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ABSTRACT Anion exchange similar to that catalyzed by
erythrocyte band 3 occurs across many nonerythroid cell
membranes. To identify anion-exchange proteins structurally
related to band 3, we immunoblotted rabbit kidney medullary
membrane fractions with anti-band 3 antibodies. Immunoblots
using antibodies to the cytoplasmic domain of band 3 revealed
cross-reactive proteins in the plasma membrane fraction only.
In contrast, two monoclonal antibodies against band 3 mem-
brane domain labeled a 45-kDa protein; further immunoblot-
ting and immunogold studies of membrane fractions and
kidney sections using one of the anti-membrane domain anti-
bodies showed that labeling was strongest in mitochondria of
Hf-secreting collecting duct cells. Tissue-to-tissue expression
of the 45-kDa mitochondrial protein was variable: kidney
medulla > heart > kidney cortex >> liver. We conclude that
a 45-kDa protein with immunological cross-reactivity to the
erythrocyte band 3 membrane domain is expressed in mito-
chondria in a highly cell-specific fashion and speculate that the
protein may play a role in mitochondrial anion transport.

Erythrocyte band 3 catalyzes the electroneutral exchange of
HCO3 for Cl (1). The primary sequence of band 3 (2-7)
correlates well with the two functional domains: the cyto-
plasmic domain anchors band 3 to cytoskeletal proteins, and
the membrane domain catalyzes anion transport (1).
Many nonerythroid cells also exhibit anion exchange (8). In

an attempt to characterize these nonerythroid anion exchang-
ers, several laboratories have performed ultrastructural im-
munolabeling with domain-specific anti-band 3 antibodies.
Antibodies to the cytoplasmic domain were reported to label
basolateral membranes of H+-secreting renal collecting duct
cells-i.e., "a" or "a" intercalated cells (9, 10). In contrast,
antibodies to a synthetic peptide representing the C-terminal
12 amino acids of murine erythrocyte band 3 membrane
domain have been reported to label the Golgi membranes of
a variety of cells (11).
We have used antibodies directed at the cytoplasmic and

membrane domains of human and rabbit erythrocyte band 3
to probe fractionated kidney membranes. We find that two
monoclonal antibodies, directed against human and rabbit
band 3 membrane domains, detect a 45-kDa protein that is
expressed preferentially in the mitochondria of H+-secreting
cells of medullary collecting duct.

METHODS
Antibody Probes. A polyclonal antibody to the 42-kDa

cytoplasmic domain of human erythrocyte band 3, originally
raised by P. Low (12), was kindly provided by R. Walder
(Univ. of Iowa). A monoclonal antibody (IVF12) against
human band 3 membrane domain had been previously gen-

erated and characterized (13). A monoclonal antibody (IIH7)
to rabbit membrane domain was made by identical methods
(13) except that the rabbit protein was not glutaraldehyde
cross-linked.
Membrane Isolation. Erythrocyte ghosts were prepared

without protease inhibitors (14). Kidneys from New Zealand
White rabbits were perfused with cold phosphate-buffered
saline (PBS) plus 0.1 mM phenylmethylsulfonyl fluoride
(PMSF) until free of erythrocytes. Outer medulla was ho-
mogenized in homogenization buffer (HB) (250 mM su-
crose/1 mM EDTA/5 mM Tris.HCl/0.5 mM benzamidine
hydrochloride/0.1 mM 1,10-phenanthroline/0.5 ,ug of leu-
peptin per ml/0.7 ,ug of pepstatin A per ml/0.1 mM PMSF,
pH 7.4). Membranes were isolated at 4°C by a modification
of the Scalera method (15). Homogenate (H) was centrifuged
twice at 2500 x g for 20 min. The combined supernatants (Si)
were centrifuged at 20,500 x g for 20 min, resulting in a
second supernatant (S2) and pellet (P2). P2 consisted of two
layers, a fluffy "top" pellet (P2T) and a brown "bottom" pellet
(P2B). P2B was resuspended in HB and centrifuged at 20,500
x g for 20 min. The top of the resulting pellet was combined
with the original P2T, homogenized in HB, and centrifuged
on an 18% Percoll gradient at 30,000 x g for 10 min. The
Percoll gradient yielded fractions T1-T3, which were diluted
1:10 in HB and centrifuged twice at 100,000 x g for 1 hr at 4°C
to remove Percoll. S2 was further centrifuged at either 30,000
x g or 100,000 x g for 1 hr to obtain a third (microsomal)
pellet (P3). For transmission electron microscopic examina-
tion, membrane fractions were fixed in 2.5% glutaraldehyde,
treated with osmium, and embedded in Spurrs (Fullam,
Latham, NY).
Enzyme Markers. Protein was determined by a modified

Lowry method (16). Other enzyme activities determined
were galactosyltransferase (17), alkaline phosphatase and
acid phosphatase (18), succinic dehydrogenase (19, 20), cy-
tochrome c oxidase (21), and Na,K-ATPase (22).
SDS/PAGE, Immunoblotting, and Ultrastructural Immuno-

cytochemistry. Membrane fractions were separated on SDS/
6-18% polyacrylamide gel (23), transferred to nitrocellulose,
and immunoblotted with anti-band 3 antibodies (24). For
qualitative immunoblotting, the secondary antibody was a
peroxidase-linked IgG visualized with 4-chloro-1-naphthol.
For quantitation, the secondary antibody was 1251-coupled
anti-mouse IgG; autoradiographic band density was deter-
mined densitometrically. Membrane fractions and blocks of
kidney medulla were fixed in periodate/lysine/paraformal-
dehyde (25) and embedded in L. R. White resin (26). Sections
(100 nm) were blocked with normal goat serum in PBS with
0.8% bovine serum albumin and 0.1% gelatin and were
incubated sequentially with primary and secondary antibody.

Abbreviation: PMSF, phenylmethylsulfonyl fluoride.
§To whom reprint requests should be addressed at: Ullmann 617,
Albert Einstein College of Medicine, 1300 Morris Park Avenue,
Bronx, NY 10461.
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Table 1. Enrichments of enzyme activities and binding of monoclonal antibody IVF12
Sample Acid P Alk P Na,K-ATPase Gal T SDH Cyt c Ox IVF12
H 1.00 1.00 1.00 1.00 1.00 1.00 1.00
P2T 2.08 4.73 2.25 3.77 1.03 0.89 1.90

+0.20 ±1.54 ±0.26 ±0.37 ±0.21 +0.20 ±0.35
T1 2.15 1.20 3.25 4.83 0.69 0.52 0.57

±0.22 ±0.21 ±0.31 ±0.13 ±0.19 ±0.13 ±0.38
T3 1.50 0.78 0.42 0.50 1.32 2.52 10.85

±0.37 ±0.28 ±0.10 ±0.10 ±0.15 ±0.43 ±2.25
P2B 2.80 1.53 0.60 0.70 2.15 1.63 8.17

±0.56 ±0.29 ±0.17 ±0.13 +0.39 ±0.23 ±2.64
P3 2.15 2.95 3.40 5.50 0.14 0.30 0.00

±0.05 ±0.15 ±0.10 ±1.30 ±0.11 ±0.10 ±0.00
n=4 n=4 n=4 n=3 n=6 n=5 n=3

Acid P, acid phosphatase; Alk P, alkaline phosphatase; Gal T, galactosyltransferase; SDH, succinic
dehydrogenase; Cyt c Ox, cytochrome c oxidase; IVF12, binding of monoclonal antibody IVF12.
Values for homogenate (H) are set at 1; values of other fractions are expressed relative to H (±SEM).
Assays were performed in duplicate using equal amounts of protein for each fraction.

Other Tissues. Rabbit heart was perfused with PBS/PMSF
and membrane fractions were isolated as described above.
Mitochondria from perfused rabbit liver were isolated by the
method of Samuelson et al. (27). Rabbit kidney cortex was
prepared according to Karniski and Aronson (28). Mouse
kidneys were perfused with PBS/PMSF via the aorta, and
membranes were prepared as for rabbit medulla except that
whole mouse kidneys were used and the Percoll gradients
were omitted.

RESULTS
Kidney Medulla Membrane Fractionation. We first con-

firmed that the fractionation method separated rabbit kidney
medullary membranes. Enrichment of enzymatic markers
(Table 1) is expressed as the ratio of the activity in a given
fraction relative to that in the homogenate. The upper pellet
of the 20,500 x g centrifugation (P2T), the top band from the
Percoll separation (Ti), and the high-speed microsomal pellet
(P3) were enriched in plasma membrane markers (alkaline
phosphatase and Na,K-ATPase) and Golgi (galactosyltrans-
ferase) but contained diminished activity ofthe mitochondrial
markers (succinic dehydrogenase and cytochrome c oxi-
dase). In contrast, the bottom pellet of the 20,500 x g
centrifugation (P2B) and the bottom band from the Percoll
gradient (T3) were both enriched in the mitochondrial mark-
ers and depleted of the plasma membrane and Golgi markers.
We also examined the fractions by transmission electron
microscopy (Fig. 1). Fraction T1 consisted of vesicles of
heterogeneous size bounded by a single membrane (Fig. LA).

Electron micrographs of fraction P2T were similar (data not
shown). In contrast, fractions P2B and the Percoll band T3
contained almost exclusively mitochondria (Fig. 1 B and C,
respectively).

Specificity of Anti-Band 3 Antibodies. Fig. 2 shows the
results of immunoblotting rabbit erythrocyte ghosts with a
monoclonal antibody to human band 3 membrane domain,
antibody IVF12, and with a polyclonal antibody to human
band 3 cytoplasmic domain, antibody anti-hCD. IVF12 rec-
ognized intact rabbit erythrocyte band 3 at 95 kDa and the
membrane domain at 52 kDa (lane 1). Lane 2 shows the
reaction of anti-hCD with intact rabbit band 3 at 95 kDa and
with a cluster of cytoplasmic domain fragments at 42 kDa.
Thus, IVF12 and anti-hCD recognize the rabbit equivalents
of the human band 3 membrane and cytoplasmic domains,
respectively.
Immunoblots of Kidney Medulla Membrane Fractions. We

used these domain-specific antibodies to probe the kidney
membrane fractions. Fig. 3A shows immunoblots in which
the same membrane fractions were probed with different
antibodies. Antibody to the cytoplasmic domain revealed
bands at 45 and 75-80 kDa in the microsomal pellet P3 (lane
1). These bands were not seen when preimmune serum was
used instead of anti-hCD (data not shown). No bands were
seen with anti-hCD in the mitochondrial fraction P2B (lane 2).

In contrast, as shown in Fig. 3B, the monoclonal antibody
IVF12 to human band 3 membrane domain detected a single
immunoreactive band at 45 kDa in the mitochondrial mem-
brane fractions (strongest immunoreactivity in pellet P2B;
lane 4). Preimmune serum gave no 45-kDa band in P2B (data

., . .

FIG. 1. Transmission electron micrographs of membrane fractions from rabbit kidney medulla. (A) Fraction enriched in plasma membrane
markers (Ti). (B and C) Fractions enriched in mitochondrial membrane markers (P2B in B and T3 in C). (A, x24,800; B, x20,800; C, x 19,200.)
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FIG. 2. Immunoblots of rabbit erythrocyte ghosts (25-50 j±g of
protein per lane). Lanes: 1, primary antibody is IVF12 (1:5000); 2,
primary antibody is anti-hCD (1:500). Numbers on right are kDa.

not shown). Weaker immunoreactivity with IVF12 was also
evident in P2T (lane 1). After separating P2T on Percoll,
fraction T1, which was enriched in plasma membrane mark-
ers, had minimal reactivity (lane 2). In contrast, T3, enriched
in mitochondria, showed substantial immunoreactivity (lane
3). The high-speed microsomal pellet P3 did not react with the
IVF12 antibody (lane 5). Densitometric quantitation of bind-
ing of IVF12 to the various membrane fractions is given in
Table 1.

It is unlikely that this 45-kDa band results from proteolysis
of the 95-kDa erythrocyte band 3 protein. Removal of eryth-
rocytes by perfusion was adequate based on light-level immu-
nocytochemistry. Also, varying the perfusion caused the
amount of 95-kDa protein attributable to contaminating
erythrocytes, but not the amount of the 45-kDa protein, to
change accordingly (data not shown).
We also immunoblotted rabbit erythrocyte ghosts and

kidney membranes with a second monoclonal antibody,
IIH7, raised to rabbit erythrocyte band 3 membrane domain.
IIH7 reacted only weakly at 95 kDa with human erythrocyte
band 3 (data not shown). However, IIH7 strongly labeled a
45-kDa band in rabbit kidney membrane fraction P2T (Fig. 4,
lane 1). IIH7 also strongly labeled a band at -52 kDa and
weakly labeled a 95-kDa band in rabbit erythrocyte ghosts
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FIG. 3. Immunoblots of rabbit kidney membrane fractions (100
,g of protein per lane) using anti-band 3 antibodies. (A) Membranes
were blotted with anti-hCD. Lanes: 1, fraction P3; 2, fraction P2B.
(B) Membranes were blotted with IVF12. Lanes: 1, P2T; 2, TI; 3, T3;
4, P2B; 5, P3. Numbers on left are kDa.

(lane 2). Thus, two separate monoclonal antibodies, raised to
the membrane domains of rabbit and human band 3, identify
a 45-kDa protein in rabbit kidney medullary membranes.
Immunocytochemistry. We localized binding of antibody

IVF12 in fractionated kidney medulla membranes and tissue
sections by using ultrastructural immunocytochemistry (sim-
ilar studies with monoclonal antibody IIH7 were unsuccess-
ful). In the two fractions enriched in mitochondria (P2B and
T3), labeling was present over mitochondria (Fig. 5 A and B).
We saw no labeling upon omitting primary antibody or with
preimmune serum instead of IVF12 (data not shown). The
minimal labeling observed in plasma membrane fraction T1
was confined to the occasional contaminating mitochondrion
(Fig. 5C, arrow).

Light-level microscopy immunocytochemistry of kidney
medulla using IVF12 gave a broad, basal pattern of staining
in a subpopulation of collecting duct cells (Fig. 6A). Other
studies from our laboratory have shown that these cells are
a intercalated cells (29). Fig. 6B and C shows kidney sections
labeled with IVF12 and immunogold. The gold particles were
distributed primarily over mitochondria (Fig. 6C); however,
low-density labeling of the basal plasma membrane was
occasionally noted (Fig. 6B). Fig. 6D shows that the mito-
chondrial distribution is basal in these cells, offering a likely
explanation for the broad basal pattern of staining seen at the
light microscope level.
We quantitated the total number of gold particles, the total

number of mitochondria, and the number of gold particles
associated with mitochondria. For six mitochondria-rich (a
intercalated) cells incubated with IVF12, there was a positive
correlation between the number of mitochondria and the
number of gold particles (r = 0.72; P < 0.01). We found no
such correlation for intercalated cells incubated with preim-
mune mouse serum instead of IVF12 or for nonintercalated
cells incubated with IVF12.
The relatively low density of mitochondrial labeling (=1

gold particle per mitochondrion) appears to result from low
antigen abundance. We compared the labeling density of
human erythrocytes (26) to that of rabbit a-cell mitochondria
by using the same immunogold methods and antibody IVF12.
Human erythrocytes had a labeling density of -1.7 gold
particles per ,um of erythrocyte membrane length. For rabbit
mitochondrial membranes, the lower limit estimate of anti-
genic density was -1.7 x 10-3 gold particles per Am of
membrane length (cristae membrane included in the calcu-
lation).
Other Mitochondria-Rich Tissues. We examined whether

the 45-kDa protein is also expressed in the mitochondria of
other tissues that are relatively rich in mitochondria. Al-
though we saw a faint band in the mitochondrial fraction from
kidney cortex, it was substantially less dense than that found
in the medullary fraction (data not shown). As kidney cortical
mitochondria are largely of proximal tubule rather than
collecting duct origin (30), this result suggests selective
expression of this protein in only a subset of kidney mito-

95

68
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FIG. 4. Immunoblots using monoclonal antibody 11H7 against
rabbit erythrocyte membrane domain. Lanes: 1, rabbit kidney mem-
brane fraction P2T (100 gg); 2, rabbit erythrocyte ghosts (50 ,ug).
Numbers on left are kDa.
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FIG. 5. Ultrastructural immunocytochemical labeling of isolated membrane fractions. The primary antibody was IVF12. (A) Fraction T3,
10-nm-diameter gold particles (arrows). (B) Fraction T3, 30-nm-diameter gold particles (arrows). (C) Fraction T1, 10-nm-diameter gold particles.
In C, note the single gold particle over the one mitochondrion in the field (arrow). (A, x 18,400; B, x34,560; C, x38,000.)

chondria. Fig. 7A shows an immunoblot of crude mitochon-
drial fractions from rabbit liver and heart. Whereas liver
mitochondria were devoid ofimmunoreactivity (Fig. 7A, lane
1), heart mitochondria showed an immunoreactive band at 45
kDa (lane 2).

Finally, we examined a species other than rabbit. When
blotted against IVF12, mouse erythrocytes had the expected
95- to 100-kDa band (data not shown). The kidney plasma
membrane (P2T) fraction from mouse kidneys perfused free
of erythrocytes showed a faint reaction similar to that of
rabbit medullary plasma membranes prior to Percoll separa-
tion (Fig. 7B, lane 1). The mitochondrial fraction had the
same strongly reactive 43- to 45-kDa band previously seen in
the rabbit (lane 2).

DISCUSSION
In the present study, we have identified a 45-kDa protein in
rabbit kidney medullary mitochondria that is immunologi-
cally similar to the membrane domain of human and rabbit
erythrocyte band 3. The finding of a band 3-like protein in
mitochondria is important because it suggests the presence of
a previously unrecognized class ofmitochondrial anion trans-
porters, and because it expands the family of known band
3-like proteins.

In the course of these studies, we adapted for the rabbit
kidney medulla a method of cell membrane fractionation
originally developed for the rat kidney cortex (15). By
characterizing the membrane fractions both ultrastructurally
and with enzymatic markers, we documented that the method
adequately separates plasma membranes from mitochondrial
membranes. Data from the rat have shown that the basolat-
eral membranes of intercalated cells have no enrichment for
Na,K-ATPase (31), raising the possibility that this enzyme is
an inadequate marker for these membranes. However, in the
rabbit outer medullary collecting duct, especially in the inner
stripe, Na,K-ATPase is equally distributed across all cell
types (32). Thus, we are probably correct in concluding that
the basolateral membranes of a-intercalated cells comigrated
with the Na,K-ATPase activity in our isolation procedure.
Also, to the extent that binding of antibodies to the band 3
cytoplasmic domain is a marker for a-intercalated cell baso-
lateral membranes (9, 10), we can conclude from our immu-
noblotting data that the P3 fraction isolated here is enriched
in a-cell basolateral membranes (Fig. 3A).
Immunocytochemically, several laboratories have re-

ported band 3 immunoreactivity at the basal region of med-
ullary collecting duct intercalated cells in rat, rabbit, and
human kidneys (9, 10, 29, 33-35). In two of these studies,
localization at the ultrastructural level, using antibodies
directed at the cytoplasmic domain of band 3, revealed

FIG. 6. (A) Light microscope level immunocytochemical labeling of rabbit medulla with antibody IVF12. The a-intercalated cells show a
broad, basal staining pattern (10-,Am section). (B) Ultrastructural immunocytochemical labeling as in A. Two infoldings of the basolateral
membrane demonstrate gold labeling (arrows). One mitochondrion is also labeled (arrowhead). (C) Mitochondrial labeling with monoclonal
antibody IVF12. (D) A medullary collecting duct cell with basally distributed mitochondria (compare mitochondrial distribution to the light
microscope staining pattern in A). (A, x1000; B, x30,240; C, x60,000; D, x4800.)
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heart > kidney cortex >> liver). Future studies will need to
directly determine the function and substrate specificity of
the 45-kDa protein identified here.

We thank Dr. Barry Timms (University of South Dakota School of
Medicine) for electron micrographs of human erythrocytes embed-
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was supported by National Institutes of Health Grants DK 38095 and
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of the American Heart Association.

FIG. 7. Immunoblots of membranes with monoclonal antibody
IVF12. (A) Rabbit mitochondrial membranes. Lanes: 1, liver; 2,
heart. (B) Murine membranes. Lanes: 1, kidney plasma membrane
fraction P2T; 2, kidney mitochondrial fraction P2B; 3, size standards
(kDa).

labeling restricted to the basolateral plasma membrane (9,
10). In the present study, two monoclonal antibodies against
erythrocyte band 3 membrane domain of either human or
rabbit recognized a 45-kDa protein in rabbit kidney mem-
branes. Extensive study with one of these antibodies showed
that it labeled mitochondrial fractions on immunoblots and
immunocytochemically labeled mitochondria in isolated frac-
tions as well as in sections of medullary tissues. Although we
occasionally observed labeling of basolateral plasma mem-
branes in tissue sections (Fig. 6B), results that are consistent
with the known presence of a band 3-like protein in the
basolateral membrane of a-intercalated cells (9, 10), the
predominant finding of the present studies is that the epitope
recognized by antibody IVF12 is most abundant in a-cell
mitochondria. In support of these data, we have also found
that this antibody binds to a 45-kDa protein in the mitochon-
dria, but not the plasma membranes, of human oncocytomas
(36), tumors that are extremely rich in mitochondria and are
thought to arise from a-intercalated cells (37).
At 45 kDa, the present mitochondrial protein differs in size

from intact erythrocyte band 3 (95 kDa), from the "kidney
band 3" protein encoded by the most-abundant band 3-like
mRNA in rat and mouse kidney (80-95 kDa) (38, 39), and
from other reported proteins that are immunologically similar
to band 3 (11, 33, 34, 40, 41). The 45-kDa protein is unlikely
to be a proteolytic cleavage product of either erythrocyte
band 3 or the larger kidney band 3. Monoclonal antibody
IVF12 does not recognize the 43- to 45-kDa cytoplasmic
domain of either rabbit or human erythrocyte ghosts, and the
present 45-kDa protein is consistently detected in the mito-
chondrial fraction regardless of the degree of removal of
contaminating erythrocytes. Although our anti-hCD anti-
body recognized an -80-kDa protein in the plasma mem-
brane fraction (Fig. 3A, lane 1), proteolysis of such a protein
seems unlikely to produce a 45-kDa peptide that fractionates
with the mitochondria.
The function of the mitochondrial band 3-like protein is

unknown. Antigenic cross-reactivity between band 3 and the
present protein does not necessarily imply a functional rela-
tionship. However, anion exchangers as well as a conductive
anion pathway have been described in liver, heart, and
kidney mitochondria (42-44). None of the anion transporters
purified or cloned to date is 45 kDa, making it likely that the
present protein represents a previously unreported entity. A
characteristic feature of known mitochondrial anion trans-
porters is the highly tissue-specific manner in which they are
expressed. Similarly, the present mitochondrial protein is
expressed only in certain mitochondria (kidney medulla >
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