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ABSTRACT: Band 3, isolated from human erythrocytes, has been reconstituted into bilayers of 1,2-di- 
myristoyl-sn-glycero-3-phosphocholine (DMPC) deuterated in the terminal methyl groups of the choline 
head group. By use of Triton X-100 for selective extraction and purification of band 3 and then cholate 
for subsequent solubilization with the lipid, a number of reconstituted complexes were produced by exhaustive 
detergent dialysis with protein:lipid weight ratios of between 0.32:l and 1.25:l. Electron micrographs of 
negatively stained complexes showed that this method produced large vesicles of greater than 300-nm diameter. 
Deuterium nuclear magnetic resonance (NMR)  spectra from the choline methyl deuterons in bilayer lipid 
above the liquid-crystal-gel phase transition temperature were shown to change systematically with increasing 
concentrations of band 3 in the bilayers. The measured quadrupole splittings, taken as the separation of 
the turning points in the recorded spectra, decreased from a value of 1.28 kHz for pure lipid to 0.98 kHz 
for bilayers with a protein:lipid ratio of 1.25:l a t  26 O C .  At 35 O C ,  a more pronounced decrease in the 
quadrupole splittings was measured. The data from the complexes with protein:lipid ratios up to 0.7:l (w/w) 
obey the mathematical treatment for a rapid two-site exchange between lipids at  the protein-lipid interface 
and the bulk lipid phase. The temperature dependence of the measured quadrupole splitting with respect 
to the protein:lipid ratio indicates that  the amount of lipid a t  the protein-lipid interface increases with 
increasing temperature. This is interpreted in terms of a reversible temperature-dependent self-association 
of band 3 within the bilayer with the exclusion of lipid from the associating intramembranous surfaces of 
the protein. An upper limit of 70 lipids per protein monomer has been estimated at  35 OC, a number which 
suggests that the lipids having perturbed *H N M R  properties are in more than a single shell surrounding 
the total hydrophobic perimeter of the protein. The apparent self-association properties of band 3 in DMPC 
bilayers were independent of the main gel to liquid-crystal phase transition of the lipid. However, band 
3 caused a marked broadening of the lipid phase transition which was suppressed to lower temperatures 
at  high protein:lipid ratios. It is suggested that the temperature-dependent self-association behavior of band 
3 in membranes is an intrinsic property of the protein which is qualitatively independent of the properties 
of the supporting lipid. 

%e interactions of membrane proteins with phospholipids 
in reconstituted systems have been studied by deuterium nu- 
clear magnetic resonance (*H NMR) ' spectroscopy using 
selectively deuterated phospholipids for a number of protein- 
lipid systems [reviewed in Smith & Bloom (1985)l. The 
results with chain-deuterated lipids have rather uniformly been 
interpreted as indicating that the lipid order is relatively un- 
perturbed by integral membrane proteins (Devaux, 1983; 
Smith & Oldfield, 1984; Smith & Bloom, 1985). Hydro- 
gen-bonding or electrostatic interactions at the membrane 
surface have been less extensively studied, but recent reports 
on the interactions of myelin basic protein with negatively 
charged lipids (Six1 et al., 1984) and of bovine retinal rho- 
dopsin with the phosphatidylcholine head group (Ryba et al., 
1986) have shown that significant interactions between mem- 
brane proteins and phospholipid head groups occur at the 
membrane surface and can be studied by deuterium NMR. 

In this paper, we report a further example of the use of 

phatidylcholine in reconstituted bilayers. Natural or recon- 
stituted membranes containing purified band 3 have not 
previously been studied by deuterium NMR. The rotational 
mobility of band 3 (labeled with an eosin probe) in the native 
erythrocyte membrane (Nigg & Cherry, 1979) and in re- 
constituted bilayer membranes of egg phosphatidylcholine, 
DOPC, and DMPC (Muhlebach & Cherry, 1985) has been 
analyzed by using flash-induced transient dichroism mea- 
surements. These studies have shown that both in situ and 
in reconstituted systems, band 3 undergoes reversible self- 
association which is dependent both on temperature and on 
the cholesterol content of the membrane. The self-association 
of band 3 purified in nonionic detergents has been studied by 
ultracentrifugation (Pappert & Schubert, 1983), and a re- 
versible equilibrium self-association between monomers, di- 
mers, and tetramers of band 3 was found. Nonionic detergents 
are expected to have a minimal effect on the aggregation 

deuterium- N M R  to study the interaction of an integral 
membrane protein, the anion-exchange protein from human 
erythrocytes (band 3), with the polar head group of phos- 

' Abbreviations: NMR, nuclear magnetic resonance; ESR, electron 
spin resonance; p c ,  phosphatidylcholine; DMPC, 1 ~-dimyristoyl-sn- 
glycero-3-phosphocholine; DOPC, 1,2-dioleoyl-sn-glycero-3-phospho- 
choline; plCM-B, p(ch1oromercuri)benzoic acid; EDTA, ethylenedi- 
aminetetraacetic acid; PMSF, phenylmethanesulfonyl fluoride; DTT, 
dithiothreitol; BSA, bovine serum albumin; SDS, sodium dodecyl sulfate; 
PAGE, polyacrylamide gel electrophoresis. 
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(4 X 60 cm) equilibrated in dialysis buffer (20 mM borate, 
50 mM NaCl, 0.2 mM DTT, 0.1 mM EDTA, and 20 pg mL-' 
PMSF, pH 8.0) containing 30 mM sodium cholate. This step 
resulted in the removal of endogenous phospholipid (see Re- 
sults) and a small and variable amount of low molecular weight 
protein and also effected the exchange of Triton X-100 for 
sodium cholate. The protein eluant was concentrated to about 
0.5-1 mg mL-' by ultrafiltration and used immediately for 
reconstitution. 

DMPC-d,, 
suspended in dialysis buffer by warming above the lipid phase 
transition temperature (24 "C), was solubilized at a final 
concentration of 10 mg mL-' by addition of 0.5 volume of 150 
mM sodium cholate in dialysis buffer. An aliquot of solu- 
bilized lipid was added to the band 3 solution to give the 
desired initial protein:lipid weight ratio, and the resulting 
mixture was dialyzed at 4 "C. The formation of large vesicles 
was promoted by decreasing the rate of dilution of cholate by 
dialyzing against 5 mM external cholate until vesicle formation 
was obvious from the increased turbidity of the suspension, 
usually after 3-4 days. The dialysis solution was then replaced 
by cholate-free dialysis buffer and the release of detergent 
enhanced by addition of Biobeads SM2 and Amberlite XAD 
beads to the external solution. The critical micelle concen- 
tration (cmc) of sodium cholate is approximately 15 mM under 
the conditions of dialysis, but the protein and lipid remained 
solubilized (as determined by the inability to sediment protein 
or lipid at 150000g) down to 8 mM cholate, presumably due 
to partitioning of detergent into protein-lipid-detergent mixed 
micelles. 

After dialysis, protein-lipid recombinants were pelleted, 
resuspended in a small volume of dialysis buffer, and sedi- 
mented on a continuoh sucrose density gradient (10-40% 
sucrose in dialysis buffer). The recombinants sedimented as 
uniform bands except at high protehlipid ratios (> 1.25: 1 .O 
w/w) in which case a granular band of high density (aggre- 
gated protein) was obtained in addition to vesicles. The 
protein:lipid ratio was variable over a range of 0 to about 1.25: 1 
(w/w), and the starting ratio before dialysis was maintained 
in the final vesicle preparation over this range. Protein:lipid 
ratios above about 1.25:l (w/w) could not be obtained and 
invariably resulted in the formation of aggregated protein. 

NMR Spectroscopy. N M R  experiments were performed 
immediately after recovery of the reconstitutions from the 
density gradients. The samples were washed twice in dialysis 
buffer and then suspended in the same buffer (0.4 mL) pre- 
pared in deuterium-depleted water. Before the NMR ex- 
periments, the samples were incubated at  37 "C for 1 h. 
Omission of this preincubation step resulted in hysteretic ef- 
fects in the temperature dependence of the deuterium NMR 
spectra of band 3 containing reconstitutions. 

Deuterium and 31P NMR spectra were obtained on a Bruker 
WH-300 NMR spectrometer using single 90" pulses of 29-ps 
duration as described earlier (Ryba et al., 1986). Spectra were 
also obtained on a Bruker CXP-200 spectrometer using a 
quadrupole echo seqpence (Davis, 1983) and a 90" pulse length 
of 4-5 ps. Spectral intensity measurements using an insert 
were done as described earlier (Ryba et al., 1986). A com- 
parison of the temperature dependence of the deuterium 
spectral intensity of the reconstituted complexes was made by 
using the automatic intensity facility of the WH-300 spec- 
trometer and DMPC-d9 as a control. 

Protein and Phosphate Analysis. Protein concentrations 
in membrane suspensions or detergent solutions were measured 
by using a modified Lowry procedure (Markwell et al., 1981). 

Reconstitution of Band 3 with DMPC-d,. 

properties of membrane proteins (although this idea remains 
to be substantiated), and it was proposed that a similar self- 
association equilibrium of band 3 is present in the native 
erythrocyte membrane, On the other hand, saturation transfer 
ESR spectroscopy of spin-labeled band 3 reconstituted in 
DMPC bilayers gave no evidence for a reversibly self-asso- 
ciating species of band 3 which was estimated to be present 
as dimers (Sakakai et al., 1982). Little information on the 
nature of the interactions between self-associating species of 
band 3 at the molecular level has yet been found, and the 
important question of whether the interactions occur between 
the integral domains of band 3 within the membrane (Kopito 
& Lodish, 1985) or are mediated largely by interactions be- 
tween regions of the polypeptide chain that lie outside the 
membrane has not been answered. In this study, we show that 
deuterium NMR of head-group-deuterated DMPC is sensitive 
to the incorporation of band 3 within DMPC vesicles and that 
the apparent self-association of band 3 that results in the 
exclusion of bilayer lipid from the intramembranous protein 
surface can be studied by this method. 

MATERIALS AND METHODS 
Materials. Triton X-100 was purchased from Aldrich or 

Fluka and stored in the dark at room temperature. Cholic acid 
(Aldrich) was recrystallized from 70% ethanol where necessary 
to remove a yellow impurity and was converted to the sodium 
salt during preparation of buffers. All detergent solutions were 
prepared immediately before use. Recently outdated packed 
erythrocytes were obtained from a local blood bank. Biobeads 
SM2 (Bio-Rad) were prepared as described by Holloway 
(1973) and Amberlite XAD beads (BDH) by washing in 
acetone and then in boiling water. The preparation of N- 
methyl-deuterated (DMPC-d,) or -tritiated (DMPC-t,) di- 
myristoylphosphatidylcholine has been described (Ryba et al., 
1986). Radioactive sodium [ 14C]cholate was from Amersham 
International. 

Purification of Band 3 from Human Erythrocytes. Slightly 
pink ghosts were prepared by hypotonic lysis of packed, washed 
erythrocytes in phosphate buffer according to Dodge et al. 
(1963). The lysis solutions contained PMSF (20 pg mL-') 
and 0.5 mM EDTA. Ghosts were used fresh (within 2 days 
at 4 "C) or stored frozen at -20 OC and used within 3 weeks. 

Band 3 was isolated by selective extraction into Triton X-100 
by the method of Wolosin (1980) with modifications to im- 
prove the purity of the preparation to remove endogenous lipid 
and exchange detergent to sodium cholate. All manipulations 
were performed on ice and in buffers containing PMSF (20 
pg mL-'). Ghosts were washed twice in 6 volumes of 20 mM 
borate and 150 mM NaCl (pH 8.0) to release residual hem- 
oglobin and band 6 (glyceraldehydephosphate dehydrogenase). 
The pellet (1 5 min, 27000g) was resuspended in a small volume 
of 1:5 diluted isotonic borate buffer and extracted for 30 min 
with 3 volumes (based on the original ghost volume) of 0.05% 
Triton X-100 and 0.2 mM dithiothreitol (DTT) in 1:5 diluted 
borate with N 2  gassing. The supernatant was removed after 
pelleting (20 min, 60000g) and the pellet reextracted for 15 
min with 1 volume of extraction buffer (without DTT) con- 
taining 0.5 mM p-CMB. This step resulted in the release of 
further glycophorin, band 4.2, and a variable amount of cy- 
toskeletal proteins (bands 1, 2, 4.1, and 5). The pellet was 
washed with 1:5 diluted isotonic borate and extracted for 1 
h on ice with extraction buffer containing 0.5% Triton X-100. 
The supernatant obtained after pelleting (30 min, 8OOOOg) was 
immediately concentrated 5-6-fold by ultrafiltration at 4 OC 
over an Amicon PM 10 membrane (to give 0.5-1 mg mL-' 
protein) and chromatographed on a Sephadex G-75 column 
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Neither band 3 nor glycophorin gives color values in the 
Markwell modified assay equivalent to the color value of the 
standard protein, bovine serum albumin. By use of a value 
for the absorption coefficient of band 3 in nonionic detergent 
of A = Airo ",,, - 1.95A;& ",,, = 7.7 (Pappert & Schubert, 
1983) for the absorption coefficient of band 3 in sodium 
cholate solutions, a Lowry value (relative to BSA) of 0.6 was 
determined and used for the measurement of protein con- 
centrations (i.e., band 3 protein concentrations were corrected 
by multiplying by 1.67 the value determined in the Lowry 
assay with BSA as a standard). The relative Lowry value of 
glycophorin was determined from weighed samples of purified 
lyophilized glycophorin to be 0.18. Glycophorin was purified 
by the method of Taraschi et al. (1982). Phospholipid de- 
terminations from inorganic phosphate analysis after acid 
hydrolysis were done by using the assay of Rouser et al. (1975) 
or by scintillation counting of detergent-solubilized reconsti- 
tutions doped with small amounts (50.1%) of DMPC-t,. 

Polyacrylamide Gel Electrophoresis. Gel electrophoresis 
was performed on 7.5% gels according to the method of 
Laemmli (1970), and protein bands were identified by Coo- 
massie or silver staining (Morrissey, 1981). The amount of 
glycophorin in band 3 samples was estimated by comparing 
the intensity of the glycophorin band with graded amounts of 
pure glycophorin run on the same gel after staining with silver. 

RESULTS 
Purijcation and Reconstitution of Band 3. The purification 

procedure used was a modified version of the method of 
Wolosin (1980). Borate buffers (instead of phosphate) were 
used throughout to allow determination of lipid concentrations 
using the phosphate assay and gave identical results in the 
purification of band 3 as were achieved in phosphate-buffered 
solutions. The reextraction of glycophorin-depleted membranes 
with 0.5 mM p-CMB resulted in the release of some residual 
glycophorin remaining after the 0.05% Triton X- 100 extraction 
and also some (but not all) band 4.2. The major impurity in 
the final band 3 preparation was glycophorin which was 
particularly prominent on silver-stained gels. Glycophorin 
stains much more strongly with silver than other erythrocyte 
membrane proteins, and this property enabled a good esti- 
mation of the glycophorin content in band 3 preparations to 
be made from a comparison of the intensity of the glycophorin 
band with graded amounts of purified glycophorin run on the 
same gel. The amount of glycophorin was estimated to be 3-5 
pg/ 100 pg of total protein, corresponding to one glycophorin 
molecule for seven or eight band 3 molecules in the recon- 
stitution solution. The protein used for reconstitution was 
estimated to be 85-90% pure with respect to band 3 .  Minor 
amounts of cytoskeleton proteins (bands 1, 2, and 5) sometimes 
contaminating the band 3 preparation were never detectable 
in the final protein-DMPC complexes. The minor amounts 
of glycophorin and band 4.2 were reconstituted with band 3 
in similar proportions as were present in the reconstitution 
solution. 

An important modification in the reconstitution method was 
the inclusion of the rapid gel filtration of Triton X-100 solu- 
bilized band 3 on a Sephadex G-75 column preequilibrated 
in sodium cholate. This resulted in the efficient exchange of 
Triton X-100 for cholate (Figure 1). Residual Triton X-100 
was estimated from the absorbance a t  280 nm (after sub- 
tracting the absorbance due to band 3 determined from the 
Lowry assay) to be less than 1% by weight of Triton X-100 
with respect to protein. Residual endogenous phospholipids 
were undetectable by phosphate analysis, indicating a residual 
level of less than 1 mol/mol of band 3, although this does not 
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FIGURE 1: Elution profile for the exchange of Triton X-100 for sodium 
cholate in Triton X-100 solubilized band 3 solution on Sephadex G-75 
(45 X 2.5 cm). The elution buffer was 20 mM borate, 50 mM NaC1, 
20 mM sodium cholate, 0.2 mM DTT, and 20 wg mL-' PMSF, pH 
8.0, with a flow rate 75 mL h-'. Absorbance at  660 nm (0) is the 
protein determination using the modified Lowry assay, and absorbance 
at 280 nm (0 )  is the absorbance in the elution profile due to band 
3 and Triton X-100. 

preclude the presence of residual unphosphorylated erythrocyte 
membrane lipids. 

Detergent dialysis of cholate-solubilized band 3 and 
DMPC-d, resulted in the formation of recombinants in which 
the proteixlipid ratio could be varied over a wide range, be- 
tween that of pure lipid and an upper limit of about 1.25:l 
(w/w). Over this range, the initial protein:lipid ratio before 
dialysis was maintained. At starting protein:lipid weight ratios 
greater than about 1.25:1, complexes with a limiting final ratio 
were produced, and protein in excess of that required to 
generate this ratio was recovered as a dense aggregate on 
density gradients. Protein and lipid were recovered in 50-60% 
yield after the reconstitution and density gradient steps. 

Sodium cholate, rather than Triton X-100, was used for both 
the storage of band 3 and the reconstitution with DMPC-$. 
Band 3 was found to be more stable in cholate solutions (as 
determined by PAGE and the inability to sediment protein 
stored for up to 3 weeks a t  4 'C at 15OOOOg for 1 h). It was 
particularly noticeable that band 3 retains its monomeric 
molecular weight on SDS gels after purification in sodium 
cholate whereas band 3 purified and stored in the nonionic 
detergents Triton X-100 or CI2E9 rapidly forms high molecular 
weight aggregates (greater than dimers) that are nondisso- 
ciable in SDS even in the presence of 1 mM DTT. Sodium 
cholate could be removed from reconstitutions by dialysis to 
less than 1 mol % of reconstituted lipid as determined by 
scintillation counting of samples doped with radioactive cho- 
late. Reconstitution of band 3 from cholate solutions also gave 
larger vesicles than we were able to achieve by reconstitution 
from Triton X-100. The formation of large recombinants was 
enhanced by decreasing the rate at which sodium cholate was 
removed by dialysis, and vesicle size was largely dependent 
on this factor (rather than on the protein:lipid ratio). Although 
protein-containing vesicles were of a similar size to pure lipid 
vesicles, they were more heterogeneous with small proportions 
of vesicles having diameters of less than 100 nm or more than 
I O  pm (Figure 2 shows an electron micrograph of a repre- 
sentative sample but without any of the extremely large vesicles 
sometimes obtained). Protein-containing vesicles of different 
sizes sedimented uniformly on sucrose density gradients in- 
dicating that size heterogeneity was not related to heterogeneity 
in the protein:lipid ratios of the complexes. 

NMR Spectroscopy. The residual quadrupole splitting 
(Ava) for DMPC-d, in bilayers is small [about 1.2 kHz at 30 
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FIGURE 2: Electron micrograph of negatively stained band 3-DMPC 
vesicles formed by cholate dialysis as described under Materials and 
Methods. The protein:lipid ratio is 0.48:l (w/w). Vesicles were diluted 
in distilled water, spread on Teflon grids, and stained with uranyl 
acetate, pH 5.0. Grids were examined with a Philips EM 400 electron 
microscope at 80  kV. The scale bar is 500 nm. 

OC compared to the maximum of I27 kHz (Davis, 1983)], and 
the NMR spectrum is thus sensitive to motional effects having 
correlation times of the order of 1 ms or faster. To reduce 
the small residual anisotropy through vesicle rotation or lipid 
lateral diffusion, it can be calculated that the vesicles must 
be less than about 300 nm in diameter (Burnell et al., 1980; 
Ryba et al., 1986). Since the majority of the lipid in the band 
3-DMPC complexes is in particles with diameters greater than 
300 nm, we assume that the spectral changes observed in the 
complexes compared with pure lipid reflect the orientational 
and dynamic properties intrinsic to the lipid head group and 
its interactions with protein. The range of vesicle sizes is likely 
to contribute to spectral broadening, however, and we have 
not attempted to assign the contribution to line broadening 
from motional effects intrinsic to the head group or arising 
from the effects of protein incorporation. Small vesicles 
probably give rise to some of the intensity in the center of the 
NMR spectra, which is particularly prominent at high tem- 
peratures. However, the shoulders of the spectra that we define 
as the apparent quadrupole splitting, AVQ, arise from the 
largest vesicles, and these are minimally affected by motional 
averaging. This parameter is thus a valid criterion by which 
to probe the effects of incorporation of band 3 into DMPC-d9 
bilayers. The apparent quadrupole splitting was not affected 
by any base-line distortions arising from the low power of the 
WH 300-MHz spectrometer, as shown by a comparison of 
spectra taken on a high-power CXP-200 spectrometer using 
a quadrupole-echo sequence and short radio-frequency pulses 
(Figure 3). Determination of the intensity of deuterium 
contributing to the recorded spectra from band 3-DMPC-d9 
complexes by comparison with a coaxial insert containing a 
pure DMPC-d9 dispersion showed that in all cases measured, 
all the labeled phospholipid was observable over the spectral 
range of the pure lipid (within an estimated error of 10%). 
There was no variation in the temperature dependence of the 
net deuterium intensity, indicating (within an error of about 
10%) that temperature-dependent changes observed did not 
result in the formation of a population of trapped lipid, either 
highly ordered or motionally restricted, giving highly broad- 
ened spectra. 

At all protein:lipid ratios measured, the incorporation of 
band 3 caused a decrease in the apparent quadrupole splitting 
of the DMPC-d, deuterons (Figures 5 and 6) when compared 
with protein-free DMPC-d9 vesicles (Figure 4). The effect 
of band 3 on the recorded *H NMR spectra depended on the 
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FIGURE 3: Comparison of *H N M R  spectra from reconstituted band 
3 in DMPC-d9 (0.71:l protein:lipid, w/w) recorded at 23 'C by using 
the Bruker WH 300-MHz spectrometer (29-ps 90° pulse) operating 
at 46.1 MHz (A) and the high-power CXP-200 spectrometer (30.7 
MHz; 4.5-ps 90' pulse) using a quadrupole echo sequence with 40-ps 
echo delays (B).  The base-line distortions resulting from the long 
90' pulse of the low-power spectrometer do not affect the measured 
quadrupole splitting which is 1160 + 15 HI, in each case. 
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FIGURE 4: Temperature dependence of the deuterium NMR spectrum 
of DMPC-d9 in deuterium-depleted dialysis buffer at 46.1 MHz 
showing the sensitivity of the terminal end of the choline head group 
to the main gel to liquid-crystalline phase transition at 24 OC. 

protein:lipid ratio. At low protein:lipid ratios (less than about 
0.4: 1 protein:lipid, w/w), narrow, well-defined spectral edges 
could be resolved at all temperatures measured, with a small 
degree of broadening in the central spectral region (Figure 5) .  
At temperatures below the DMPC-d9 phase transition tem- 
perature of 24 OC, little difference in the spectral shape be- 
tween protein-free and protein-containing complexes was ob- 
served, although the values of AvQ were somewhat smaller for 
the band 3 complexes. For complexes containing more protein 
(more than about 0.48:l protein:lipid, w/w) (Figure 6), a 
noticeable increase in line broadening in the central regions 
of the spectra was observed which was more apparent at higher 
temperatures. Below 29 OC, the spectra appear rather similar 
to those in Figure 5 for less concentrated protein-containing 
complexes. 

The apparent quadrupole splittings for all six vesicle dis- 
persions examined are shown in Figure 7 as a function of 
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FIGURE 5: Temperature dependence of the deuterium NMR spectrum 
of reconstituted band 3-DMPC-d9 (0.4: 1 w/w) in deuterium-depleted 
dialysis buffer at 46.1 MHz. 
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FIGURE 6: Temperature dependence of the deuterium NMR spectrum 
of reconstituted band 3-DMPC-d9 (0.71: 1 w/w) in deuterium-depleted 
dialysis buffer at 30.7 MHz (CXP-200 spectrometer) using a 
quadrupole echo pulse sequence with 4 0 - ~ s  pulse delays. 

temperature. Here it can be seen that band 3 broadens the 
phase transition of the bilayer as sensed by the choline methyls 
of DMPC-d9. At very high protein:lipid ratios (greater than 
about 0.7: 1 protein:lipid, w/w), the measured quadrupole 
splittings decreased monotonically with decreasing tempera- 
ture, indicating either a highly broadened phase transition or 
the suppression of the transition to temperatures below those 
measured (17 "C). In common with other integral membrane 
proteins (Kang et al., 1979; Tamm & Seelig, 1983; Ryba et 
al., 1986), a successive decrease of AuQ with increasing content 
of band 3 within the bilayer was observed. 

The values of AvQ a t  different temperatures are shown in 
Figure 8 for each of the 1ipid:protein ratios. The variation of 
AuQ with protein:lipid ratio is linear for all temperatures, 
indicating that the lipid a t  the protein surface is in fast ex- 
change throughout all environments of the complexes a t  all 
protein:lipid ratios as shown previously for other reconstituted 
proteins (Kang et al., 1979; Six1 et al., 1984; Ryba et al., 1986). 
A marked difference between the present and previous studies 
is that the slopes of the plots in Figure 8 vary with temperature 
and diverge with increasing protein concentration (increasing 
protein:lipid ratio). At the highest proteindipid ratio (1.25:l 
w/w) and high temperatures, the measured quadrupole 
splitting levels off to a constant value of about 760 Hz (Figures 
7 and 8) although the intensity in the center of the spectra 

L 
0 30 LO 

Temperature ("CI 
FIGURE 7 :  Temperature dependence of the apparent quadrupole 
splitting in the 'H NMR spectra of band 3-DMPC-d9 complexes. 
All samples were preincubated at 37 "C for 1 h before the spectra 
were recorded (see Materials and Methods), and the temperature 
variations were reversible over the temperature ranges illustrated. The 
protein:lipid weight ratios are (A) pure DMPC-d9, (B) 0.32:l (w/w), 
(C) 0.4:l (w/w), (D) 0.48:l (w/w),  (E) 0.71:l (w/w), and (F) 1.25:l 
(w/w).  
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FIGURE 8: Variation in measured quadrupole splitting as a function 
of the band 3:DMPC-d9 weight ratio (1 /n,) constructed from data 
similar to those of Figure 7 .  The temperatures are 26 (A), 27 (A),  
29 (O) ,  32 (O) ,  and 35 "C (0). 

still increased with increasing temperature. This effect may 
be due to the high degree of spectral broadening for this 
complex. 

For all the complexes, the measured variations of AvQ with 
temperature were completely reversible provided that the 
annealing step (1 h at 37 "C) was performed before the N M R  
measurements. Complexes which were measured 7 days after 
the initial measurements gave spectra that were not the same 
as those recorded on the day of recovery from dialysis with 
indications of lipid hydrolysis having occurred. 

The incorporation of band 3 in DMPC-d9 bilayers did not 
affect the spin-lattice relaxation time ( T I )  of the N-methyl 
deuteron which was 50 f 3 ms a t  32 O C  over the range of 
protein:lipid ratios measured. Phosphorus N M R  spectra were 
obtained for all complexes (not shown) and were typical of 
those arising from bilayer lipid. Within the limitations of the 
signal to noise ratio in the 31P N M R  spectra, there was no 
change in the phosphorus chemical shift anisotropy for any 
protein:lipid ratio compared with protein-free vesicles. 

DISCUSSION 
The results presented here provide further demonstration 

that the head groups of phospholipids in membrane bilayers 
are sensitive to interaction with proteins. As in the case of 
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rhodopsin (Ryba et al., 1986), the incorporation of band 3 into 
bilayers of DMPC-d9 results in a broadening of the spectral 
lines and a decrease in the apparent quadrupole splitting. 
Significantly, the effect of band 3 on the 2H NMR spectrum 
of DMPC-d, is markedly temperature dependent, the spectral 
changes at a given protein:lipid ratio being greater at higher 
temperatures than at lower temperatures. 

There are several possible contributions to the effect of band 
3 on the 2H N M R  spectrum of DMPC-d9 in reconstituted 
bilayer vesicles. It is possible that partial averaging of the 
residual spectral anisotropy (with a resulting decrease in 
quadrupole splitting) may arise from the rotation of vesicles 
or the lateral diffusion of lipid molecules around the surface 
of small vesicles, although we have argued against this on 
electron microscopic evidence (see Results). The extreme 
shoulders of the spectra, whose separation we define as the 
apparent quadrupole splitting, contain no contribution from 
the population of small vesicles (about 20%) which may give 
rise to the broad central component in the spectra which is 
particularly prominent at higher temperatures (Figures 5 and 
6). 

It is also unlikely that residual detergent in the protein-lipid 
complexes can be responsible for the changes observed in the 
*H NMR spectra. The exchange of Triton X-100 for sodium 
cholate by gel filtration results in levels of Triton X-100 of 
less than 1 wt % with respect to band 3 even before dialysis, 
and the addition of this amount of the detergent to DMPC-d9 
bilayers had no effect on the measured quadrupole splitting. 
Residual sodium cholate concentrations (less than 1 mol % 
of reconstituted lipid) were well below levels required to affect 
the spectrum of DMPC-d9 (Ryba et al., 1986). 

The major effects of band 3 on the 2H N M R  spectra can 
then be attributed to interactions between the protein and 
bilayer lipid. As with the interaction of myelin basic protein 
with negatively charged lipids (Sixl et al., 1984) and of rho- 
dopsin with DMPC-d9 (Ryba et al., 1986), it is possible to 
analyze the spectral changes in terms of a two-site fast ex- 
change of lipids between the bulk lipid phase (n f /n ,  being the 
proportion of lipid in the complex not associating with protein) 
and lipids at the protein surface (n,/n, being the proportion 
of lipids interacting with protein) such that nf + n, = n,, where 
n, is the total 1ipid:protein ratio for the complex. Such an 
analysis predicts a linear relationship between the experi- 
mentally observed quadrupole splitting, Qo, and the inverse 
of the chemically determined value of n, from the propor- 
tionality relationship Q, = (n,/n,)Q, + (nf/q)Qf, where Q, and 
Qf are the values of AuQ for lipids interacting with the protein 
and for lipids in the remaining bulk phase, respectively. As 
shown in Figure 8, Qo is linear with respect to l /n ,  at least 
for protein:lipid ratios up to 0.7:l (w/w). At very high pro- 
tein:lipid ratios at 33 and 35 OC, the observed values of AuQ 
deviate from linearity and tend toward a limiting value. 

Deviations from linearity a t  high protein:lipid ratios in the 
application of the two-site exchange model to protein-lipid 
interactions have previously been observed (Kang et al., 1979; 
Sixl et al., 1984; Ryba et al., 1986). This effect can be un- 
derstood in the nature of the bulk lipid phase in which the 
conformational and dynamic properties of the lipid molecules 
that give rise to the characteristic quadrupole splittings have 
contributions from interactions (which may be cooperative) 
between lipids. At very high protein:lipid ratios, the size of 
the cooperative units of bulk lipid may be diminished to an 
extent where these interactions are significantly altered and 
their cooperative nature decreased. The protein-associated 
lipid will then be in rapid exchange with a bulk lipid phase 

whose properties may be quite different from those of pure 
lipid. 

The assumption that the lipid head groups sample a ho- 
mogeneous protein surface is also likely to be an oversimpli- 
fication of the protein-lipid interaction. While rapid exchange 
on the *H N M R  time scale required for averaging of the 
residual quadrupolar anisotropy (faster than about lo4 Hz) 
onto and off the protein surface seems to occur (there is no 
evidence for “protein-immobilized” lipid in the present or our 
previous work), it is unlikely that a given lipid molecule can 
experience all possible interactions with the protein surface 
on this time scale. This heterogeneity of the protein sites 
during sampling by a lipid polar group will probably contribute 
some degree of inhomogeneous spectral broadening (Bienvenue 
et al., 1982). The broadening of the spectra that is particularly 
prominent a t  high protein:lipid ratios and high temperatures 
(Figure 5) may arise from such inhomogeneous broadening 
and contributes to the apparent leveling of measured quad- 
rupole splittings to a limiting value at protein:lipid ratios of 
1.25:l (Figures 7 and 8). Within these limitations, the linearity 
of the plots in Figure 8 indicates that the fast exchange model 
is a reasonable approximation for the interaction of band 3 
with DMPC in reconstituted bilayers at protein:lipid weight 
ratios up to 0.7:l. 

In the case of rhodopsin-DMPC-d9 interactions (Ryba et 
al., 1986), the observed quadrupole splittings converge to a 
common value at all temperatures when plotted against the 
protein:lipid ratio. The comparable results for band 3 (Figure 
8) are rather different from those obtained with rhodopsin. 
Since in the application of the proposed fast exchange model 
the slopes of the plots in Figure 8 have a value of n,(Qc - Qf), 
the changes in slope with respect to temperature imply that 
any or all of the three parameters, n,, Qc, and Qf, are tem- 
perature dependent. The value of Qf actually decreases, al- 
though by less than 10% (by 90 Hz), from 26 to 35 OC as seen 
from Figure 8 at l / q  = 0. However, since the slopes of Figure 
8 increase with increasing temperature, the largest contribution 
to the change in slopes will be from changes in n, or Q,. 
Previously we have suggested that Q, may be close to zero for 
lipids interacting with rhodopsin and myelin basic protein 
(Ryba et al., 1986; Sixl et al., 1984). If such an assumption 
is valid for DMPC-d9 deuterons when interacting with band 
3, then the significant increase in the value of n,(Qc - Qf) in 
Figure 8 (from 240 Hz at 26 OC to 548 Hz at 35 “C) suggests 
that the number of lipids interacting with each protein mo- 
nomer increases on average with increasing temperature. 

It has previously been shown that band 3 undergoes a re- 
versible self-association in reconstituted bilayers of egg PC, 
DOPC, and DMPC (Muhlebach & Cherry, 1985). On ag- 
gregation of an integral membrane protein, the protein surface 
available for lipid association may remain constant (if ag- 
gregating protein retains its “solvating” lipid) or might decrease 
(if lipid is excluded from the interface between self-associating 
protein molecules). The rssults in Figure 8 which show a 
temperature-dependent change in the number of lipid mole- 
cules interacting on average with band 3 indicate that the 
temperature-dependent self-association of band 3 occurs with 
exclusion of lipid molecules from the protein-lipid interface. 
Such an effect would be indistinguishable from associations 
involving the extramembranous regions of band 3 (Kopito & 
Lodish, 1985) in which lipid “solvating” the intramembranous 
regions was retained, when using methods such as ultracen- 
trifugation (Pappert & Schubert, 1983), rotational correlation 
time measurements by flash-induced transient dichroism decay 
(Muhlebach & Cherry, 1985), and saturation-transfer ESR 
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(Sakaki et al., 1982) which give information about the bulk 
size of the associating species. The 2H N M R  method indicates 
that self-associating band 3 molecules in DMPC release a 
proportion of their solvating lipid, presumably that proportion 
interacting with the previously exposed protein-protein in- 
terface. The independence of the measured spectral intensity 
to changes in temperature indicates (within an error of about 
10%) that no motionally restricted or highly ordered lipid is 
present between aggregated proteins. 

Verma and Wallach (1976) showed that tryptophan residues 
of erythrocyte integral membrane proteins become more ac- 
cessible to nitroxide spin-labeled fatty acids intercalated within 
the membrane upon increasing the temperature, with a tran- 
sition to unrestricted nitroxide quenching of fluorescence above 
about 37 O C  where the protein is minimally aggregated. In 
addition, proton N M R  measurements have suggested an in- 
creased mobility in the methyl side chains of integral mem- 
brane proteins in the erythrocyte above 35 O C  (Sheetz & 
Chan, 1972). These observations are consistent with the in- 
terpretation of a temperature-dependent self-association of 
band 3 involving the intramembranous apolar faces of the 
protein. 

It is possible to make an estimate of n,, the number of lipids 
released from the bulk lipid phase per molecule of band 3, at 
a given temperature from the slope of the straight lines in 
Figure 8, n,(Qc - e,), and assuming (Six1 et al., 1984; Ryba 
et al., 1986) that Q, is close or equal to zero. Using the value 
of Q, at each temperature from the pure lipid spectra, the value 
of n, changes by a factor of 2.5, from 28:l to 70:l (mol/mol, 
1ipid:protein) a t  26 and 35 OC, respectively, assuming a mo- 
lecular weight of 100000 for band 3. In the strict application 
of the two-site exchange model, n, may be taken as the number 
of lipids required to surround the maximally dissociated species 
of band 3 in DMPC-d, (at 35 "C). From a width of a lipid 
of 9.6 h; (Engelman, 1971), it can be calculated that 70 lipid 
molecules (35 in each leaflet of the bilayer) would surround 
a cylindrical protein with a diameter of about (35 X 9 . 6 ) / ~  
= 107 A. Even though band 3 is predicted (from the sequence 
of the murine protein) to contain 12 transmembrane helical 
sections (Kopito & Lodish, 1985), this value is rather larger 
than expected for the band 3 monomer by comparison with 
the limited information available for rhodopsin (seven helices; 
35-h; diameter; Osborne et al., 1978) or bacteriorhodopsin 
(seven helices, 35 X 45 8, in cross section; Henderson & 
Unwin, 1975). It should be realized, however, that the value 
of n, obtained by extrapolation to Avq = 0 is unlikely to be 
a valid representation of a hypothetical single annulus of lipid 
molecules surrounding the hydrophobic perimeter of the 
protein (Ryba et al., 1986). Lipid molecules in shells not 
immediately adjacent to the protein surface will experience 
interactions that differ from those in bulk lipid, and the ex- 
change of lipid molecules through these shells may generate 
contributions to inhomogeneous broadening that result in the 
reduction of the measured quadrupole splitting. In terms of 
the two-site exchange model, our best conclusion arising from 
the value of n, is that the lipid in more than a single shell of 
lipids surrounding the protein contributes to the protein-in- 
duced exchange-averaged spectral perturbations. It should 
be pointed out that although we have related the "annulus" 
of lipids around the protein to the monomeric species of band 
3, it is probably incorrect to assume that the maximally dis- 
sociated species occurring a t  35 O C  is a monomer. There is 
good evidence, for example, that band 3 is dimeric in mem- 
branes (Jennings, 1984), and in our preparations, a small 
proportion of protein is reconstituted in the form of aggregates 
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that are undissociable in SDS. Assuming that lipid is excluded 
from the associating surfaces of any aggregates remaining 
under the conditions of maximal dissociation (high tempera- 
ture), then the maximally dissociated species would be expected 
to have less annular lipid per mole of monomer than monom- 
eric band 3. Our conclusion that more than a single shell of 
lipid is "perturbed" by the protein surface is therefore rein- 
forced by consideration of residual self-association of band 3 
under conditions of maximal dissociation. 

The reversible self-association of band 3 observed by deu- 
terium N M R  is independent of the main gel-liquid-crystalline 
phase transition of DMPC-d9 which occurs a t  24 "C (see 
Figure 7) .  This transition, although broadened and suppressed 
a t  high protein:lipid ratios, takes place without apparently 
affecting the association of band 3 which is manifest a t  tem- 
peratures up to 35 O C ,  well above the phase transition of 
DMPC. Muhlebach and Cherry (1985) observed that in 
DMPC, band 3 a t  a 1ipid:protein ratio of 9.3:l (w:w) was 
completely immobilized a t  20 O C  (below the lipid phase 
transition temperature) but became mobile a t  temperatures 
of about 22-24 O C ,  clearly reflecting the influence of the lipid 
phase transition. This effect need not be due to self-association, 
however, and may result from the increased microviscosity of 
the bilayer in the gel phase. These authors point out that at 
higher proteixlipid ratios the phase transition is broadened, 
as is observed here, with protein mobility persisting down to 
18 "C. In addition to the independence of the self-association 
properties of band 3 on the phase transition of DMPC-d, 
observed here, a more general independence of band 3 self- 
association on phospholipid type is suggsted from measure- 
ments of band 3 self-association in the erythrocyte membrane 
(Nigg & Cherry, 1979), in reconstituted single lipid bilayers 
(Muhlebach & Cherry, 1985; this wark), and even in nonionic 
detergents (Pappert & Schubert, 1983). It is expected that 
any self-association equilibrium is a property of both the solute 
and supporting solvent, and in the case of proteins in lipids 
might be a function of relative association energies of pro- 
tein-protein, protein-lipid, and lipid-lipid interactions. In the 
case of band 3, protein-lipid and lipid-lipid interactions appear 
to be relatively unimportant in determining the association 
properties of the protein, although the detailed nature of the 
association is clearly modulated by the lipid (Miihlebach & 
Cherry, 1985). The evidence that the temperature-dependent 
self-association of band 3 is an intrinsic property of the protein 
suggests that a temperature-dependent conformational tran- 
sition between an association-promoting conformer and an 
association-inhibiting conformer may drive the self-association 
of the protein. Whether such a putative conformational 
equilibrium is related to conformational transitions observed 
by ESR spin-labeling (Ginsberg et al., 1981) and fluorescence 
energy transfer (Macara et al., 1983), and implied in the large 
activation volume measured for anion exchange (Canfield & 
Macey, 1984) that appears to be related to the function of the 
protein, remains to be determined. Significantly, however, 
inhibition of band 3 activity by the eosin maleimide probe 
leaves the self-associated properties of band 3 a t  least quali- 
tatively unaffected (Nigg & Cherry, 1979; Miihlebach & 
Cherry, 1985). 
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19F Nuclear Magnetic Resonance Studies of Selectively Fluorinated Derivatives of 
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ABSTRACT: G-Actin is a globular protein (Mr 42 300) known to have three cysteine residues that are  a t  
least partially exposed and chemically reactive (Cys- 10, -284, and -374). When G-actin was reacted with 
3-bromo- 1,l , l  -trifluoropropanone, three resolvable 19F resonances were observed in the I9F N M R  spectrum. 
This fluorinated G-actin derivative remained fully polymerizable, and its 31P N M R  spectrum was not 
significantly different from that of unmodified G-actin, indicating that the chemical modification did not 
denature the actin and the modified residues do not interfere with the extent of polymerization or the binding 
of adenosine 5'-triphosphate. One of the three 19F resonances was assigned to fluorinated Cys-374 on the 
basis of its selective reaction with N-ethylmaleimide, This resonance was dramatically broadened after 
polymerization of fluorinated G-actin, while the other two resonances were not markedly broadened or shifted. 
Thus, Cys-10 and -284 are not involved in or appreciably affected by the polymerization of G-actin, while 
the mobility of the I9F label a t  Cys-374 is markedly reduced. 

Fluorine-19 nuclear magnetic resonance (NMR) has proven mation and mobility of proteins, membranes, and other bio- 
to be an exceptionally useful probe for studying the confor- 
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logical macromolecular systems (Sykes & Weiner, 1980; 
Gerig, 1978). It offers the advantages of high sensitivity (close 
to that of I H  NMR),  100% natural abundance, a wide 
chemical shift range (-2000 ppm), and a low background of 
naturally occurring resonances. I9F must, in general, be in- 
troduced into the system by bioincorporation of fluorinated 
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