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Spin-Label Studies on the Origin of the Specificity of Lipid-Protein Interactions in 
Na+,K+-ATPase Membranes from Squalus acanthiast 
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ABSTRACT: The pH dependence and salt dependence of the lipid-protein interactions of phosphatidic acid, 
phosphatidylserine, and stearic acid with Na+,K+-ATPase membranes from Squalus acunthius have been 
studied with spin-label electron spin resonance spectroscopy, using lipids with nitroxide labels on the 14-position 
C atom of the sn-2 chain. For phosphatidic acid and stearic acid, the fraction of motionally restricted 
spin-label increases with increasing pH, with pK,'s of 6.6 and 8.0, respectively. In contrast, the pK, of stearic 
acid in the bulk lipid environment of the membrane is estimated from spin-label spectroscopy to be ~ 6 . 6 .  
The fraction of motionally restricted phosphatidylserine spin-label remains constant over the pH range 4.7-9.2. 
In the fully dissociated state the fractions of motionally restricted spin-labeled phosphatidic and stearic acids 
decrease with increasing salt concentration, reaching an approximately constant value a t  [NaCl] = 0.5-1 .O 
M. For stearic acid the net decrease is comparable to that obtained on protonation, but for phosphatidic 
acid the decrease is considerably smaller (by -55%) than that obtained on protonating the lipid. The fraction 
of motionally restricted phosphatidylserine spin-label varies relatively little with salt concentration up to 
1 M NaC1. Direct electrostatic effects alone cannot account for the whole of the observed specificity of 
interaction of the two phospholipids with Na+,K+-ATPase membranes. 

Lipid-protein interactions are important features of the 
structure of biological membranes. They determine, at least 
in part, the way in which the activity of membrane enzymes 
and transport proteins is controlled by the lipids and how these 
integral proteins are sealed into the lipid membrane. Electron 
spin resonance (ESR) spectroscopy of spin-labeled lipids has 
proved to be of considerable utility in the investigation of such 
interactions, because of its favorable time scale [for a review, 
see Marsh & Watts (1982)l. 

Previous spin-label studies of lipid-protein interactions in 
Na+,K+-ATPase membranes have revealed a motionally re- 
stricted lipid population interacting with the membrane protein, 
which is not present in dispersions of the extracted membrane 
lipids (Brotherus et al., 1980; Marsh et al., 1982; Esmann et 
al., 1985). An interesting selectivity of the interaction has been 
observed with different spin-labeled lipids, the degree of as- 
sociation at pH 7.4 being in the order cardiolipin > phos- 
phatidylserine = stearic acid 5 phosphatidic acid > phos- 
phatidylglycerol = phosphatidylethanolamine = phosphati- 
dylcholine (Esmann et al., 1985). The greatest specificity is 
for negatively charged phospholipids, but this does not bear 
a direct relation to the net charge on the lipid, and in addition 
the selectivity pattern is different from that observed with some 
other membrane proteins (Marsh, 1983). This suggests that 
the selectivity does not have purely a simple electrostatic origin, 
as was previously deduced from experiments with the single- 
chain lipids stearyl methyl phosphate and stearyltrimethyl- 
ammonium methanesulfonate (Brotherus et al., 1980). 

In this paper we investigate in more detail the origin of the 
specificity of lipid-protein interactions with phosphatidic acid, 
stearic acid, and phosphatidylserine in Na+,K+-ATPase 
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membranes from Squalus acanthias. Comparison of the re- 
sults of salt and pH titration suggests that only a relatively 
small proportion of the selectivity of the negatively charged 
phospholipids can be screened by salt and hence is of direct 
electrostatic origin. 

MATERIALS AND METHODS 
Na+,K+-ATPase-rich membranes were prepared from the 

rectal gland of Squalus acanthias according to the method 
of Skou & Esmann (1979). The membranes correspond to 
the "white pellet" enzyme in Table I of the preceding reference. 
Typical SDS gel scans are given, for example, in Esmann et 
al. (1979). Specific activity was typically 1100 pmol of Pi. 
mg-'.h-', which is somewhat lower than that reported in Skou 
& Esmann (1979), presumably because of less efficient re- 
moval of the nonactive proteins by deoxycholate. Na+,K+- 
ATPase (a2& dimer) was estimated both from the specific 
activity and from the phosphorylation level (approximately 
2 nmol of Pi.mg-') to comprise approximately 50% of the total 
membrane protein. Enzyme activity was measured as de- 
scribed in Skou & Esmann (1979) in the presence of albumin 
and in the absence of deoxycholate. The membranous enzyme 
was stored in 20 mM histidine and 25% glycerol (pH 7.0) at 
-20 OC. For the ESR experiments the enzyme was transferred 
to other buffers by pelleting and resuspending in an excess of 
the appropriate buffer. Sodium phosphate buffers in which 
the phosphate concentration was maintained constant at 10 
mM were used for the pH titration, and 20 mM Tris, pH 9.2, 
with the appropriate concentration of NaCl was used for the 

' Abbreviations: ESR, electron spin resonance; Na+,K*-ATPase, so- 
dium and potassium ion activated adenosinetriphosphatase (EC 3.6. l .3); 
n-SASL, n-(4,4-dimethyloxazolidine-N-oxyl)stearic acid; 14-PASL, 14- 
PCSL, and 14-PSSL, l-acyl-2-[ 14-(4,4-dimethyloxazolidine-N-oxyl)- 
stearoyl]-sn-glycero-3-phosphoric acid, -phosphocholine, and -phospho- 
serine; CDTA, trans-l,2-diaminocyclohexane-N,N,N',N'-tetraacetic acid; 
Tris, tris(hydroxymethy1)aminomethane; SDS, sodium dodecyl sulfate. 
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salt titration. The pH was adjusted with NaOH or HCl by 
use of a Radiometer electrode. The enzyme activity is stable 
over the pH range 5.2-9.2 at low temperatures (-0 "C) in 
the absence of salt. Activity is lost relatively rapidly outside 
this pH range, particularly at higher temperatures. Addition 
of salt increases the enzyme stability. Experiments were 
performed on several different microsomal preparations with 
little significant variation between preparations. The enzyme 
was active after the ESR measurements. 

The stearic acid spin-label 14-SASL was synthesized es- 
sentially according to Hubbell & McConnell (1971), and the 
corresponding phosphatidylcholine spin-label 14-PCSL was 
prepared according to Boss et al. (1975). The phosphatidic 
acid spin-label 14-PASL and the phosphatidylserine spin-label 
14-PSSL were prepared by head-group exchange catalyzed 
by phospholipase D (Comfurius & Zwaal, 1977). Further 
details may be found in Marsh & Watts (1982a). 

Membranes in 20 mM histidine, 0.1 M NaCl, and 1 mM 
CDTA, pH 7.4, were spin-labeled at a level of 1-2 mol 5% 
relative to membrane lipid from a 1-2 mg/mL solution in 
ethanol, incubated overnight, washed twice, and introduced 
into 1 mm diameter capillaries for FSR measurement. Buffers 
were changed during the washing process to obtain those 
required for the ESR experiment. ESR spectra were recorded 
on a Varian E-12 9-GHz spectrometer, and digital data col- 
lection and spectral subtraction were performed by using a 
PDP 11 /10 dedicated computer with interactive graphics. 
Spectral subtraction was performed as previously described 
(Marsh, 1982; Marsh & Watts, 1982b). Fluid component line 
shapes for the subtraction were obtained from the extracted 
membrane lipids dispersed in the appropriate buffer. The 
motionally restricted component line shape was obtained from 
14-PCSL in sonicated vesicles of dimyristoylphosphatidyl- 
choline in the gel phase (at either 0 or 2 "C). The same 
motionally restricted line shape was used for all subtractions 
in a given titration series. The maximum error in location of 
the subtraction end point is estimated to be f0.03 in the 
fraction of motionally restricted lipid. In almost all cases the 
agreement between the complementary subtractions was far 
better than this. Effective order parameters were calculated 
from the expression: 

where 2 4  is the maximum, outer hyperfine splitting and A, 
is obtained from the minimum, inner hyperfine splitting 2Afin 
according to (Griffith & Jost, 1976) 

A, (GI = 
Amin  (GI + 1*4[1 - (All - Amin)/[Azz - j/z(Axx + A y y ) I I  

t 2) 

The isotropic hyperfine splitting constant in the lipid is 

uO = y3(All + 2A,) (3) 

and the corresponding value in the single crystal host in which 
the principal values of the hyperfine tensor A,, A?,,, and A,, 
were measured (Jost et al., 1971) is ad = 1/3(An + A,+ A,,). 
Further details of sample preparation and experimental 
methods are given in Esmann et al. (1985). 

RESULTS 
The ESR spectra of the 14-SASL stearic acid label in 

Na+,K+-ATPase membranes from Squalus acanthias dis- 
persed in 10 mM phosphate buffer at different pHs are given 

PH 
9.2 

a. 2 

A 7 7  

FIGURE 1 :  ESR spectra of 14-SASL stearic acid spin-label in 
Na+,K+-ATPase membranes in 10 mM Na2HP04 as a function of 
pH. T = 4 'C; scan width = 100 G .  The motionally restricted 
component, not present in the spectra of the extracted membrane lipids, 
is indicated by the arrows. 

in Figure 1. The spectra all consist of two separate compo- 
nents, corresponding to environments in which the spin-label 
has different rotational mobilities. As observed previously 
(Esmann et al., 1985), one component corresponds to the 
spectra observed from 14-SASL undergoing anisotropic motion 
in dispersions of the extracted membrane lipids (data not 
shown). The other component (which is not found in the 
spectra of the extracted lipids) is resolved as two peaks in the 
outer wings of the spectra (indicated by the arrows in Figure 
1) and corresponds to spin-labeled lipids whose motion is 
considerably restricted relative to that in the fluid environment 
of the extracted lipids. This second component is assigned to 
the lipid population interacting directly with the integral 
membrane proteins [cf. Marsh et al. (1982)l. From Figure 
1 it can be seen that the proportion of this second, motionally 
restricted component decreases relative to the fluid lipid 
component as the pH of the suspending buffer is reduced. 

The relative proportions of the motionally restricted and 
fluid lipid components can be quantitated by subtraction of 
the digitized spectra, as described previously (Esmann et al., 
1985). Consistent values were obtained from complementary 
subtractions, removing either the fluid component by using 
a spectrum from the extracted lipids or the motionally re- 
stricted component by using a suitable slow-motion spectrum 
from gel-phase lipids. (It will be noted that there are small 
differences in the fluid component line shape as a function of 
pH. Therefore, it is essential to use spectra of the extracted 
lipids recorded at the same pH and salt concentration for the 
subtractions.)2 The fraction f of motionally restricted lipid 
determined in this way is given as a function of pH in Figure 
2. A very clear titration behavior is found that can be fitted 
to the expression: 

(4) 
with fmin = 0.21,fm, = 0.43, and pKa = -log Ka = 8.00. Here, 

fmin and f,,, are the fractions of motionally restricted label 
in the protonated and dissociated forms, respectively. Sig- 

f = f m i n  + Vmax -fmin)/(l + [H+I/Ka) 

For the motionally restricted component the best match was obtained 
with a constant line shape. This is to be expected since the spectra are 
in the slow motion regime and thus are not very sensitive to small per- 
turbations in their dynamic properties. 
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FIGURE 2: pH dependence of the fraction of motionally restricted lipid 
spin-labels in Na+,K+-ATPase membranes in 10 mM sodium phos- 
phate: (A) stearic acid spin-label, 14-SASL; (0) phosphatidylserine 
spin-label, 14-PSSL; (m) phosphatidylcholine spin-label, 14-PCSL. 
The curve for lCSASL represents a least-squares fit giving a titration 
betweenf,,, = 0.21 andf,,, = 0.43 with pK, = 8.00. 

nificantly, the fraction of motionally restricted lipid obtained 
for fully protonated stearic acid is very close to that found for 
spin-labeled phosphatidylcholine (m in Figure 2). Also shown 
in Figure 2 are data obtained in a similar way for the 14-PSSL 
phosphatidylserine spin-label. In this case, although the protein 
displays a selectivity for phosphatidylserine, the fraction of 
motionally restricted spin-label is independent of pH, because 
the pK, of phosphatidylserine lies outside the pH range studied. 

For comparison, the pKa of the stearic acid spin-label in the 
fluid lipid component of the membranes and in the extracted 
membrane lipids has been determined by titration of the ef- 
fective order parameter, outer hyperfine splitting, and the 
isotropic hyperfine splitting constant for the 5-SASL positional 
isomer [cf. Barratt & Laggner (1974)l. As seen from Figure 
3, a pK, of ca. 6.6 is obtained both in the fluid membrane lipids 
and in the extracted lipids. This is very close to the values 
obtained similarly for both the 5-SASL and 14-SASL posi- 
tional isomers in the model system of dimyristoyl- 
phosphatidylcholine + 50 mol 9% cholesterol: pK, - 6.6 and 
6.8, respectively (data not shown). The method of obtaining 
the pK, from the effective order parameter or hyperfine 
splittings is somewhat empirical, since at higher temperatures 
the spectra from 5-SASL in dimyristoylphosphatidylcholine 
+ 50 mol '3% cholesterol consist of two partially resolved com- 
ponents, indicating that the protonated and unprotonated forms 
are not in fast exchange on the ESR time scale. Under these 
circumstances the effective pK, is probably an upper limit. 
Two components are not seen in the spectra of 5-SASL in the 
membranes at higher temperatures, nor is there a measurable 
titration effect on the spectral splittings of 14-SASL in 
membranes. 

The pH dependence of the spectra of the 14-PASL phos- 
phatidic acid spin-label in Na+,K+-ATPase membranes is given 
in Figure 4. Again the spectra consist of two components, 
and the proportion of the motionally restricted component 
decreases with decreasing pH. The salt dependence of the 
spectra is also given in Figure 5. Here the changes are not 
as gre? as with pH titration, but the proportion of motionally 
restricted lipid decreases somewhat with increasing salt con- 
centration. The pH dependence and salt dependence of the 
fraction of motionally restricted 14-PASL spin-label deter- 
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FIGURE 3: (A) Effective order parameter, S, and (B) isotropic hy- 
perfine splitting constant, ao, as a function of pH for the 5-SASL 
stearic acid spin-label in membranes (0) and in extracted lipids (0) 
from Na+,K+-ATPase membranes. T = 37 O C .  The buffer used was 
10 mM sodium phosphate throughout. 

FIGURE 4: ESR spectra of 14-PASL spin-label in Na+,K+-ATPase 
membranes in 10 mM sodium phosphate as a function of pH. T = 
4 O C ;  scan width = 100 G. 

mined by spectral subtraction are given in Figure 6. Again 
the values obtained from the complementary subtractions are 
in good agreement. The pH titration can be fitted to eq 4 with 
values fmin = 0.16, f,,, = 0.34, and pKa = 6.59. In this case 
the minimum value of the fraction of motionally restricted lipid 
is apparently somewhat less than that obtained for phospha- 
tidylcholine, although the experimental uncertainty in this 
region is quite large. On increasing the salt concentration for 
a sample at high pH, the fraction of motionally restricted 
14-PASL spin-label initially falls quite rapidly, then reaching 
a constant value at approximately 0.4 M NaC1. This limiting 
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FIGURE 5: ESR spectra of 14-PASL spin-label in Na+,K+-ATPase 
membranes in 20 mM Tris, pH 9.2, as a function of NaCl concen- 
tration. T = 4 'e: scan width = 100 G. 
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FIGURE 6: (A) pH dependence in 10 mM sodium phosphate and (B) 
salt dependence in 20 mM Tris, pH 9.2, of the fraction of motionally 
restricted 14-PASL phosphatidic acid spin-label in Na+,K+-ATPase 
membranes. (m) Fraction of motionally restricted phosphatidylcholine 
spin-label, 14-PCSL. The curve in panel A represents a least-squares 
fit giving a titration between&, = 0.16 andf,,, * 0.34 with pK, 
= 6.59. 

value obtained in high salt is, however, much greater than the 
minimum value obtained on titrating to low pH. 

The salt dependence of the fraction of motionally restricted 
14-SASL stearic acid spin-label and of 14-PSSL phosphati- 
dylserine spin-label is given in Figure 7. The results for stearic 
acid are somewhat similar to those for phosphatidic acid, 
except that in this case the salt-induced decrease is consid- 
erably larger. At high salt concentrations, [NaCl] - 1-2 M, 
the fraction of motionally restricted 14-SASL is similar to that 
obtained on titration to pH 5.7 or with the phosphatidylcholine 
spin-label (cf. Figure 2). In contrast, practically no change 
in the fraction of motionally restricted 1CPSSL phosphati- 
dylserine spin-label was found with increasing salt concen- 
tration. 

DISCUSSION 

The results of the pH titration of both the phosphatidic acid 
and stearic acid spin-labels demonstrate that the selectivity 
of the lipid-protein interaction is strongly dependent on the 
protonation state of the lipid. A clear titration behavior is 
obtained with a characteristic effective pKa of 6.6 for phos- 
phatidic acid and 8.0 for stearic acid. In contrast, no titration 
is observed for phosphatidylserine, the pKa of which is expected 
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FIGURE 7: Salt dependence of the fraction of motionally restricted 
lipid spin-label in Na+,K+-ATPase membranes in 20 mM Tris, pH 
9.0, for the stearic acid spin-label, 14-SASL (A), and in 30 mM 
histidine, pH 7.6, for the phosphatidylserine spin-label, 14-PSSL (0). 
The highest concentration point for 14-PSSL is 3 M NaC1. 

to lie below the range of measurement. This latter result is 
interesting, since it suggests that there are no titratable groups 
on the protein within the range pH 4.7-9.2 that contribute to 
the lipid-protein interaction. Presumably, those groups that 
might contribute positively (e.g., lysine and arginine) and 
negatively (e.g., glutamic and aspartic acids) to the interaction 
have pK,'s lying outside the range investigated. Significantly, 
the effective pK, of the 14-SASL stearic acid for the lipid- 
protein interaction (pKa - 8.0) is considerably higher than 
that determined for the 5-SASL stearic acid isomer either in 
the fluid lipid environment of the membrane or in dispersions 
of the extracted membrane lipids (pKa - 6.6). Since little 
dependence of the effective pKa on spin-label isomer position 
was found in the model system dimyristoylphosphatidylcholine 
+ 50 mol % cholesterol, it seems likely that the observed 
difference corresponds to a true shift in the effective pK, of 
the fatty acid at the lipid-protein interface from that in the 
bulk lipid regions of the membrane. An interesting conse- 
quence of this difference in apparent pKa is that the lipid 
molecule could take up and release protons on diffusing to and 
from the protein surface, hence giving rise to localized proton 
pulses that might potentially be used in transport processes. 

The pKa of a titratable group at the membrane interface, 
pK,', can differ from that in the bulk aqueous phase, pK;, due 
to pKa shifts induced by the electrostatic enhancement of the 
surface hydrogen ion concentration, ApK,"', and due to the 
lower polarity at the interface, ApKa* [see, e.g., FernBndez & 
Fromherz (1977) and Cevc et al. (1981)]: 

(5) 

For stearic acid in water pK: = 4.9. The ApKaP shift is 
positive, since the forward association reaction SA- + H+ F= 

SAH is stabilized by the lower polarity at the interface and 
has a value of ApKaP = 1.1 (FernBndez & Fromherz, 1977). 
The electrostatic shift depends on the surface charge density 
u and can be estimated from diffuse double layer theory [see, 
e.g., Trauble (1976)l to be ApKael = (2/ln 10) sinh-' ( u / c )  
with c = (8000eeoRTZ)1/2, where I is the ionic strength and 
e the interfacial dielectric constant. The Na+,K+-ATPase 
membranes contain approximately 5% negatively charged 
lipids (Esmann et al., 1980); thus, for I = 0.03 (10 mM sodium 
phosphate, pH 9.2) and t = 30: ApKae' = 0.8. Hence, the 
expected interfacial pKal in the fluid lipid regions of the 
membrane is pK,' - 6.8, in quite good agreement with the 
measured value of 6.6.3 The difference in the apparent pK, 

pKal = pK2 + ApKae' + ApKaP 



3576 B I O C H E M I S T R Y  

of stearic acid between the fluid lipid regions and the lipid- 
protein interface is less easy to interpret. In principle, the shift 
could arise either from a lower polarity at the protein interface 
or from an increased (local) electrostatic enhancement due 
to additional negative charges on the protein. These factors 
are difficult to predict, but it seems unlikely that a binding 
site for negatively charged lipids would have an appreciably 
enhanced H+ ion concentration. An effective dielectric con- 
stant t - 10-20 would be required to give an additional po- 
larity-induced shift of this size (Fernfindez & Fromherz, 1977), 
or an increased negative surface charge density of -1 e/5.5 
nm2 would be required to give a comparable electrostatic shift. 
Comparison with phosphatidic acid is interesting since the 
situation seems to be exactly the opposite; the effective pK, 
= 6.6 at  the lipid-protein interface corresponds very closely 
to the pK; = 6.65 of glycerol phosphate in water. It would 
seem that the interfacially induced shifts in the fluid lipid 
regions of the membrane (which are expected to be similar 
to those for stearic acid) have been exactly canceled out by 
the further shifts at the lipid-protein interface. This would 
argue for somewhat different modes of association or different 
association sites giving rise to the specificity of interaction of 
phosphatidic acid and of stearic acid. 

Increasing salt concentration causes a screening of the 
electrostatic interaction between protein and lipid, giving rise 
to a decreased degree of association (cf. Figures 6 and 7), as 
is also observed on protonation of the lipid. However, for 
phosphatidic acid, the screening effect reaches a saturation 
value at salt concentrations greater than 0.5-1.0 M NaC1, for 
which the degree of protein-lipid association is still much 
greater than that for either the protonated lipid or phospha- 
tidylcholine (cf. Figure 6). For phosphatidylserine the situation 
is more extreme since there is almost no effect of salt on the 
fraction of motionally restricted lipid. Thus electrostatic effects 
alone cannot account for the whole of the selectivity of lip- 
id-protein interaction that is observed with these two negatively 
charged phospholipids. In some respect this bears similarities 
to the comparative effects of protonation and salt-induced 
screening on the gel to fluid phase transition of negatively 
charged lipid bilayers (Cevc et al., 1980). Clearly, the lipid 
selectivity arises from the detailed chemical nature of the 
groups involved and not simply their net charge. As with 
phospholipid bilayer phase transitions (Cevc & Marsh, 1985), 
the degree of hydration of the phospholipid head groups, and 
the possible displacement of water of hydration on interaction 
with the protein, will play an important part. 

In contrast, a considerably greater fraction of the motionally 
restricted stearic acid spin-label can be displaced by salt 
(Figure 7) .  The limiting value observed at high salt is only 
very slightly higher than that found on removing the charge 
by protonation (cf. Figure 2) and is also comparable to that 
observed for the zwitterionic phosphatidylcholine. Thus it 
appears that the selectivity of interaction of stearic acid is 
essentially of simple electrostatic origin, in common with 
previous findings on other single-tailed lipids (Brotherus et al., 
1980). It will be recalled, however, that in these latter ex- 
periments the degree of association of the fully screened, 
charged lipids was different from that of a similar, single-tailed 
neutral lipid. Again, this suggests a detailed dependence on 

E S M A N N  A N D  M A R S H  

It will be noted that the Fernlndez & Fromherz (1977) analysis has 
also been used by Ptak et al. (1980) to interpret interfacial pK shifts of 
fatty acids in egg phosphatidylcholine bilayers. ESR spectral effects of 
fatty acid ionization similar to those observed originally by Barratt & 
Laggner (1974) and to those seen here have also been reported by the 
same workers (Sanson et al., 1976; Egret-Charlier et al., 1978). 

Table I: Thermodynamic Parameters of Lipid Spin-Label 
Head-Group Selectivity in Na+,K+-ATPase Membranes as a 
Function of Protonation and Ionic Strength tou 

AGO, - AGOpc 
livid I f K.LIK.pc tcallmol) 

PA*2- 
PA*2- 
PA *- 
SA*- 
SA*- 
SA* 
ps*- 
ps*- 
PC* 

0.03 0.34 1.9 
1.0 0.29 1.5 
0.03 0.16 0.7 
0.03 0.43 2.8 
1.0 0.22 1.1 
0.03 0.21 1 .o 
0.03 0.30 1.6 
1.0 0.29 1.5 
0.03 0.21 1 .o 

-360 
-240 

-570 
-30 

0 
-260 
-240 

0 

180 

" T = 4 O C .  

the exact chemical structure of the lipid involved. 
The selectivities in the different protonation states and at 

different ionic strengths can be compared by using the equation 
for equilibrium association with the protein (Brotherus et al., 
1981; Knowles et al., 1979): 

(nf*/nb*> = nt/(NIKr) - l / K r  (6) 

where (nf*/nb*) = (1 -j)/fis the ratio of the double-integrated 
intensities of the fluid and motionally restricted components 
in the ESR spectrum, n, is the total lipid/protein ratio in the 
membrane, N 1  is the number of lipid association sites on the 
protein, and K, i= [L*P][L]/[L*][LP] is the average asso- 
ciation constant of the spin-labeled lipid relative to the 
background membrane lipid, defined in terms of moles of lipid. 
In terms of the true relative association constant K:, defined 
by activities rather than concentrations: 

Kr = K:(YL*YLP/YL*A (7) 

where yL. and yL are the activity coefficients of the spin-la- 
beled and unlabeled lipid, respectively, and Y ~ . ~  and yLp are 
similarly defined for the lipid-protein complex. In reconsti- 
tuted systems for which lipid/protein titrations have been 
performed by varying n,, it has been found that selectivity 
arises principally from changes in the average association 
constant, K,, rather than in the number of sites, N 1  (Knowles 
et al., 1981; Brotherus et al., 1981; Brophy et al., 1984). Thus 
the selectivity relative to a given reference lipid, e.g., 14-PCSL, 
can be expressed as the ratio of the relative association con- 
stants given by (nf*/nb*)"/(nf*/nb*) = K,/K,Pc. These 
relative association constants and the differential free energies 
of association, AGO - AGOPC = -RT In (K,/K,Pc), are sum- 
marized in Table Is4 Clearly, the pattern of selectivity does 
not correspond to the net charge on the lipid. This is in 
agreement with the interpretation of the dependence on ionic 
strength: that direct electrostatic effects cannot solely account 
for the observed selectivity. The largest specificity is found 
for stearic acid in its singly charged form. This is associated 
even more strongly with the protein than is phosphatidic acid 
in the doubly charged form, and in the singly charged form 
the latter has a very low degree of association, comparable to 
or less than that of phosphatidylcholine. The free energies 
associated with the various lipid selectivities are quite small, 
but it must be remembered that these refer to average asso- 
ciation constants for all N ,  i= 60 sites on the protein. If the 
specificity arose from just a few sites, the free energies of 

~~ 

The values for the fraction of motionally restricted lipid differ 
slightly from those quoted previously (Esmann et al., 1985), due to the 
different salt and buffer concentrations used and also to differences in 
the degree of enrichment of the preparations in Na+,K+-ATPase 
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with the previously mentioned values for the protein. The value 
of asA* required for the fit is not unreasonable in view of the 
sizes of the ions involved. For phosphatidic acid the situation 
is different; the fit is not nearly so good, and a rather large 
value of the effective interaction diameter is required: apA. 
= 1.0 nm. In addition, the value taken for the effective charge 
on the lipid molecule is half that of phosphatidic acid at  pH 
9.2. As seen from Figure 8, values calculated with Z p A ,  = 
-2 decrease much more steeply with increasing salt concen- 
tration than do the experimental results. Thus, although the 
electrostatic contribution to the lipid-protein association with 
stearic acid is close to that predicted theoretically, the elec- 
trostatic effects in the interaction with phosphatidic acid (and 
phosphatidylserine) are considerably smaller than expected 
theoretically. This is in line with the fact that in the singly 
charged state the association of phosphatidic acid is no greater 
than that for the uncharged phosphatidylcholine. 

In summary, the selectivity of lipid-protein interactions in 
Na+,K+-ATPase membranes depends in detail on the chemical 
nature of the groups involved. Direct electrostatic effects for 
the two phospholipids studied are relatively weak and con- 
tribute to only part of the observed specificities. Lipid hy- 
dration and other chemical effects must also be important. The 
high selectivity observed with the stearic acid label suggests 
that the lipid chains (single chain vs. double chain) may also 
make significant contributions. The results of Figure 6 indicate 
that small changes in pH or ionic strength can cause relatively 
large changes in the amount of specific lipid associated with 
the protein, if the local ionic strength is low or if one is in the 
region of the lipid pKa. These effects, as well as the difference 
in pKa between the bulk lipids and the lipids at  the protein 
interface, may have significant functional effects on the protein 
activity. It has already been demonstrated that free fatty acids 
are capable of inhibiting Na+,K+-ATPase (Skou, 1964). 
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FIGURE 8: Salt-induced screening of the relative association constant 
of 14-PASL phosphatidic acid (0) and 14-SASL stearic acid (A). 
Experimental points are deduced from the data of Figures 6B and 
7 and are normalized to the value in the absence of salt. Lines are 
theoretical curves deduced from the Debye-Hiickel theory according 
to eq 9. For stearic acid the solid line is calculated with ZSA. = -1 
and asA* = 0.22 nm. For phosphatidic acid the solid line is calculated 
with ZpA* = -1 and aPA* = 1.0, and the dashed line is calculated with 
ZpA. = -2 and = 1.0 nm. 

association would be considerably larger. On the other hand, 
low free energies could favor fine control of site occupancy 
if a particular lipid had a regulatory role. 

The salt dependence of the selectivity can be understood, 
at least semiquantitatively, in terms of the Debye-Hiickel 
theory of electrolytes. The effect of increasing ionic strength 
is to reduce the activity of the charged species involved in the 
interaction according to [see, e.g., Robinson & Stokes (1955)] 

In yi = -( -Zi2e2 1) 
8 a ~ o ~ k T  1 + K U ~  

where Z, is the charge on species i, a, is the effective interaction 
distance of species i with counterions, and the inverse De- 
bye-Huckel screening length is K = (2000NAe21/to~kT)'12, I 
being the electrolyte ionic ~ t rength .~  The average relative lipid 
association constant in the presence of ions, K,, can thus be 
written in terms of the association constant in the absence of 
screening, K:, as follows (cf. eq 7): K,  = K,~(YL*YP/YL*P), 
where yL*, yp, and yL.P are the activity coefficients of the lipid, 
protein, and lipid-protein complex, respectively, in the presence 
of ions. Hence, from eq 8 

In (K,/K:) = 

] (9) k$k[ & +-- 1 + KUp 1 + Ka~*p 
2 p 2  (Zp t z L * ) 2  

The net charge on the protein Z p  is unfortunately not known. 
If Zp >> ZL*, there will be appreciable cancellation of the last 
two terms in eq 9 .  AS an approximation we have taken a single 
net excess charge (2, = +1) and an effective protein radius 
up = 3.5 nm. The last term in eq 9 can then be neglected. 
From eq 6 the ratio of experimental association constants in 
the presence and absence of salt is given simply by K,- 
(NaCl)/K,(O) = (n f* /nb*)O/ (n f* /nb*)~~~~ .  These values for 
phosphatidic acid, 14-PASL, and stearic acid, 14-SASL, are 
plotted as a function of salt concentration in Figure 8. A good 
fit of eq 9 to the experimental data for stearic acid can be 
obtained if one takes aSA. = 0.22 nm and ZsA. = -1, along 

Strictly speaking, the Debye-Huckel theory applies only to very 
dilute solutions. However, as has long been realized, it is capable of 
describing t h e  behavior up to quite high electrolyte concentrations, if a, 
is treated as a n  adjustable parameter (Robinson & Stokes, 1955). 
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ABSTRACT: Application of a monoclonal antibody defining monofucosyl type 1 chain A (AH21) revealed 
the presence of a glycolipid having the same thin-layer chromatography mobility as Aa but showing a clear 
reactivity with AH21. This lycolipid was detectable in Lea-b- erythrocytes but not in Lea+b- or LeaTb+ 

of a glycolipid component reacting with this antibody in Lea-b+ erythrocytes but not in Lea+b- or Lea-b- 
erythrocytes. The component defined by monoclonal antibody AH21 and that defined by H H 3  were isolated 
and characterized by 'H N M R  spectrometry and methylation analysis as having the structures 

erythrocytes. Another monoc B onal antibody defining difucosyl type 1 chain A (HH3) detected the presence 

GalNAcal-3Gal~l-3GlcNAc~l-3Gal~l-4Glc~l-lCer GalNAcal-3Gal~l-3GlcNAc~l-3Gal~1-4Glc~l-lCer 
2 2 4 
t 

Fuca 1 
t t 

Fucal Fucal 

The 'H N M R  spectra of these glycolipid antigens were characterized by resonances for anomeric protons 
that a re  identical with those of glycolipids with type 1 chain previously isolated but distinctively different 
from those of type 2 chain analogues. Resonances reflecting ceramide composition are characteristic for 
these antigens from human erythrocytes and are distinguishable from those of the same antigen from other 
sources. 

F o u r  types of blood group A glycolipids, Aa, Ab, AC, and Ad, 
which differ in the length and branching status of their carrier 
carbohydrate chains, have been isolated and characterized 
from human erythrocyte membranes. These components carry 
the same blood group A determinant (GalNAcal-3- 
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[Fucal+2]Gal), and their carrier carbohydrates are mainly 
of type 2 chain structure (Galfll-4GlcNAcfll-.3Gal) [see, 
for review, Hakomori (1981)]. Other major carriers of blood 
group ABH antigens in human erythrocytes are band 3 and 
band 4.5 glycoproteins, and the majority of their carbohydrates 
(lactosaminoglycans) also consist of type 2 chain (Fukuda et 
al., 1979; Finqe, 1980). In addition, A, erythrocytes contain 
a trace quantity of globo-A (GalNAcalt3[Fucal-.2]- 
Gal~l+3GalNAcfll+3Galal+4Galfll-+4Glc~l~ 1 Cer) 
(Clausen et ai., 1984) and a relatively large quantity of the 
repetitive A determinant (GalNAca 1-3 [ Fuca 1'21 Gal@ 1 +- 

3GalNAca 1-3 [ Fuca l-2]Galfll+4GlcNAcfll-+3Gal~l-- 
R)  (type 3 chain; Clausen et ai., 1985), both of which are 
absent in A, erythrocytes. Blood group Lewis antigens (Le" 
and Leb) of erythrocytes are not synthesized in hematopoietic 
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