
with an electron diffraction study of frozen and thawed liver plasma membranes [48]. 
Hui and Parsons reported the presence of separate lipid phases only at temperatures less than 
17.5"C; here, the diffraction patterns showed a faint but sharp ring at a spacing of 4.1 A 
(indicating S) plus a faint diffuse band at a spacing of 4.6 a (indicating L) .  Although the 
17.5"C transition may be responsible for the characteristic temperature detected in our 
spin-label studies of liver plasma membranes at 19"C, Hui and Parsons attributed their 
transition to a S + L --+ L transition rather than to  S + S + L .  Furthermore, the electron 
diffraction study of liver plasma membranes indicated that only L exists above 17.5"C and 
that no characteristic teniperature occurs at 28°C [48]. 

required in order to reconcile the electron diffraction, spin-label, and 90" light scattering 
studies. One explanation is that S and L coexist at temperatures less than approximately 
19°C; the anisotropic, immobilized spectra of I( 12,3)-labeled liver plasma membranes at 
these low temperatures presumably reflect probe residing in L. The 19°C break would then 
correspond to  S and L being dispersed into "quasi-crystalline'' clusters (QCQ and L. Here, 
QCC are defined as having a packing density and fluidity in between that of S and L. 
Electron diffractographs of liver membranes would not necessarily be sensitive to QCC 
for several reasons. The presence of any diffraction band(s) arising from QCC (ie, bands 
probably having a spacing between 4.1 a and 4.6 8)niight well be obscured by diffraction 
bands due to either the grid holding the membranes or L .  Furthermore, the intensity of the  
faint 4.1 a diffraction ring appears to be nonexistent along certain portions ofits circumference 
(Fig 3 in [48]); it is not surprising that a diffraction band characteristic of QCC, which 
must be more diffuse than the 4.1 A band, could not be detected by Hui and Parsons. If 
the solubility of the I(12,3) probe in QCC was low, then these clusters may be involved in 
the segregation of the probe which occurs at temperatures below 28°C in liver plasma 
membranes. The percentage of QCC will decrease with increases in temperature above 
19°C until the 28°C transition is reached and the remaining QCC are converted into L. 
Although QCC may similarly coexist with I, in heart plasma membranes between 21" and 
32"C, additional studies must be performed before making such an assignment. 

The presence of heterogeneous lipid phases in several model membranes at tempera- 
tures well above the classical gel - liquid crystalline transition has been inferred from 
physical biochemical studies. Lee et a1 [5] suggested that the temperature-dependent 
partitioning of Tempo into DOL was affected by short-lived QCC below 30°C (ie, approxi- 
mately 50°C above the phase transition); furthermore, Arrhenius plots of the motion of 

A more complicated liver plasma membrane phase separation model is apparently 
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DOL-incorporated spin [S] or fluorescent [49] probes yield discontinuities at approxi- 
mately 30"C, consistent with the concept that distinct lipid phases occur below the break 
temperature. Studies on the temperature-dependent binding of N-phenyl-1 -naphthylamine 
to egg lecithin liposomes [SO] suggested the existence of "short-range order" for tempera- 
tures above the broad phase transition region of -1 5" to -5°C; moreover, the motion of 
various fluorescence probes incorporated into egg lecithin exhibited Arrhenius plots with 
deviations from linearity at approximately 35°C [49] . Last, several model membrane 
studies indicate that cholesterol may preferentially associate with specific lipids, thereby 
creating domains of differing fluidities. Phillips and Finer proposed that short-lived 1 : 1 
1ipid:cholesterol complexes are formed in 1ecithin:cholesterol mixtures; mixed lecithin- 
cholesterol bilayers with less than equimolar concentrations of cholesterol were predicted 
to consist of both free lipid and 1: 1 1ipid:cholesterol complexes [7].  The Phillips and Finer 
model is consistent with recent results obtained from fluorescence [51] and electron 
diffraction [52] studies on DPL-cholesterol mixtures. These model membrane studies 
support the hypothesis that distinct lipid domains of differing fluidities may exist in both 
liver (between 19" and 28°C) and heart (between 21" and 32°C) plasma membranes. One 
possibility that should be explored is that the thermotropic phase separations that occur 
in liver and heart plasma membranes involve a redistribution of cholesterol, particularly in 
view of the high cholesterol/phospholipid ratios in these membranes [53, 541 . 
The Role of Thermotropic Lipid Phase Separations in the Expression of Liver and Heart 
Plasma Membrane Functions 

The lipid phase separation that occurs between 19" and 28°C may affect a variety 
of liver plasma membrane-associated functions. For example, Terris and Steiner reported 
that the rate at which 1251-insulin is degraded by isolated rat hepatocytes is negligible at 
temperatures of 0" to 20°C but rises rapidly between 20" and 30°C; these authors sug- 
gested that a lipid phase transition was responsible for this behavior [55].  Furthermore, 
studies conducted by Baur and Heldt indicate that Arrhenius plots of the glucose transport 
rate of rat hepatocytes exhibit an abrupt change at 18°C [56]. Both of these liver plasma 
membrane functions might be altered by the onset of the phase separation at 19°C. 

The phase separation may also play an important role in regulating the activities of a 
number of liver plasma membrane enzymes. Arrhenius plots of the enzymatic activities of 
hormonal-stimulated adenylyl cyclase (AC), 5'-nucleotidase, Na+,K+- and Mg2+-ATPase 
each exhibited breaks in the range 26-32°C [57-59]. It is possible that the end of the 
phase separation at 28°C dramatically influences the functioning of the above enzymes. 
In further studies, Houslay et a1 [57] measured the temperature-activity profiles of three 
classes of liver plasma membrane enzymes: (1) glucagon-stimulated AC (GSAC) and 
Na+,K'-ATPase, which span the width of the bilayer; ( 2 )  5'-nucleotidase and Mg2+-ATPase, 
which have active sites on the outer surface of the membrane; and (3) fluoride-stimulated 
AC (FSAC) and CAMP phosphodiesterase, which are confined to the inner half of the 
bilayer. Enzymes that were associated in some way with the outer half of the membrane 
exhibited breaks in Arrhenius plots between 25" and 30"C, whereas linear Arrhenius plots 
were obtained for enzymes localized on the inner surface. Accordingly, Houslay et a1 [57] 
proposed that these breaks were the result of a phase separation that occurs only in the 
outer half of the bilayer. The above data also suggest that the phase separation we detect 
in 1(12,3)-labeled liver plasma membranes may be restricted to the outer half of the 
membrane. 
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The observation that Arrhenius plots of glucagon- (or epinephrine-) stimulated AC 
activity are biphasic with breaks at approximately 30"C, whereas the corresponding plots 
of FSAC are linear, indicates that the lipid state may affect the hormonal activation of AC 
[57, 581. Cuatrecasas has recently proposed a "mobile receptor" model, which suggests 
that the lipid fluidity may play an important role in the hormonal stimulation of AC. The 
unliganded hormone membrane receptor (R) is viewed here as not being physically 
associated with AC [60] .  The binding of the hormone (H) to R creates a hormone-receptor 
(H-R) complex that may now interact with AC. Both AC and H - R  are presumed to be 
relatively free to diffuse laterally in the plane of the membrane, so that the rate of formation 
of the hormone-receptor-AC complex (He R. AC) depends not only on the concentrations 
of H-R and AC, but also, perhaps, on the fluidity of the lipid domains. Houslay et a1 [57] 
suggested that the coupling of the glucagon receptor complex to AC renders the catalytic 
unit sensitive to the phase separation that occurs in the outer half of the bilayer. Further- 
more, the lipid environment of liver plasma membranes was manipulated by substituting 
synthetic phosphatidylcholines for the native phospholipids. The break at 28.5"C, which 
was observed in Arrhenius plots of GSAC activity in native membranes, was shifted upwards 
by DPL, downwards by dimyristoyl lecithin, and was abolished by DOL; however, the 
Arrhenius plots of FSAC obtained from these altered membranes remained linear [57]. These 
studies further support the contention that the lipid fluidity is involved in the hormonal 
stimulation of AC. 

The temperature dependence of various functional properties of mammalian myo- 
cardial preparations may be affected by a lipid phase separation similar to that observed 
between 21" and 32°C in rat cardiac sarcolemma. The permeability of the sarcolemma to 
various cations might be sensitive to the fluidities of the constituent lipid domains in view 
of the enhanced permeability of DPL liposomes to Na+ that occurs as the lipid progresses 
from the gel to the liquid crystalline phase [61]. Moreover, Fossett and co-workers sug- 
gested that the sharp increase in the veratridine-stimulated uptake of 22 Na+ and 45 Ca2+ 
by cultured chick heart cells, which occurs upon raising the medium temperature from 
25" to 32"C, might be caused by a lipid phase change in the plasma membrane [62]. Phase 
separations have also been implicated in the nonlinear Arrhenius plots of Na+ ,K+-ATPase 
activity obtained from plasma membrane preparations of rabbit heart (break at 20°C) [63] 
and kidney (break at 20°C) [42] and rat liver (see above) [57] . Consequently, the sarcolem- 
ma1 lipid phase separation may, by influencing the permeability of the membrane to ions 
and the Na+ ,K+-ATPase activity, be associated with the temperature-induced alterations in 
the magnitude of the resting membrane potential and the nature and time course of the 
action potential [64]. Thus, the decrease in heart rate and increase in the isometric force 
of the heart that accompanies temperature reductions within the range 37" to 20°C [65] 
may indirectly be affected by the phase separation reported here between 21" and 32°C. 
Last, the presence of distinct lipid domains in heart plasma membranes might affect the 
hormonal stimulation of AC in a manner similar to that noted for liver plasma membranes. 
This prediction is supported by the observation that decreasing the temperature from 31" 
to 18°C dramatically inhibits the contractile response of rat left atrium to the AC activat- 
ing, beta adrenergic agonist isoproterenol [66] . 

It is of particular interest that Arrhenius plots of several liver and heart plasma mem- 
brane functions are biphasic, with breaks corresponsing to either the onset or the ending of 
the respective lipid phase separations. For example, liver plasma membrane functions such 
as glucose transport and insulin degradation are greatly influenced by the low-temperature 
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break at 19"C, whereas liver membrane enzymes such as 5'-nucleotidase, GSAC, Mg2+- 
and Na+,K+-ATPase are more affected by the 28°C break. It seems likely that the ability 
of a plasma membrane process to sense either the low- or high-temperature break critically 
depends on the location of the function vis ii vis the various lipid domains. 

U7e wish to emphasize that merely because a given membrane function demonstrates 
nonlinear Arrhenius plots with breaks at temperatures coincident to the onset or ending of 
the phase separation does not establish the lipid fluidity as having a regulatory role. Abrupt 
alterations in the activation energy of an enzyme, for example, might only be due to a 
temperature-sensitive protein conformation change which is independent of the membrane 
lipids [67] . Therefore, additional studies must be performed to ascertain the influence 
(if any) of the fluidity on a specific membrane function. One experimental approach would 
be to examine the expression of a given membrane functional property after the lipid 
composition of the membrane has been altered. Extensive studies have already employed 
this procedure to indicate that lipids play an important role in the hormonal activation of 
AC [57, 68--701. The question of whether a membrane function is sensitive to the lipid 
state may also be tested with agents that are known to modulate the membrane fluidity. 
Of course, parallel studies on these perturbed membranes employing physical-biochemical 
techniques may serve to elucidate the structural basis for any functional alteration. 

Interaction of Ca2 + and La3 With Plasma Membranes: Effects on Lipid Fluidity 

Ca2+ additions are reported here to increase the order parameters of I( 12,3)-labeled 
liver and heart plasma membranes at 37°C in a concentration-dependent, saturable, and 
reversible manner. These results may be compared with previous 45 Ca2+-binding studies 
of rat liver and heart plasma membranes in which Scatchard plots revealed the presence of 
low- and high-affinity binding sites. The association constants for low-affinity sites were 
5.6 X 102M-' for rat cardiac sarcolemma [71] and 3.2 X 102Mp1 for rat liver plasma 
membrane [72].  We suggest that the Ca2+-induced rigidizatiori of the membranes, which 
plateaus at 2.8 mM for liver and 2.2 mM for heart plasma membranes, may be mediated by 
the binding of Ca2+ to specific, low-affinity sites. 

Earlier studies have shown that plasma membrane components such as proteins, 
phospholipids, and neuraniinic acid are able to bind Ca2+. For example, Shlatz and 
Marinetti [72] treated rat liver plasma membrane with phospholipases, neuraminidase, and 
proteases and demonstrated that acidic phospholipids and neuraminic acid play important 
roles in the binding of 45 Ca2+ to low-affinity sites. 45 Ca2+ binding to rat cardiac sarcolemma 
was also inhibited by similar enzymatic treatments [71] . Therefore, Ca2+-mediated 
decreases in both liver and heart plasma membrane fluidities might be the result of cation 
interactions with endogenous phospholipids and/or neuraminic acid residues. 

branes in a concentration-dependent, saturable process. One possibility that should be 
explored is that these fluidity effects are mediated by the binding of La3' to Ca2+ sarcolem- 
ma1 binding sites. La3+ has been widely employed as a probe of Ca2+ membrane binding 
sites, in part because it associates with these sites less reversibly than does Ca2+. The strong 
binding of La3+ to negatively charged, Ca2+ membrane sites would be expected since the 
hydrated radius of La3+ (3.1 a) is similar to that of Ca2+ (2.8 a) [73].  The results presented 
here indicate that La3+ also exhibits high affinity for those cardiac sarcolemmal sites which 
regulate the lipid fluidity; the La3+- or Ca2+-induced rigidization of the membrane appears 
to plateau at 150 pM or 2.2 mM. Since La3+ markedly inhibits 45Ca2+ binding to low- 
affinity sites on isolated rat cardiac sarcolemma [71] , La3+ and Ca2+ may each mediate 

We also report that La3+ decreases the fluidity of 1(12,3)-labeled heart plasma mem- 
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alterations in the lipid fluidity by binding to the same low-affinity sites. However, addition- 
al studies must be performed to determine whether the Ca2+ and La3+ fluidity effects are 
competitive. 

Ca'+-Sarcolemmal Binding Sites That Modulate the Membrane Fluidity: Possible Roles 
in Regulating Heart Function 

beating heart. The cellular uptake of Ca2+ occurs during the plateau phase of the cardiac 
action potential, and extracellular CaZ+ is essential for the development of contractile force 
[74, 751. Recent investigations have suggested that the inotropic state of the heart may 
be closely related to the amount of Ca2+ bound to low-affinity plasma membrane sites. 
The Ca2+ concentration at which half maximal binding to low-affinity sites on guinea pig 
cardiac sarcolemma occurs (ie, 0.5 mM) is similar to that which induces half-maximal in- 
creases in myocardial contractility [74]. It is therefore of interest that Ca2+ binding to 
low-affinity sites decreases the fluidity of rat heart plasma membranes. If CaZ+ displaced 
from low-affinity sites on the heart cell surface is the immediate source of contractile- 
dependent Ca2+, as has been proposed by several authors [71,75,76],  then both the 
Ca2+ levels bound to these sites and the membrane fluidity might demonstrate periodic 
fluctuations in the beating heart. 

ing sites, and associated alterations in the membrane fluidity, may be involved in the 
excitation-contraction coupling process. The surface membrane of cardiac cells provides 
a selective permeability barrier to various substrates, interacts with certain hormones and 
ions that modulate heart activities, and undergoes ionic conductance changes involved in 
excitation-contraction coupling. As discussed earlier, each of these membrane functional 
processes may be sensitive to changes in the lipid fluidity. Thus, an intriguing possibility is 
that periodic Ca2+-induced alterations in the sarcolemmal fluidity niay provide an effective 
control of the metabolism and contractile behavior of the myocardium by regulating these 
membrane activities. Ca2+, at concentrations that decrease the fluidity of 1(12,3)-labeled 
rat heart plasma membrane, has indeed been found to alter inany of those sarcolemmal 
functions that are sensitive to temperature-induced changes in the lipid structure. For 
example, mM Ca2+ inhibits the activities of Na', K+ -ATPase preparations froni guinea pig 
hearts [77] and basal and epinephrine-stimulated AC of guinea pig heart plasma membranes 
[78]. Furthermore, 1 mM Ca2+ inhibits veratridine-stimulated uptake of Na+ and Ca2+ in 
chick heart cells [ 6 2 ] .  If the degree to  which these processes are inhibited by Ca2+ is 
related to the occupancy of low-affinity membrane sites, then one mechanism by which 
Ca2+ regulates these activities may be by mediating fluctuations in the sarcolemmal fluidity. 

in the sarcolemmal fluidity are involved with the effects this cation exerts on various 
myocardial functions. Perfusion of intact hearts with pM La3+ rapidly uncouples 
excitation froni contraction and also completely blocks mechariical activity [79] . Recent 
evidence indicates that these effects are due, in part, to the essentially irreversible displace- 
ment of contractile-dependent Ca2+ by La3+ and the subsequent inhibition of CaZ+ influx 
into the cell [75, 801. In addition, La3+ (10-100 pM) increases the membrane resistance of 
guinea pig papillary muscle [81] and also inhibits the activities of Na+,K+-ATPase in 
guinea pig heart microsomes [73] and Ca2+- and Mg2+-ATPase in rat cardiac sarcolemma 
[ 8 2 ] .  It is tempting, therefore, to speculate that alterations in the lipid fluidity induced by 
approximately 100 pM La3+ inay regulate membrane electrical properties and/or ion fluxes 

Ca2+ plays central roles in the normal sequence of excitation and contraction in the 

The above discussion suggests that the cyclical occupancy of Ca2+ sarcolemmal bind- 

An additional question that should be addressed is whether La3+-induced alterations 
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across the sarcolemma. In this context, Nayler and Harris reported that 10 to 100 bM La3+ 
has a dose-dependent, uncompetitive inhibitory effect of guinea pig heart microsomal 
Na+,K+-ATPase [73] ; our spin-label studies on rat cardiac sarcolemma suggest that La3+ 
may indirectly inhibit Na+ ,K+-ATPase through decreases in the lipid fluidity which occur 
upon the binding of La3+ to constituent acidic phospholipids. Any alterations in the fluidity 
that accompany the cyclical occupancy of CaZ+ sarcolemmal binding sites would be ex- 
pected to be blocked by La3+, because of the strong association of La3+ to Ca2+membrane 
sites. 

Ca2+ Effects on Liver Plasma Membrane Fluidity and Associated Functions 

Ca2+ may indirectly affect the activity of a variety of liver functions by altering the 
plasma membrane fluidity. As discussed earlier, the temperature dependence of various 
liver membrane enzymatic activities and transport processes indicated that these functions 
are influenced by the lipid structure. The observation that certain of these temperature- 
sensitive activities are also regulated by mM CaZf therefore suggests that CaZ+ additions 
and temperature alterations may modulate these processes through changes in the fluidities 
of lipid domains. For example, Na+,K+-ATPase and GSAC activities in liver plasma mem- 
brane are inhibited by mM CaZ+ [83, 841. Furthermore, mM Ca2+ modulates the membrane 
permeability of Na' and K+ ions in rat hepatocytes [85]. Although changes in the lipid 
fluidity may be one mechanism by which Ca" alters liver membrane activities, other 
regulating models involving direct cation-enzyme interactions cannot be excluded. 
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