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ABSTRACT: Fluorescence digital imaging microscopy was used to characterize erythrocyte membrane domains. 
To investigate the role of specific proteins in forming lipid domains, erythrocyte ghosts were double-labeled 
with fluorescent phospholipids and a fluorescent label specific for band 3, the major integral membrane 
protein. Areas of enrichment, or domains, were observed for both the protein and lipid components. The 
size and enrichment of the protein and lipid domains in the membrane depended upon the ionic strength 
but not the temperature. Also, there was a higher correlation between the areas of band 3 and 
phosphatidylcholine enrichment than between band 3 and phosphatidylserine enrichment. This is consistent 
with band 3 playing a role in the formation of the phosphatidylcholine domains. Furthermore, areas of 
spectrin enrichment also were observed in immunofluorescently labeled ghosts, and the band 3 domains were 
found to coincide with the spectrin domains. Thus, the distribution of band 3 in ghosts is influenced by 
interactions with the cytoskeleton. Together, these experiments illustrate the type of membrane heterogeneity 
present in erythrocyte ghosts and the type of lipid and protein interactions that can affect the domains. 

Biological membranes consist of an assortment of protein 
and lipid components, and they represent the site of a large 
number of cellular processes such as transmembrane signaling 
(Hollenberg, 199 l) ,  protein translocation and sorting (Singer, 
1990; Pfeffer & Rothman, 1987), and cell-cell recognition 
(McClay & Ettensohn, 1990). The topology, or the lateral 
distribution of the proteins and lipids in the membrane, may 
play an important role in the mechanism of these processes. 
There is substantial evidence for lateral heterogeneity in 
biological membranes, with the membrane proteins and lipids 
being enriched into domains (Pessin & Glaser, 1980; Shukla 
& Hanahan, 1982; Jain, 1983; Gordon & Mobley, 1984; 
Thompson & Tillack, 1985; Metcalf et ai., 1986; Haverstick 
& Glaser, 1987; Finzi et al., 1989; Wolf et al., 1990; Tocanne 
et al., 1989;Yechial & Edidin, 1987; Kinnunen, 1991; Rodgers 
& Glaser, 1991, 1993; Edidin & Stroynowski, 1991; Edidin 
et al., 1991; Glaser, 1993). These domains represent areas 
in the membrane where the concentrations of proteins and 
lipids are different from the bulk membrane. 

A variety of mechanisms may be responsible for forming 
membrane domains. In human erythrocytes, the major 
cytoskeletal protein spectrin is anchored to the membrane by 
binding to the anion transporter protein band 3 via ankyrin 
and also to glycophorin via band 4.1 (Bennett, 1985). Band 
3 has a subunit molecular weight of 89 000, and it is the most 
abundant integral membrane protein. When band 3 interacts 
with the cytoskeletal matrix its lateral mobility is restricted 
(Fowler & Branton, 1977; Jacobson et al., 1987; Golan & 
Veatch, 1980; Sheetz et al., 1980). Membrane protein 
anchoring to the cell cytoskeleton may provide a means for 
forming and stabilizing membrane domains. Membrane 
protein anchoring to the cell cytoskeleton has been used to 
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explain protein enrichment in such cases as polarized epithelial 
cells, receptor clustering at nerve terminals, and domains of 
the MHC molecules H-2Db (Morrow, 1989; Phillips et al., 
1991; Edidin & Stroynowski, 1991; Edidin et al., 1991). As 
in erythrocyte membranes, the cytoskeleton is ascribed the 
role of limiting the free lateral diffusion of the membrane 
proteins and thereby inducing their enrichment in specific 
areas of the cell membrane. 

Specific protein-lipid interactions may provide another 
mechanism for formation and stabilization of membrane 
domains. In such cases, enrichment of membrane lipids could 
occur by interacting with specific proteins that either bind or 
are inserted into the membrane. Specific examples of this 
include enrichment of acidic phospholipids by cytochrome c 
and protein kinase C (Haverstick & Glaser, 1989; Bazzi & 
Nelsestuen, 1991). Spectrin also is known to bind to 
phospholipids with low affinity, particularly phosphatidylserine 
(Haest, 1982). Other examples that may be important for 
the formation of domains include cases where membrane 
protein self-association was found to depend on the lipid 
composition of the membrane (Rothberg et al., 1990; Mu- 
hlebach & Cherry, 1982). 

The use of fluorescence digital imaging microscopy (FDIM)’ 
to study lipid domains in erythrocyte membranes has been 
described (Haverstick & Glaser, 1987; Rodgers & Glaser, 
1991, 1993). In these experiments, FDIM proved to be a 
versatile technique that provided detailed information about 
the lateral heterogeneity of the erythrocyte membrane. The 
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results of these studies also suggested that membrane proteins 
are important in forming the lipid domains. In order to 
determine the role of specific proteins in forming lipid domains, 
this paper reports FDIM experiments on two major erythrocyte 
membrane associated proteins, band 3 and spectrin. The 
topology of these proteins in relation to lipid domains was 
investigated using a combination of double-labeling experi- 
ments with either a fluorescent label specific for band 3, 
immunofluorescence staining for spectrin, or fluorescent 
phospholipids. 

MATERIALS AND METHODS 

Ghost Preparation. Rabbit erythrocytes were collected and 
stored as described previously (Rodgers & Glaser, 199 1). The 
ghosts were prepared by the method of Lee e? al. (1985) using 
a 5.0 mM sodium phosphate buffer (pH 7.4) for lysis. After 
lysis and centrifugation in a microfuge (17000g, 2 min) the 
ghosts were washed, usually two to three times, until the 
supernatant was free of hemoglobin. After the final wash, 
the ghosts were suspended in 5.0 mM phosphate buffer to a 
volume 10-fold larger than the volume of the membrane pellet. 

Fluorescence Labeling. Specific labeling of band 3 was 
done using 4-acetamido-4’-isothiocyanatostilbene-2,2’-disul- 
fonic acid (SITS, U S .  Biochemicals). Intact erythrocytes 
were washed two to three times and resuspended in a 5-fold 
volume of 137 mM NaCl, 3 mM KCl, 6 mM Na2HP04, and 
2 mM KH2P04, pH 7.4 (PBS). The final resuspension was 
done in PBS containing 1 .O mM SITS (Knauf & Rothstein, 
197 1). The cells were stirred in the dark at room temperature 
for 30-45 min and then washed several times with PBS. The 
cells were lysed as described above. Sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis of SITS-labeled membranes 
followed by UV transillumination revealed band 3 to be the 
only fluorescently labeled protein. 

Unsealed ghosts were labeled with the fluorescent phos- 
pholipid 1 -acyl-2- [ [N-(4-nitrobenz-2-oxa- 1,3-diazolyl)amino] - 
caproyl]phosphatidylcholine (NBD-PC) or 1-acyl-2- [ [N-(4- 
nitrobenz-2-oxa- 1,3-diazolyl)amino] caproyl] phospha- 
tidylserine (NBD-PS) using donor vesicles as described 
previously (Rodgers & Glaser, 1991). NBD-PS was syn- 
thesized from NBD-PC as described by Haverstick and Glaser 
(1 987). Donor vesicles containing 0.2-0.4 nM total lipid were 
added per 100 pL of ghost suspension and incubated at 4 OC 
for 20 min. The ghosts were washed twice with 5 mM 
phosphate buffer and suspended in either 5 mM phosphate 
buffer or PBS. The ghosts in PBS were washed one additional 
time with PBS. All washes were done at 4 OC. 

For the immunofluorescence labeling of spectrin, unsealed 
ghosts in 5 mM phosphate buffer were incubated for 1 h with 
an anti-spectrin (a and 8) monoclonal antibody (mouse IgM 
in ascites fluid; Sigma Chemical Co.). Theghosts were washed 
several times and resuspended in 5 mM phosphate buffer, 
followed by another 1 -h incubation with fluorescein-conjugated 
anti-mouse IgM antibody (Sigma Chemical Co.). The ghosts 
were washed several times and resuspended in either 5 mM 
phosphate buffer or PBS for microscopy. All incubations 
and washes were done at  4 OC. For the ghosts suspended in 
PBS, the sample was washed with PBS prior to the final 
resuspension. To check for cross-reactivity, ghosts were 
incubated with normal mouse ascites fluid, followed by the 
secondary antibody. Microscopy of these control ghosts 
revealed no immunofluorescence staining. 

Fixation. Unsealed ghosts were fixed using a 0.5% solution 
of glutaraldehyde in PBS as described by Daleke and Huestis 
( 1985). Prior to fixing, the ghosts were washed and suspended 
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in PBS, and 500 pL of the ghost suspension was added to 5.0 
mL of the glutaraldehyde solution, followed by stirring for 30 
min. The ghosts were washed several times and suspended 
in PBS, followed by immunofluorescence labeling of spectrin 
as described above. 

Fluorescence Microscopy. All fluorescence microscopy was 
done using the system previously described (Rodgers & Glaser, 
1991). For NBD and fluorescein imaging, excitation was 
between 420 and 460 nm. For dansyl and SITS imaging, 
excitation was between 340 and 380 nm. Emission wavelengths 
greater than 430 nm were collected for dansyl and SITS 
imaging, and wavelengths greater than 5 15 nm were collected 
for NBD and fluorescein imaging. A thermoregulated 
microscope stage was used to control the temperature (Leitz 
heating and cooling stage 80). The samples were allowed to 
equilibrate for 2 min on the stage before collection of the 
image. The thermoregulated stage was maintained at the 
desired temperature f 2  OC. 

Image Processing and Quantitation. Background sub- 
traction and normalization of the images were done with the 
final images having a mean gray value of 100 f 4 on a gray 
scaleof 0-255 (Figure 1, bottom) (Rodgers & Glaser, 1991). 
The area used for the normalization operations was a square 
enclosing the edge of the ghost. Identical areas were used in 
normalizing the companion images of double-labeled ghosts. 

The radiance values of the domains were measured using 
the pixel with the greatest or the smallest gray value in the 
areas of enrichment or depletion, respectively. The domains 
were visually defined using the pseudo-color assignment of 
pixel radiance. Since most of the pixels in the normalized 
images are green, the domains were assigned to the colors 
above and below the green on the pseudo-color scale (Figure 
1 , bottom). Quantitatively, this typically corresponded to 
radiance values above 155 for the areas of enrichment and 
less than 100 for the areas of depletion. For construction of 
the surface plots, the pixel in the corresponding position in the 
companion image was also measured. This generated two 
radiance values for each area of enrichment or depletion. The 
same domain was measured twice in each companion image 
when both fluorophores were enriched, but the maximum 
radiance values did not coincide. This also applies to the 
areas of depletion for the minimum radiance values. 

Measurements of the areas of enrichment in normalized 
images were done by first subtracting 135 from each pixel 
gray value in the image to define the boundary of the enriched 
area. Subtraction of 135 ensures that all the pixels associated 
with each area of enrichment were included in the measure- 
ments. The resulting pixel gray values were multiplied by six. 
This produced a sharply defined border around the region or 
enrichment. The domains of enrichment were outlined and 
the area inside the outlines measured using an area function. 
The area measurements for the depleted regions were done 
as described for the areas of enrichment. However, the gray 
scale was first inverted so that a radiance of 255 equaled 0. 

RESULTS 

Effects of Ionic Strength and Temperature on Membrane 
Domains. Previous studies have suggested that proteins are 
responsible for forming lipid domains in the erythrocyte 
membrane (Rodgers & Glaser, 1991,1993). Tocharacterize 
the distribution of a specific protein in the membrane, the 
major erythrocyte glycoprotein band 3 was labeled using the 
fluorescent affinity label 4-acetamido-4’-isothiocyanatostil- 
bene-2,2’-disulfonic acid (SITS). The ghosts were further 
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FIGURE 1: Erythrocyte ghosts double-labeled with NBD-PC and SITS-labeled band 3. Three different ghosts are shown in each panel, and 
each panel represents ghosts in either 5 mM phosphate buffer at 4 OC (A), PBS at 4 "C (B), or PBS at 37 OC (C). The NBD-PC images 
are on the left, and the SITS images are on the right for each ghost. All images were normalized to a mean gray value of 100 f 4. The white 
bar equals 2.5 pm. The pseudo-color scheme applied to the images is shown with its equivalent gray values (bottom). The gray values range 
from 0 (blue) to 255 (red). The two grey bands in the pseudo-color scale result from color mixing by the television monitor from which the 
images are photographed. 

labeled with NBD-labeled phospholipids to correlate the 
distribution of band 3 and phospholipids in the membrane. 

Band 3 has several advantages that make it well suited for 
FDIM. These include its high copy number in the membrane 
(Bennett, 1985) and the information that is available on the 
lateral and rotational mobility of band 3 (Golan & Veatch, 
1980; Matayoshi & Jovin, 1991; Tsuji et ai., 1988). These 
studies showed that band 3 can exist as a dimer, a tetramer, 
and higher oligomers. Of particular interest for the present 
study was the observation that the immobile fraction of band 
3 increased at higher ionicstrengths (Golan & Veatch, 1980). 
The effects of ionic strength and temperature on the distri- 
butions of band 3 and different phospholipids were determined 
in ghosts suspended in either 5 mM phosphate buffer (Figure 
lA), PBS at 4 " C  (Figure lB), or PBS at 37 "C (Figure 1C). 
The NBD-PC images are on the left and the SITS-labeled 
band 3 images are on the right. 

It is evident in Figure 1 that the distributions of both band 
3 and phosphatidylcholine were not uniform in all the 
conditions studied. For example, in each ghost the distributions 
of band 3 and phosphatidylcholine had a unique pattern of 
enrichment and depletion in the membrane. When the ghosts 
were suspended in the low ionic strength buffer (5 mM 
phosphate buffer), the domains were smaller and less enriched 
compared with the domains in the ghosts suspended in PBS. 
Furthermore, the ghosts in PBS at 4 and 37 "C showed similar 
types of large, intense domains relative to the less enriched, 
smaller domains present in ghosts in 5 mM phosphate buffer. 
The distributions of band 3 and phosphatidylcholine were, 
therefore, significantly affected by the ionic strength but not 
the temperature of the sample. Also there was a correlation 

or temperature (data not s 
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FIGURE 2: Surface plots showing the distributions of domain radiance values for a population of ghosts double-labeled with NBD-PC and 
SITS-labeled band 3 as in Figure 1 .  The surface plots show the number of domains (z-axis) with the corresponding NBD-PC (x-axis) and 
SITS (y-axis) radiance values. The ghosts were in either 5 mM phosphate buffer at 4 OC (A), PBS at 4 OC (B), or PBS at 37 OC (C), with 
population sizes of 52, 69, and 58, respectively. The images are normalized to a mean gray value of 100 f 4 prior to measurement. 

FIGURE 3: Surface plots showing the distributions of domain radiance values for a population of ghosts double-labeled with NBD-PS and 
SITS-labeled band 3. The surface plots were constructed as described in Figure 2. The ghosts were suspended in either 5 mM phosphate 
buffer at 4 "C (A) or PBS at 4 "C (B). The sizes of the ghost populations used for the measurements were 34 and 38 for the samples in 5 
mM phosphate buffer and PBS, respectively. 

The changes in the domain enrichment that are visible in 
Figure 1A,B for individual ghosts suspended in PBS rather 
than 5 mM phosphate buffer are also evident in the surface 
plots presented in Figure 2 for the population of ghosts. For 
example, the distribution of radiance values shifts along the 
x-y diagonal to include greater enrichment in the band 3 and 
phosphatidylcholine domains in ghosts suspended in PBS at 
4 "C relative to the domains in the ghosts in 5 mM phosphate 
buffer (Figure 2, panel B versus panel A). The shift in the 
distribution along the x-y diagonal also suggests that band 
3 may be important in forming the phosphatidylcholine 
domains. In cases where there is no interaction between two 
components, greater enrichment of one component would occur 
independently of the second component. This would shift the 
distribution in the x or y direction only, rather than along the 
x-y diagonal. Changes of this nature occur when Ca2+ is 
added to ghosts and there is an enrichment of phosphati- 
dylserine without a comparable increase in phosphatidylcholine 
(Rodgers & Glaser, 1993). Figure 2 also shows thedistribution 
of domain radiancevalues for ghosts in PBS at 37 O C  (Figure 
2C). The peaks in this plot appear slightly sharper compared 
with ghosts in PBS at 4 "C. However, the ranges of domain 

radiance values are similar at both temperatures. 
The possibility that band 3 may exhibit some specificity in 

forming phosphatidylcholine domains was addressed by 
double-labeling ghosts with SITS and NBD-PS. Some of the 
observations that were made concerning domains in ghosts 
double-labeled with SITS and NBD-PC also applied to the 
ghosts double-labeled with SITS and NBD-PS. For example, 
Figure 3 shows the distributions of domain radiance values 
for separate populations of ghosts double-labeled with NBD- 
PS and SITS and suspended in either 5 mM phosphate buffer 
(Figure 3A) or PBS (Figure 3B) at 4 "C. The increase in the 
domain enrichment for ghosts in PBS compared with ghosts 
in 5 mM phosphate buffer is evident by the shift in the 
distributions to greater radiance values. The images of the 
ghosts represented in Figure 3 also had a heterogeneous 
distribution of both band 3 and phosphatidylserine, with each 
image having its own unqiue pattern of enrichment and 
depletion. 

The surface plots in Figure 3 show a smaller correlation 
between band 3 and NBD-PS in the domains compared with 
band 3 and NBD-PC in the domains shown in Figure 2. The 
domain radiance distributions for band 3 and NBD-PS are 
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FIGURE 4: Distributions of the relative areas of enrichment for double- 
labeled ghosts. The distributions are for the relative areas of 
enrichment in the NBD-PC (A) and SITS-labeled band 3 (B) images 
of ghosts in either 5 mM phosphate buffer at 4 OC (n), PBS at 4 "C 
(m), or PBS at 37 "C (crosshatched 0). The area of the domain 
represents the percent of the area of the total image. The areas were 
measured in the same ghosts that generated the data for Figure 2. 
The images were normalized to a mean gray value of 100 f 4 prior 
to measurements. Domain areas that were less than 1% of the entire 
area of the image were not included in the distribution. 

shifted away from thex-y diagonal relative to the distributions 
for band 3 and NBD-PC in corresponding conditions (Figure 
3 versus Figure 2). Thus, there is a lower concentration of 
NBD-PS than NBD-PC in the areas of band 3 enrichment. 

The maximum range of concentration of each fluorophore 
in the ghosts from Figures 2 and 3 was measured by taking 
the ratio of the largest over the smallest radiance value in 
each image. In cases where the radiance value in the 
normalized image was at the saturated value of 255, the values 
were measured in the prenormalized image. The maximum 
concentration ranges for the different fluorophores in each 
population of ghosts averaged between 2.0 and 3.5, with the 
ghosts in PBS usually having an average value greater than 
3.0. The largest range of concentrations measured for the 
entire sample of images represented in Figures 2 and 3 were 
6.8, 4.0, and 8.5 for NBD-PC, NBD-PS, and SITS, respec- 
tively, for ghosts suspended in PBS. 

It is also apparent in Figure 1 that the domains increased 
in size when the ghosts were suspended in PBS rather than 
5 mM phosphate buffer. The distributions of the domain 
areas for the ghosts in the separate conditions are shown in 
Figure4 for theNBD-PC (top) and theSITS images (bottom). 
The majority of the domains for ghosts in 5 mM phosphate 
buffer had areas less than 5% of the image. When the ghosts 
were shifted to PBS, at either 4 or 37 OC, there was a decrease 
in the number of small domains and an increase in domains 
with areas between 20% and 30% of the image. This resulted 
in a bimodal distribution for the SITS domains of ghosts in 
PBS at 4 OC and in the distributions for both the SITS and 
the NBD-PC domains in ghosts in PBS at 37 OC. 

Figure 5 shows the distributions of domain sizes for ghosts 
double-labeled with NBD-PS (top) and SITS (bottom) and 
suspended in either 5 mM phosphate buffer or PBS'at 4 OC. 
The NBD-PS domains behaved similarly to the domains of 
ghosts double-labeled with NBD-PC and SITS. For example, 
in the ghosts that were suspended in 5 mM phosphate buffer, 
most of the band 3 and NBD-PS domains were distributed 
with areas less than 5% of the total area of the image. The 
distributions changed to having a large population of domains 
with areas between 20% and 30% when the ghosts were 
suspended in PBS. 
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FIGURE 5:  Distributions of domain sizes for ghosts double-labeled 
with NBD-PS and SITS-labeled band 3. The distributions are for 
the areas of enrichment in the NBD-PS (A) and SITS (B) images 
of ghosts in either 5 mM phosphate buffer at 4 OC (0) or PBS at 
4 "C (m). The areas were measured in the same ghosts that generated 
the data for Figure 4. The images were normalized to a mean gray 
value of 100 f 4 prior to measurement. Domain areas that were less 
than 1% of the entire area of the image were not included. 

Importantly, the domain parameters shown for the SITS- 
labeled band 3, NBD-PC, and NBD-PS images in Figures 
2-5 were independent of the second label. For example, when 
the distributions of domain radiance values for the ghosts 
double-labeled with SITS and either NBD-PC or NBD-PS 
(Figures 2 and 3) are compared, it is evident that the SITS 
domain radiance values fell within the same range for both 
experiments. Also, ghosts labeled with SITS alone (i.e., no 
NBD-labeled phospholipid) have a similar distribution of 
values. Previous experiments showed NBD-PC, NBD-PS, 
and dansyl-PC enrichment into domains in double-labeling 
experiments with ghosts in PBS (Rodgers & Glaser, 1991). 
Quantitation of these domains demonstrated that they had 
similar values of enrichment of labeled PC and PS as shown 
here in Figures 2 and 3 (Rodgers & Glaser, 1993). Thus, the 
domain radiance values were not changed by additional 
labeling. 

Association of Spectrin Enrichment with Band 3 Domains. 
Band 3 is bound to the major cytoskeletal protein spectrin via 
ankyrin (Bennett, 1985). To investigate the association 
between the band 3 domains and the cytoskeleton, SITS- 
labeled ghosts were immunofluorescently labeled using anti- 
spectrin IgM monoclonal antibodies and a fluorescein- 
conjugated secondary antibody (Figure 6). The ghosts were 
suspended in either 5 mM phosphate buffer (Figure 6A) or 
PBS (Figure 6B) following the immunofluorescence staining. 
The ghosts in Figure 6C were fixed prior to staining and were 
suspended in PBS for microscopy. In Figure 6, the SITS 
images are on the left, and the fluorescein images are on the 
right. All of the images were collected at 4 OC except the 
bottom set in Figure 6B, which was collected at 37 OC. 

It is evident in Figure 6 that areas of spectrin enrichment 
occurred, and they correlated with the presence of the band 
3 domains. Again, the domains in the band 3 images were 
larger and more enriched for the ghosts suspended in PBS 
rather than 5 mM phosphate buffer (Figure 6, panels B and 
C, versus Figure 6, panel A). The spectrin images of the 
unfixed ghosts, in both 5 mM phosphate buffer and PBS, had 
greater domain enrichments than the fixed ghosts in PBS 
(Figure 6, panels A and B, versus Figure 6, panel C). The 
large enrichment of spectrin reflects spectrin aggregation due 
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FIGURE 6: Immunofluorescence staining of spectrin and SITS-labeled band 3. Shown here are nine separate double-labeled ghosts in either 
5 mM phosphate buffer at 4 O C  (A) or PBS at 4 OC (B and C). The ghosts in ( C )  were suspended in PBS and fixed with glutaraldehyde 
prior to immunofluorescence staining, The ghosts were labeled with a monoclonal anti-spectrin IgM antibody and with fluorescein-conjugated 
anti-mouse IgM as the secondary antibody. The SITS images are on the left, and the fluorescein images are on the right. The bottom ghost 
in (B) was at 37 OC. All images were normalized to a mean gray value of 100 f 4. The white bar equals 2.5 pm. 
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FIGURE 7: Surface plots showing the distributions of domain radiance values for ghosts with SITS-labeled band 3 and fluorescein 
immunofluorescence staining for spectrin, The surface plots were constructed as described for Figure 2, except that the x- and y-axes now 
represent domain enrichment relative to the average radiance of each ghost. The samples were in either 5 m M  phosphate buffer at 4 O C  (A) 
or PBS at 4 "C (B and C) as in Figure 6. The distribution in (C) is from ghosts that were fixed in PBS with glutaraldehyde prior to 
immunofluorescence staining. The sizes of the ghost populations used for the measurements were 40, 42, and 44 for the ghosts in 5 mM 
phosphate buffer and PBS and the fixed ghosts in PBS, respectively. 

to antibody cross-linking. Band 3 enrichment for the ghosts 
in Figure 6B that were not fixed and suspended in PBS was 
greater than that of both the fixed ghosts in PBS (Figure 6C) 
and the ghosts labeled with SITS and NBD-PC only (Figure 
1 B,C). This demonstrates that aggregation of spectrin resulted 
in increased enrichment of band 3 in the domains. 

Figure 7 shows the distributions of domain radiance values 
for populations of ghosts corresponding to the conditions in 
Figure 6. Because of the large enrichment values of the 
domains in ghosts not fixed before antibody labeling, prenor- 

malized images were used for the measurements. The x- and 
y-axes of the plots represent the radiance values of the domains 
relative to the average radiance of the image. In this manner, 
a domain radiance of 255 in a ghost normalized to an average 
radiance of 100 would equal a relative enrichment of 2.55. 

Most of the domains represented in Figure 7 for the ghosts 
that were not fixed were more enriched in fluorescein than 
SITS. When the distribution of SITS radiance values for the 
ghosts suspended in PBS (Figures 2B and 7B) are compared, 
it can be seen that the SITS enrichment was greater when the 
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anti-spectrin antibody was added. The effect of the anti- 
spectrin antibody on the SITS enrichment was not observed 
when the ghosts were maintained in 5 mM phosphate buffer 
(Figure 7A versus Figure 2A), and this may reflect the weaker 
binding of band 3 to spectrin at lower ionic strength (Golan 
& Veatch, 1980; Bennett, 1985). 

When the spectrin aggregation was inhibited by fixing the 
ghosts prior to antibody labeling, the radiance values for the 
SITS domains resembled the range of values for the ghosts 
in PBS at 4 OC without antibody labeling (compare Figure 
7C to Figure 2B). The distribution of radiancevalues in Figure 
7C occurs along the x-y diagonal, representative of domains 
with similar values of enrichment and depletion for the SITS 
and fluorescein images. 

The concentration range in each ghost was measured using 
the largest and smallest radiance value in each image. The 
concentration ranges for the SITS images averaged 2.6, 5.0, 
and 2.8 for the unfixed ghosts in 5 mM phosphate buffer and 
PBS and the fixed ghosts in PBS, respectively. The concen- 
tration ranges for the fluorescein images averaged 4.9, 17.0, 
and 3.1 for the unfixed ghosts in 5 mM phosphate buffer and 
PBS and the fixed ghosts in PBS, respectively. The largest 
concentration ranges measured for SITS and fluorescein were 
13.8 and 75.0, respectively, for unfixed ghosts in PBS. 
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band 3. Thus, the SITS-labeled band 3 studied in the present 
experiments may represent the distribution of “liganded band 
3,” which could be different from the unliganded form. 
Electron microscopy investigations into the erythrocyte cy- 
toskeleton have revealed a heterogeneous structure at the 
molecular level with dimers, tetramers, and higher order 
oligomers of spectrin along with associated proteins (Timme, 
1981; Liu et ai., 1984, 1987; Byers & Branton, 1985; Shen 
et al., 1986). The distribution of spectrin (fodrin) has been 
observed to be heterogeneous in many different types of cells 
and concentrated into domains (Luna & Hitt, 1992). The 
heterogeneity of spectrin distribution also has been associated 
with differences in lipid organization (Langner et al., 1992). 
Thus, changes in the cytoskeleton may represent a mechanism 
to modulate the surface distribution of band 3 and the 
organization of lipids in the membrane. 

Band 3 is a major component of intramembrane particles 
seen with freeze4tch electron microscopy. These particles 
can be induced to aggregate when the spectrin network is 
distrupted, and studies have shown an association between 
the distribution of spectrin and the distribution of intramem- 
brane particles (Elgsaeter & Branton, 1974; Elgsaeter et al., 
1976; Shottenetal., 1978). Particleaggregationwas promoted 
by increased ionic strength (Elgsaeter & Branton, 1974). 

A number of experiments have been done to rule out that 
the lipid domains in the erythrocyte membrane depend on the 
fluorophore attached to the phospholipid (Rodgers & Glaser, 
1991,1993). Similar distributions areobserved when different 
fluorophores are attached to the same phospholipid. It is 
reasonable that, in a fluid membrane, the phospholipid head 
group may play a more dominant role than the acyl chains 
in the formation of lipid domains. Attaching the same 
fluorophore to different head groups changes its distribution 
in the erythrocyte membrane, and comparing the relative 
distributions of the different phospholipids appears valid. Also, 
the distribution of one labeled phospholipid does not depend 
on the type or concentration of a second labeled phospholipid. 

The lack of a pronounced effect of temperature indicates 
that the lipid domains are not due to a phase transition and 
the coexistence of gel and liquid-crystalline phase lipids. There 
were more small NBD-PC domains at 4 than 37 OC in PBS 
(Figure 4A), and this may reflect the faster lateral mobility 
observed at higher temperatures (Golan & Veatch, 1980). 
The faster mobility could manifest itself as smaller domain 
sizes. 

There was a better correlation between band 3 and NBD- 
PC domains as compared with the band 3 and NBD-PS 
domains (compare Figure 2 with Figure 3). While many 
membrane proteins would be expected to influence the 
distribution of a phospholipid in the membrane, the simplest 
explanation is that band 3 has a higher binding affinity for 
phosphatidylcholine than phosphatidylserine and sequesters 
or enriches phosphatidylcholine in its environment. This may 
be analogous to the long-range reorganization of phospholipids 
that can take place with cytochrome c (Haverstick & Glaser, 
1989) or with D-o-hydroxybutyrate dehydrogenase (Wang et 
al., 1988). Consistent with this suggestion is the observation 
that there are several phosphatidylcholine molecules that 
copurify with band 3 (Ross & McConnell, 1978). The tightly 
bound phospholipids also are enriched in saturated fatty acids 
(Maneri & Low, 1989). Band 3 was active in reconstituted 
vesicles composed of phosphatidylcholine and phosphatidyl- 
ethanolamine, while phosphatidylserine and sphingomyelin 
inhibited the transport activity (Kohne et ai., 1983). The 
stability of band 3 also was much greater in phosphatidyl- 

DISCUSSION 

The abundance of band 3 in the erythrocyte membrane and 
its close association with spectrin make these proteins good 
candidates for studying the relationship between protein and 
lipid distribution. The results showed a correlaton between 
band 3 domains, spectrin domains, and phosphatidylcholine 
domains. 

The observations described here are consistent with previous 
work using the fluorescence photobleaching recovery technique 
on labeled band 3 in erythrocyte ghosts (Golan & Veatch, 
1980). For example, Golan and Veatch observed an increase 
in the immobile fraction of band 3 when ghosts were suspended 
in high ionic strength buffers rather than low ionic strength 
buffers. Similarly, the band 3 domains observed here increased 
in both size and enrichment when the ghosts were suspended 
in PBS rather that 5 mM phosphate buffer. Therefore, the 
immobile fraction of band 3 measured by Golan and Veatch 
probably corresponded to the band 3 domains visualized here. 

The correlation between band 3 domains and spectrin 
domains in immunofluorescently labeled ghosts (Figures 6 
and 7) demonstrated an association of the band 3 domains 
with the cytoskeletal network. The increase in the enrichment 
and size of the band 3 domains when the ghosts were suspended 
in PBS rather than 5 mM phosphate buffer is consistent with 
the cytoskeleton being responsible for forming the band 3 
domains. Firmer anchoring of band 3 by the cytoskeleton at 
higher ionic strengths would reduce band 3 lateral diffusion 
and act to enrich band 3 in domains. This point is further 
illustrated by the experiments with spectrin aggregation due 
to immunofluorescence labeling (Figures 6 and 7). When the 
immunofluorescently labeled ghosts were suspended in PBS, 
band 3 enrichment was greater than without antibody labeling. 
The limited cytoskeleton binding to band 3 in the low ionic 
strength conditions resulted in only nominal changes in the 
band 3 distribution induced by spectrin aggregation. It is not 
clear if the ghosts fixed with glutaraldehyde completely 
prevented all spectrin aggregation by the antibody labeling. 
It should be noted also that SITS-labeled band 3 has a different 
conformation than unlabeled band 3 (Batenjany et ai., 1993), 
and this may in turn affect the ankyrin binding properties of 
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choline and phosphatidylethanolamine vesicles as opposed to 
vesicles containing phosphatidylserine and spingomyelin 
(Maneri & Low, 1988). Since band 3 is a large protein with 
several transmembrane segments, it can interact with many 
phospholipids at its surface (Yeagle, 1982), and some 
experiments suggest a band 3 molecule can perturb approx- 
imately 700 phospholipids in a bilayer (Chicken & Sharon, 
1984). Because of the large number of band 3 molecules in 
the red blood cell membrane, it can have a major influence 
on the distribution of lipids in the membrane. 

Membrane protein and lipid domains may represent an 
important structural motif for membrane function. For 
example, denatured hemoglobin and a variety of other agents 
can cause extensive clustering of band 3, which may act in 
vivoasasignalforclearanceofagederythrocytes (Low, 1991). 
In summary, the results suggest that band 3 plays an important 
role in forming lipid domains. In turn, the distribution of 
band 3 is affected by interaction with the cytoskeleton. Since 
the activity of band 3 and other membrane enzymes is affected 
by their lipid environment, the lipid domains may be a 
significant feature in regulating enzyme activity as well as 
other membrane processes. 
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