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Abstract

In earlier model studies we demonstrated that artificially de-
natured hemoglobin binds to and clusters the protein, band 3, in
the plane of the erythrocyte membrane. To determine whether
denatured hemoglobin also clusters band 3 in vivo, we have com-
pared the locations of denatured hemoglobin aggregates (Heinz
bodies) with band 3 in sickle cells using phase contrast and im-
munofluorescence microscopy. Wereport that where Heinz bod-
ies are found associated with the cytoplasmic surface of the
membrane, clusters of band 3 are usually colocalized within the
membrane. In contrast, normal erythrocyte membranes and re-
gions of sickle cell membranes devoid of Heinz bodies display
an uninterrupted staining of band 3. Similarly, ankyrin and gly-
cophorin are periodically seen to aggregate at Heinz body sites,
but the degree of colocalization is lower than for band 3. These
data demonstrate that the binding of denatured hemoglobin to
the membrane forces a redistribution of several major membrane
components.

Introduction

Erythrocytes containing unstable or mutant hemoglobins com-
monly exhibit an enhanced tendency to release membrane ves-
icles and/or to hemolyze (1, 2). Because the amino acid change
in these hemoglobins is believed to be the sole primary defect
in the cells, the associated membrane abnormalities must derive
either directly or indirectly from the altered properties of the
mutant hemoglobins. In the case of sickle cells, hypotheses re-
lating the molecular defect in the hemoglobin to the altered
properties of the membrane e.g., flexibility, Ca2+ permeability,
lipid asymmetry, cytoskeletal structure, surface charge distri-
bution, autologous antibody affinity, etc. (3-14), have generally
attributed the membrane lesions either to the tendency of sickle
hemoglobin (HbS)' to polymerize and distort the cell, or to its
predisposition to denature and catalyze the production of oxi-
dizing agents. In the latter hypothesis, the oxidizing agents are
believed to react with membrane proteins and/or lipids in causing
the defective membrane behavior (15).

In recent model studies, we have presented evidence that
slightly denatured hemoglobins, termed hemichromes, associate
tightly with the cytoplasmic domain of the predominant mem-
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1. Abbreviations used in this paper: HbS, sickle hemoglobin.

brane-spanning protein, band 3, both in situ and in isolated
form (16). Importantly, this interaction was shown to be of much
higher affinity than the association of native hemoglobin with
band 3 (16). Furthermore, the tight association between hemi-
chromes and band 3 was found not to terminate in a simple
unit complex, but instead to propagate into a stoichiometric
copolymer of macromolecular dimensions (16). Whenthe model
study was extended to include intact cells, it was found that
phenylhydrazine-generated hemichromes bound tightly to the
cytoplasmic surface of the membrane, promoting a redistribution
of band 3 in situ (17). Although no investigation of hemichrome-
membrane interactions in unmodified naturally occurring cells
was ever attempted, it was hypothesized that a similar hemi-
chrome-induced clustering of band 3 in the membrane might
be observed wherever hemichromes aggregate on the membrane
surface.

To evaluate the above hypothesis, we have examined the
lateral distribution of band 3, ankyrin, and glycophorin in sickle
cells by immunofluorescence microscopy. Our results demon-
strate that at most sites where hemichrome aggregates (Heinz
bodies) are firmly attached to the membrane, band 3 is also
clustered within the membrane. Ankyrin and glycophorin are
also frequently observed to colocalize with Heinz body sites on
the membrane, however the correlation in these cases is not as
great as is observed for band 3.

Methods

Antibodies. Humanerythrocyte ankyrin was prepared according to Ben-
nett and Stenbuck (18). This preparation was applied to a preparative
sodium dodecyl sulfate polyacrylamide gel and the major band at
21 0,000-mol wt was cut from the gel, emulsified, and used to raise anti-
ankyrin antibodies in rabbits. The antiserum from these rabbits was
found by immunoblotting to stain exclusively ankyrin and its degradation
products, band 2.1-2.6 (Fig. 1, lane A). No staining of isolated spectrin
was observed with this preparation. Antibodies were also made against
the cytoplasmic domain of band 3 by injecting rabbits with the native
protein prepared according to reference 19 as modified in reference 20.
The anti-band 3 antiserum was affinity-purified on peripheral protein-
depleted inside-out vesicles that were prepared by low ionic strength
extraction of red cell membranes (21) followed by stripping with I M
KCI (22). The antibodies were eluted from the vesicles with 0.1 Mglycine
buffer, pH 2.7, and were found on western blots of red cell ghosts to
stain exclusively band 3 (Fig. 1, lane B).

The IgG fraction of the antiserum raised in goat against rabbit IgG
and labeled with rhodamine isothiocyanate was obtained from Sigma
Chemical Co., St. Louis, MO, as a 17.1-mg/ml stock solution with a
molar ratio of rhodamine to protein of 3.0. The biotin-conjugated goat
anti-rabbit and goat anti-human IgG and the rhodamine-conjugated
avidin were also from Sigma Chemical Co.

Sickle cells. Red blood cells were obtained from 19 pediatric and
adult patients (age range 3-53 yr) with major sickle hemoglobinopathies
(15 Hb SS, 1 Hb Sf3-thalassemia, 3HbSC) being followed at the Uni-
versity of Illinois Comprehensive Sickle Cell Center. Diagnoses were
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Figure 1. Specificities of antibody preparations to ankyrin and the cy-
toplasmic domain of band 3. Erythrocyte ghosts in sodium dodecyl
sulfate were separated electrophoretically on 5.5% polyacrylamide gels
according to the procedure of Fairbanks et al. (40), blotted onto nitro-
cellulose paper, and labeled with antiserum to ankyrin (lane A), affin-
ity-purified antibody to the cytoplasmic domain of band 3 (lane B),
and a mixture of antibodies to spectrin and band 3 (lane C). After
treatment with the above primary antibodies, the blots were washed
and the labeled polypeptides were visualized by staining with perioxi-
dase-conjugated goat anti-rabbit IgG and 4-chloronaphthol.

based upon hemogram, Wright-stained peripheral blood smear, positive
sickle solubility test, and cellulose acetate hemoglobin electrophoresis at
pH 8.6. After consent, 3-5 ml of venous blood were collected into EDTA,
when cells were to be used immediately, or acid citrate dextrose-con-
taining vacutainer tubes. Specimens were transported on ice and refrig-
erated until use. Packed red cells were prepared by centrifugation and
removal of supernatant plasma and buffy coat.

Immunostaining of red cells. Red cells were washed several times in
phosphate-buffered saline (PBS) (20 mMsodium phosphate, 125 mM
NaCl, pH 7.4) and diluted to 50% hematocrit with PBS containing 4%
bovine serum albumin (BSA). Blood smears were then prepared and
allowed to dry at room temperature for at least 1 h. Typically, air-dried
smears were made within 2-3 d of blood collection and used immediately.
However, in three cases the smears were examined immediately after
blood letting. There were no major differences in the results from the
fresh and briefly stored blood samples.

Before being immunostained, the air-dried smears were permeabilized
and fixed with acetone for 2 min at room temperature and then washed
three times with PBS, pH 7.4. For ankyrin and band 3 staining, small
areas of the smears were overlaid with a 1:30 dilution of ankyrin immune
serum or affinity-purified antibodies against the cytoplasmic domain of
band 3 (33 ,ug IgG/ml, final) diluted into PBS, pH 7.4, containing 0.5%
BSA. After a 30-min incubation, the smears were washed 3 times with
PBS and then incubated with a 1:30 dilution of rhodamine-conjugated
anti-rabbit IgG. After repeated washing, the stained cells were overlaid
with either buffer or 35% glycerol, sealed under a coverslip, and viewed
with a BHT fluorescence microscope (Olympus Corp. of America, New
Hyde Park, NY). In experiments designed to localize autologous antibody-
binding sites on the erythrocyte cell surface, the smears were either directly
stained with rhodamine-conjugated antihuman IgG, or incubated first
with biotin-conjugated antibodies (0.5 gg/ml), then with rhodamine-
conjugated avidin (5.0 Ag/ml) after being washed. In these cases, the
dilutions were made in PBS containing 4% BSA.

Direct staining of glycophorin in situ. Glycophorin was specifically
labeled with fluorescein thiosemicarbazide according to previously pub-
lished procedures (23-25). Basically, cell surface siilic acid residues were
mildly oxidized in PBS containing 2 mMsodium metaperiodate for 30
min on ice. The cells were then washed 3 times in PBS and labeled in
the same buffer containing 0.2 mg/ml fluorescein thiosemicarbazide.
Although some glycolipid labeling is observed, the vast majority of the

fluorescence is found associated with glycophorin, and no fluorescence
is detected on band 3 (23, 25). The glycophorin-labeled cells were viewed
either in suspension or after smearing and drying as described above.

Results

Intracellular precipitates of denatured hemoglobin (Heinz bodies)
were found in abundance in the red cells of most sickle hemo-
globinopathy patients. The two examples shown in Fig. 2 are
representative of 17 of the 19 different samples of sickle cells
we have examined to date. Whenviewed by phase-contrast mi-
croscopy, the Heinz bodies were seen as dark inclusion bodies
within the erythrocyte and often were seen in juxtaposition to
the plasma membrane (Fig. 2, a and c). The Heinz bodies could
also be readily visualized in sickle cells in suspension upon treat-
nment of the cells with the stain methyl violet (not shown). Most
sickle cells were found to contain one or more of these Heinz
bodies while normal cells were largely free of any inclusion bodies
(Fig. 3 a). Two of the sickle cell samples, one HbSS and the
other HbS#,w, contained significantly fewer Heinz bodies: less
than one per cell on the average.

In a previous paper we demonstrated that hemichromes,
precursors of Heinz bodies, bound with high affinity to the cy-
toplasmic domain of the integral membrane protein, band 3
(16). Since the association was found to propagate rapidly into
a macromolecular copolymer, we proposed that the band 3-
hemichrome interaction would lead to a lateral clustering of
band 3 within the plane of the membrane (17). Sickle cells pro-
vided us with an excellent system on which to test our hypothesis,
since Heinz bodies are a normal constituent of these cells, which
eliminates concerns about artifacts arising from artificially in-
duced Heinz body formation. Affinity-purified antibodies to the
cytoplasmic domain of band 3 were used to immunostain eryth-
rocytes that had been permeabilized and fixed with acetone.
Normal erythrocytes show a diffuse staining over the entire cy-
toplasmic surface of the cell, indicating the even distribution of
band 3 within the membrane (Fig. 3 b). Sickle cells also show
staining of the entire surface of the cell, and in addition they
display distinct patches of very intense fluorescence staining (Fig.
2, b and d). These patches representing dense clusters of band
3 are invariably superimposed on Heinz bodies (compare a with
b or cwith din Fig, 2). Usually there is a good correlation between
the size and shape of the band 3 cluster and that of the Heinz
body. Most Heinz bodies are associated with a band 3 cluster.
A Heinz body that does not correlate with a cluster of band 3
molecules can be seen in Fig. 2 a. A survey of cells from five
different donors revealed that on the average ;64% of the Heinz
bodies correlated with a band 3 aggregate (Table I). However,
the range of values in this correlation was from 52 to 84%, in-
dicating significant variability among donors. In this respect, we
have noticed that the Heinz bodies in some cells are free within
the cytoplasm while in other cells the inclusion bodies appear
immobilized on the membrane. Obviously, only the latter would
be expected to be capable of clustering band 3. Photographs of
sickle cells treated with rhodamine-labeled goat anti-rabbit IgG
in the absence of the rabbit antibody to band 3 showed no flu-
orescence when exposed for the same period as the cells stained
with anti-band 3.

Immunostaining of normal and sickle cells was also per-
formed using an antibody to human erythrocyte ankyrin. The
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Figure 2. Colocalization of Heinz bodies
with clusters of band 3 in erythrocytes
from sickle hemoglobinopathy patients.
Cells from two individuals were immu-
nostained with affinity-purified antibod-
ies against the cytoplasmic domain of
band 3 and viewed by phase contrast
microscopy (a and c) or immunofluores-
cence microscopy (b and d).

immunostaining of normal red cells was similar to that seen

with anti-band 3, except the fluorescence staining was generally
less intense (Fig. 3, c and d). Sickle cells again showed clusters
of ankyrin colocalized with some Heinz bodies (Fig. 4, a and
b). This result is not surprising since ankyrin is tightly associated
with band 3 and should co-cluster with the protein (18, 26).
However, as seen in the figure, the fraction of Heinz bodies
coincident with a cluster of ankyrin molecules was less than that
observed for band 3; on the average only 37% showed colocal-
ization (Table I). This observation may be explained if the de-
natured hemoglobin preferentially coaggregates with the popu-

lation of band 3, which is not linked to ankyrin (26) and is
therefore more free to diffuse. However, other explanations are

also possible.
When glycophorin was visualized on sickle cell surfaces by

a direct staining procedure (see Methods), a result similar to the
behavior of ankyrin was seen (Fig. 5, a and b). Most, but not
all, of the Heinz bodies showed no corresponding fluorescence
intensity, suggesting less frequent clustering of glycophorin at
Heinz body sites than was observed for band 3. Of the three
sickle cell samples examined by this procedure, 9, 25, and 33%
colocalization with Heinz bodies was observed.

Discussion

The data presented above provide further support for our hy-
pothesis that Heinz body binding to the membrane promotes
the lateral aggregation of band 3 (17). Previous evidence for the
Heinz body-induced clustering of band 3 came from two in
vitro studies, one where band 3 was shown by biochemical tech-
niques to constitute the high affinity binding site for hemi-
chromes in leaky ghosts, and the other where the isolated, water-
soluble cytoplasmic domain of band 3 was shown to copoly-
merize with hemichromes into a water-insoluble macromolecular
complex (16). The colocalization of band 3 clusters with Heinz
bodies seen in this study provides the first direct evidence that
the macroscopic coaggregation of band 3 and hemichromes ob-
served in vitro also occurs in vivo.

Although the majority of Heinz body sites were found to
correlate with band 3 clusters, some Heinz bodies were observed
that caused no apparent redistribution of membrane proteins.
This variability in the effect of Heinz bodies on membrane or-

ganization could arise from three sources. First, some hemi-
chromes undoubtedly aggregate in the cytoplasm and remain

there or diffuse as intact Heinz bodies to the membrane. These
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Table I. Percent Colocalization of Anti-band 3 and
Anti-ankyrin Immunofluorescence Staining with Sites of
Heinz Body Binding to the Membranes of Sickle Cells
Sickle cell Percent costaining Percent costaining
donor of anti-band 3* of anti-ankyrin*

M.K. 68 28
S.Y. 62 32
W.P. 52 36
I.D. 52 32
U.N. 84 58
Average 63.6 37.2
* Permeabilized cells, stained for either band 3 or ankyrin, were
viewed by phase contrast microscopy to identify sites of Heinz body
binding to the membrane. Care was taken to avoid mistaking endocy-
totic vesicles for Heinz bodies, the former being frequently observed in
sickle cells (1) and appearing more sharply defined than Heinz bodies.
Upon localization of each attached Heinz body, the microscope was
switched from phase contrast to fluorescence mode and the same site
was scored for the presence or absence of a fluorescence spot asso-
ciated with an elevated density of band 3 or ankyrin. The percent co-
staining was derived from a sampling of 50 Heinz bodies from each
donor. The two donors (T.G. and T.H.) with erythrocytes containing
significantly fewer Heinz bodies were not included in the above sam-
pling.

, Figure 3. Distribution of band 3 and an-
kyrin in normal red cells free of intracellu-
lar Heinz bodies. Red cells were immuno-
stained with antibodies against the cyto-
plasmic domain of band 3 (a and b) or
against ankyrin (c and d). These cells were
then viewed by phase contrast microscopy
(a and c) or immunofluorescence micros-
copy (b and d).

inclusion bodies would not be expected to force a redistribution
of band 3, at least not until a strong interaction with band 3 had
had time to occur. In the opposite situation, where hemichromes
first associate with band 3 and then laterally copolymerize into
an aggregate, the growth of the Heinz body should parallel the
growth of the band 3 cluster. A second reason why some Heinz
bodies may not be associated with band 3 clusters is that band
3 does not constitute the sole hemichrome-binding site on the
membrane. A substantial number of low-affinity sites were also
observed in our earlier hemichrome binding study (16), and
native hemoglobin has been reported by others to interact directly
with glycophorin and lipid (6, 27, 28). Thus, a fraction of the
hemichromes might be attached to non-band 3 sites that do not
influence band 3 distribution. Someof the Heinz body-localized
clusters of glycophorin may fall into this category. Thirdly, the
absence of anti-band 3 fluorescence at Heinz body sites may
occur at sites where anti-band 3 antibodies are physically ob-
structed from labeling the clustered band 3, perhaps due to a
tight adhesion of the ventral membrane surface to the glass slide.

Several laboratories have demonstrated that antibody-coated
erythrocytes are selectively trapped and degraded by macro-
phages in the spleen and liver (29, 30). Indeed, antibody-me-
diated autoimmune hemolytic anemias are well-described pa-
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Figure 4. Colocalization of Heinz bodies
with clusters of ankyrin in erythrocytes
from a sickle hemoglobinopathy patient.
Cells were immunostained with antibodies
against ankyrin and viewed by phase-con-
trast (a) or immunofluorescence (b) micros-
copy.

thologies. Since antibody binding is significantly enhanced in
aged cells (30, 31), the association of autologous antibodies with
an age-dependent cell surface antigen has been proposed as a
mechanism of senescent erythrocyte removal. Kay and colleagues
have presented evidence that the "senescent antigen" is a pro-
teolysis product of band 3 (32, 33), while Lutz and co-workers
believe it is an oligomeric form of the same protein (34). Other
labs identify the senescent antigen as desialylated glycophorin
(35) or a membrane component bearing a terminal galactose
residue (36, 37). Wehave already described a mechanism that
can account for the ability of autologous antibodies to recognize
aggregated but not dispersed band 3 (17). Here we have dem-
onstrated that the clustered distribution of band 3 can be gen-
erated by Heinz body binding to the membrane. While our data
were collected only on sickle cells, it is reasonable to expect the
same consequences to occur in other erythrocytes containing
Heinz bodies (e.g., numerous hemoglobinopathies and senescent
red cells). Unfortunately, all attempts to visualize the location
of the autologous antibodies on the sickle cell surfaces displayed
anti-human IgG staining that was not significantly different from
controls. Thus, a more selective and sensitive technique will be
required to determine whether clusters of band 3 constitute au-
tologous antibody-binding sites in sickle cells. However, it should
be noted that autologous antibody binding is significantly greater
on sickle cells than on normal cells (4).

As cells that contain Heinz bodies pass through the spleen,
the Hb aggregate is frequently removed in a process termed
"pitting." The Heinz body-promoted clustering of band 3 could
provide a mechanism whereby these inclusion body sites might

be identified by the spleen. If the pitting mechanism were to
involve a concomitant removal of the membrane patch attached
to the Heinz body, a selective depletion of band 3 might be
anticipated in the filtered cells. Regarding this hypothesis, it
should be noted that nonanemic, splenectornzed individuals
contain the same number of spectrin molecules per red blood
cell yet 72096o more band 3 than nonsplenectomized individuals
(38). Furthermore, aged red cells from nonsplenectomized, nor-
mal individuals contain 30% less band 3 per milligram mem-
brane protein than younger cells (39). These two observations
indicate that processes that occur in the spleen lead to the se-
lective removal of band 3 relative to spectrin, a cytoskeletal
membrane component. It is conceivable that the band 3 cluster-
Heinz body complex might be recognized and selectively re-
moved by the spleen during pitting, releasing the denser, more
rounded erythrocyte to continue to normal function.

To conclude, the numerous abnormalities in sickle cells, e.g.,
shortened lifespan, elevated Ca2+ content, altered morphology,
enhanced levels of surface-bound autologous IgG, abnormal
cytoskeletal interactions, altered phospholipid asymmetry, in-
creased oxidant stress, and abnormal cell surface charge distri-
bution (3-14), must ultimately derived from the altered behavior
of the HbS molecule. Wehave demonstrated that one lesion
directly attributable to HbS is the redistribution of band 3 (and
to some extent glycophorin and ankyrin) which accompanies
the denaturation of the hemoglobin molecule. It is conceivable
that some of the grosser functional and ultrastructural abnor-
malities of sickle cells may in some way be related to this mem-
brane structural change.

Figure 5. Colocalization of Heinz bodies with clusters of gly-
cophorin. Cells were stained as described in the Methods and
viewed by phase-contrast (a) or fluorescence (b) microscopy.
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