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ABSTRACT The human erythrocyte anion-exchange pro-
tein (band 3 or AE1) was cloned from a fetal liver cDNA
library. Three overlapping clones, encompassing 3637 nucle-
otides, were analyzed in detail. These encode a 911-amino acid
protein (Mr 101,791) and detect a single 4.7-kilobase species in
human reticulocyte RNA. The corresponding gene is located on
chromosome 17. The protein is similar in structure to other
anion exchangers and is divided into three regions: a hydro-
philic, cytoplasmic domain that interacts with a variety of
membrane and cytoplasmic proteins (residues 1-403); a hy-
drophobic, transmembrane domain that forms the anion an-
tiporter (residues 404-882); and an acidic, C-terminal domain
of unknown function (residues 883-911). The N-terminal do-
main contains several conserved sections (e.g., residues 57-86,
102-164, 219-347, and 375-403), some of which may contrib-
ute to binding sites for ankyrin, protein 4.1, or protein 4.2. The
membrane domain is highly conserved with the exception of a
single segment (residues 543-567) that contains several sites for
cleavage of the protein by extracellular proteases. Based on
hydropathy analyses and the wealth of available topographical
and functional data, a model is proposed in which the protein
crosses the membrane 14 times.

bacteriophage DNA and was subcloned into Bluescribe and
Bluescript-KS(+) plasmid vectors (Stratagene) and amplified
by standard procedures (11).
cDNA Sequencing. Selected clones were sequenced either

by "shotgun" (12) or exonuclease III/Sl nuclease deletion
(13) methods. The deletion method was modified so that
deletion plasmids of the desired size were isolated by elec-
trophoresis in low-melting-point agarose, religated in agar-
ose, and used to transform Escherichia coli NM522. Double-
stranded plasmid templates were prepared by the method of
Kraft et al. (14). In both cases sequencing reactions were
performed by the dideoxy method as modified by Biggin et al.
(15) and Bankier (16), using, as needed, Klenow or modified
T7 DNA polymerase (Sequenase; United States Biochemi-
cal) for elongation reactions. 7-Deaza-GTP was substituted
for GTP as needed for refractory sequences. Sequence data
were compiled and analyzed using the University of Wiscon-
sin Genetics Computer Group (UWGCG) programs.
Chromosomal Location of Band 3 Gene. The EcoRV-Xba I

fragment of pHB3-22 was labeled with [a-32P]dCTP (10) and
hybridized to human chromosomes separated by fluores-
cence-activated cell sorting (17).

Band 3 (anion exchanger 1 or AE1)¶ is the major protein of
the human erythrocyte membrane and one of the best studied
of all membrane proteins. It is a chimeric molecule composed
of two dissimilar and functionally distinct domains (1). The
N-terminal portion forms a 43-kDa water-soluble cytoplas-
mic domain that has multiple binding functions, while the
C-terminal transmembrane region is the physiologically im-
portant anion exchanger. Since the initial publication of
mouse erythrocyte band 3 (AEl) in 1985 (1), the sequence of
chicken erythrocyte AEl (2, 3), the sequences of truncated
renal forms of mouse and rat AEl (4, 5), and the sequences
ofhuman (7) and mouse (8) band 3-related protein (AE2) have
appeared. However, almost all functional and topographical
studies of band 3 have been performed with proteins from
human erythrocytes. In this paper we report the cloning and
sequencing of a cDNA for human erythrocyte band 3.11
Following completion of this work, Tanner et al. reported
similar studies (6).

MATERIALS AND METHODS
cDNA Cloning. 32P-labeled cDNA probes were prepared by

the random priming method (10) and used to screen human
fetal liver Agtll cDNA libraries that had been transferred to
duplicate nylon filters (Biotrans, 1.2 ,m; ICN) by standard
plaque-lift procedures and fixed by UV bonding. The filters
were prehybridized, hybridized, and washed as described (8).
DNA was prepared from plate lysates of plaque-purified

RESULTS AND DISCUSSION
Band 3 Cloning. Clones were obtained from two different

fetal liver cDNA libraries. Both libraries were prepared from
livers obtained at a stage in gestation ("20 weeks) where the
liver contains large numbers of erythroid precursors. The
initial library, in the plasmid pKT218 (a gift of S. Orkin,
Harvard Medical School), was screened with a full-length
cDNA (pB3SP4) to murine erythrocyte band 3 (1) and yielded
a single positive clone (pHB3-HFL9; Fig. 1A). Because no
further clones were obtained on rescreening, a larger fetal
liver cDNA library (2 x 107 recombinants; gift of B. Forget,
Yale University School of Medicine) was examined using the
915-bp Pst I fragment of pHB3-HFL9 and the 5' end of one
of the recovered clones (pHB3-9) as probes. The 3 largest
clones of the 45 detected, pHB3-9 [1.94 kilobases (kb)],
pHB3-22 (2.48 kb) and pHB3-45A/B (3.13 kb), were chosen
for further characterization.

Size of Band 3 mRNA. Northern blot hybridization of
human reticulocyte total and poly(A)-selected RNA, using
pHB3-HFL9 as a probe, showed a single band of 4.7 kb (data

Abbreviations: G3PD, glyceraldehyde-3-phosphate dehydrogenase;
H2DIDS, 4,4'-diisothiocyanato-1,2-diphenylethane-2,2'-disulfonate.
tTo whom reprint requests should be addressed.
§Present address: Department of Biological Sciences, Stanford Uni-
versity, Stanford, CA 94305.
IBy convention AE1 (anion exchanger 1), AE2, and AE3 refer to the
products of the AE1 gene (band 3) (1-6), AE2 gene (band 3-related
protein) (7, 8), and AE3 gene (brain anion exchanger) (9), respec-
tively.
'The sequence reported in this paper has been deposited in the
GenBank data base (accession no. M27819).
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FIG. 1. Organization of human band 3 and its cDNA clones. (A) Organization of cDNA clones (pHB3-HFL9, pHB3-9, pHB3-22,
pHB3-45A/B) with respect to one another. Restriction sites: A, Acc I; B, BamHI; C, Cla I; El, EcoRI; EV, EcoRV; K, Kpn I; Sc, Sac I; Sm,
Sma I; Sp, Sph I; X, Xba I. Encircled numbers indicate location of retained introns in cDNA clones. Relative to introns in the mouse band 3
gene (18) these are as follows: 9, intron 9 (or I; GenBank designation) [539 base pairs (bp)]; 12, intron 12 (or L) (114 bp); 13, intron 13 (or M)
(>318 bp); and 16, intron 16 (or P). Hatched areas: in pHB3-HFL9, the 915-bp Pst I fragment used to obtain pHB3-9 and pHB3-22; in pHB3-9,
Cla I fragment used to obtain pHB3-45A/B. (B) Organization of band 3 protein. Sites indicated above the schematic protein are accessible from
outside the membrane; those below are exposed on the cytoplasmic surface. Sites are shown for cleavage by trypsin (T) (Arg-180, Lys-360,
Lys-562, Lys-743) (1, 19-21), chymotrypsin (C) (Tyr-359, Tyr-553, Leu-558, and probably between Phe-813 and Phe-836) (19, 22-24), papain
(Pa) (Gln-550, Gln-564, Gln-630) (21), and pepsin (Pe) (Asp-396, Leu-558) (20, 25). Sites of tyrosine phosphorylation (TyrP) (Tyr-8 and probably
Tyr-21) (26, 27), exofacial lysine methylation (Me) (Lys430, Lys-551) (28), external iodination (I) (Tyr-628) (20), and glycosylation (CHO)
(Asn-642) (21, 22, 29) are also designated. Lysines that are covalently modified by the anion-transport inhibitors 4,4'-diisothiocyanato-
1,2-diphenylethane-2,2'-disulfonate [H2DIDS (D)] (Lys-539 or Lys-542 and possibly Lys-851) (30, 31), phenylisothiocyanate (PITC) (Lys-590)
(20), and pyridoxal phosphate (PyrP) (Lys-851) (31) are noted. Cysteines (SH) are present at positions 201, 317, 479, 843, and 885. All are
accessible from the cytoplasm (24, 32) except Cys479, which can probably be labeled from the exterior with some reagents (33, 34). There is
evidence that Cys-843 may normally be covalently modified (31). (C) Structural features within the cytoplasmic domain include an acidic
N-terminus, a segment rich in asparagine and tryptophan, and six regions (H1-H6) that are predicted to be a-helical. The locations of 14 putative
membrane-spanning regions are shown by stippled boxes. These regions are joined by segments that loop up (exterior) or down (cytoplasm).
Lines enclosing adjacent transmembrane segments 2/3, 9/10, 11/12, and 13/14 are partially dashed to indicate uncertainty as to whether the
polypeptide chain passes partly or completely through the lipid bilayer before reversing direction. Loops 8-9 and 12-13 are dashed to indicate
that their location is less certain than the rest. (D) Hydropathy plot of the deduced amino acid sequence, obtained with the algorithm and
hydropathy values of Kyte and Doolittle (35) and a window of 11 amino acids. The 10 hydrophobic regions are designated a-j. The 14 predicted
transmembrane regions are shown above in C. All materials in A-D are aligned and are drawn to the same relative scale.

not shown). This is slightly larger than the murine band 3
message (4.3 kb) (-I 7). As expected for erythroid band 3 (7),
no hybridizing transcripts were detected in RNA from either
induced or uninduced K562 erythroleukemia cells.

Location of the Band 3 Gene. Hybridization of the EcoRV-
Xba I fragment of pHB3-22 to isolated human chromosomes
localized the human band 3 gene to chromosome 17, in
agreement with the finding of Showe et al. (36).

Nucleotide Sequence. The combined clones extend 114
bases upstream from the translation start site and 790 bases
beyond the C-terminal amino acid codon, a total distance of
3637 bases. However, one or both of the noncoding regions
are incomplete, since pHB3-22 does not contain a poly(A) tail
or polyadenylylation signal, and -since, as noted above, the
full-length mRNA is -4.7 kb long.

Clones pHB3-9 and pHB3-22 were completely sequenced
on both strands. Clone pHB3-45A/B was also sequenced on
both strands through the Cla I site (Fig. 1A) and on one strand
from there to the end of its coding region (base 2171). The
overlapping regions of the three clones were identical. Bases
115-2847 form a long open reading frame encoding a 911-
amino acid polypeptide of 101,791 Da (Fig. 2). The predicted
translation initiation site conforms closely to the Kozak

consensus sequence (37) and matches the previously pub-
lished N-terminal sequence (38). The-predicted C-terminal
valine agrees with earlier work (22, 39) and corresponds
closely to the C-terminal sequence of mouse erythrocyte
band 3 (1).

Interestingly, two of the four clones retain unspliced in-
trons (Fig. 1A), which suggests that the kinetics of splicing
band 3 transcripts may be unusual. All four human band 3
introns were found at known locations of mouse band 3
introns (18) and were bounded by typical splice donor and
acceptor sequences.
Comparison with Previously Published Portions of the Hu-

man Band 3 Amino Acid Sequence. The translated amino acid
sequence ofband 3 (Fig. 2) corresponds closely with reported
sequence fragments (19-22, 25, 31, 38) with a few exceptions.
(i) The reported aspartic acid at position 11 (38) is a methio-
nine in our sequence. (ii) We do not detect the second
glutamic acid at position 69 (38). (iii) The phenylalanine
observed at residue 425 (25) is a glycine. The nucleotide
sequence agrees precisely with that reported by Tanner et al.
(6) with four exceptions, one of which affects the coding
sequence. We find, in agreement with Kaul (38), that residue
56 is a lysine instead of a glutamic acid (6) (AAG instead of

A
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MetCl uGI uleuGi nAspAspTyrGl uAspMetMet

GAGGAGAATCTGGAGCAGGAGGAATATGAAGACCCAGACATCCCCGAGTCCCAGATGGAGGAGCCGGCAGCTCACGACACCGAGGCAACAGCCACAGACTACCACACCACATCACACCCGGGTACCCACMAGGTCTATGTGGAGCTGCAG
GI uGI uAsnLeuGIuGI nGIuGI uTyrGl uAspProAspIl eProG IuSerGi nMetG uGIuProAlaAIaHisAspThrGI uAIaThrAlaThrAspTyrHi sThrThrSerHi sProGlyThrHisLysVa ITyrVa 1I IuLeuG In

GAGCTGGTGATGGACGAAAGAACCAGGAGCTGMGATGGATOG/ GGCGGCGCGCTGGGTGCAACTGGAGGAGAACCTGGGGGAGAATGGGGCCTGCGGCCGCCCGCACCTCTCTCACCTCACCTCTGGAGCCTCCTAGAGCTGCGTAGA
GluLeuVa IMetAspCl uLysAsnGInG IuLeuArgTrpMetGIuAlaAIaArgTrpVa II nLeuCIuGluAsnLeuGlyGI uAsnClyAlaTrpGlyArgProHisLeuSerHi sLeuThrPheTrpSerLeuLeuGI uLeuArgArg

GT TTCACCAAGGGTACTGTTCTCCTAGACCTGCAAGAGACCTCCCTGGCTGGAGTGGCCAACCAACTGCTAGACAGG M ATC M GAAGACCAGATCCGGCCTCAGGACCGAGAGGAGCTGCTCCGGGCCCTGCTGtM AAACACAGC
Va lPheThrLysGlyThrVa ILeuLeuAspLeuCI nCI uThrSerLeuAlaI*yVa AIaAsnGI nLeuLeuAspArgPheIlePheCI uAspG InI IeArgProGI nAspArg IuGl uLeuLeuArgAlaLeuLeuLeuLysHisSer

CACGCTGG!AGAGCTGGAGGCCCTGGCGGGTGTGAAGCCTGCAGTCCTGACACGCTCTGGGGATCCTCACIAGCCTCTGCTCCCCCAACACTCCTCACTG'GAGACACAGCTCTTC>*AGCAGGGAGATGGGGCGCACAGMGGGCACTCA
HisAlaGlyGCIuLeuGI uAlaLeuGtyClyVa ILysProAIaVaILeuThrArgSerGIyAspProSerG InProLeuLeuProC InHi sSerSerLeuG IuThrGI nLeuPhety_ uGI nGIyAspGIyGIyThrGI uGlyHisSer

CCATCTGGAATTCTGGAAAAGATTCCCCCGGATTCAGAGGCCAC M OGTGCTAGTGGOCCGCOCCGA TTCCTGACACAGCCGGTGCTGGG MCGTGAGGCTGCAGGAGGCAGCGGAGCTGGAGGCGGTGGAGCTGCCGGTGCCTATA
ProSerGlyIl eLeuG IuLysIleProProAspSerGluAlaThrLeuValLeuVa IGIyArgAIaAspPheLeuGIuGI nProVa ILeuGlyPheVa IArgLeuGI nG IuAIaAIaGI uLeuGI uAIaVa 1IGuLeuProVaIiI Ie

CGMCCTTC TW§|GTGTTGCTGCGACCTGACGCCCCCCACATCGATTACACCCAOCCTGCCGCGCTGCTGCCACCCTCATGTCAGAGAGGGTGTTCCGCATAGATGCCTACATGGCTCAGAGCCGAGGGGAGCTGCTGCACTCCCTAGAG
ArgPheLeuPheVa ILeuLeuClyProGI uAIaProHisIIeAspTyrThrG InLeuGlyArgAIAIaAlIaThrLeuMetSerGI uArgVa IPheArgI IeAspAIaTyrMetAIaGI nSerArgCIyGI uLeuLeuHi sSerLeuGl u

GGCTTCCTGGA~iqAGCCTAGTGCTGCCTCCCACCGATGCCCCCTCCGAGCAGGCACTGCTCAGTCTGGTGCCTGTGCAGAGGGAGCTACTTCGAAGGCGCTATCAGTCCAGCCCTGCCAAGCCAGACTCCAGCTTCTACAAGGGCCTA
GIyPh.Leu~sp eorLeuVa ILeuProProThrAspAlaProSerCIuCI nAlaLeuLeuSerLeuVa ProVa 10 InArgG IuLeuLeuArgArgArgTyrG ISerSerProA ILysProAspSerSerPheTyrLysGIyLeu

GA M AAATOGOGOCCCAGATGACCCTCTGCAGCACACAGGCCACCTCTTCGGCGGOCCTOGCTCGTGATATCCGCGCCCGCTACCCCTATTACCTGAGTGACATCACAGATGCATTCAGCCCCCAGGTCCTGGCTGCCGTCATt M CATC
AspLeuAsnGlyGlyProAspAspProLeuGI nC InThrClyCInLeuPheCIyGIyLeuVa IArgAspIleArgArgArgTyrProTyrTyrLeuSerAspI eThrAspAlaPheSerProC InVa LeuAlaAlaVa II lePheI Ie

TMI
TACMO|§CTGCACTGTCACCCGCCATCACCrrCGGCGGCCTCCTGGGGAAMAGACCCGGAACCAGATCuGGGTGTCGGAGCTGCTGATCTCCACTGCAGTGCAGGGCAT TCTCTCGCCCTGCTGGCCGCTCAGCCCCTGCTGTGGTC
TyrPheAlIAlaLeuSerProAlaI IeThrPheClyGlyLeuLeuClyGI uLysThrArgAsnG InMetGlyVa ISerCI uLeuLeuIleSerThrAIaVa IGI nGlyI IeLeuPheAIaLeuLeuClyAIaGI nProLeuLeuVa Va

GGCTrCTCAGGACCCCTGCTOGTCMG|AGGAAGCCMM|TCTCGTAACAGTTAATCTGGG CGCGTGTGGATCGGTTCTGGCTCATCCTCTGCTGTGGTGTTGGTOGTGGC1M CGAGGGTMCTTCCTG
GIyPheSerGlyProLeuLeuVa IPheGI uGI uAIaPhePSerPhCy uThrAsnCIyLeuGI uTyrI leVa IGIyArgVaITrpI IeClyPheTrpLeuI leLeuLeuV leVa ILeuVa lVa IAIePheCI uGlySerPheLeu

GTCCGCTCATCTCCCOCTATACCCAGGAGATCT lCTCCTTCCTCATTT§CCCTATA CACTGATCAM C1CTCAGATC AAATCCAGGACCACCCACTACAGAAGCTATM ACTACAACGTGTTGATGGTGCCCMAA
Va IArgPheIleSerArgTyrThrG ICI uI IePheSerPheLeuIIeSerLeuI lePheIleTyrCI uThrPheSerLysLeuI eLysIlePheCI nAspHisProLeuG InLysThrTyrAsnTyrAsnVa ILeuMetVa IProLys

CCTCAGGGCCCCCTOCCCAACACAGCCCTCCTCTCCCTGTOCTCATGGCCGGTACMTCTrCTrrGCCATGATOCTGCGCAAGTrCMAAGCAGCTCCTATTTCCCTGGCMAGCTGCGTCGGGTCATCGGGGAMTCGGGGTCCCCATC
ProGI nGlyProLeuProAsnThrAlaLeuLeuSerLeuVa ILeu.etAlGelyThrPhePhePheAlaMetietLeuArgLysPheLysAsnSerSerTyrPheProGlyLysLeuArgArgVa II IeCIyAspPheG lyVa IProI le
TM156-.~ TM7

TCTCGATCATGGTCCTGGTGGAMMlCATrCGGTCTACACCCAGAM CTCTCGGTGCCTGATGGCT CAAGGTGTCqiAiiCCTCAGCCCGGGGCTGGGTCATCCACCCACTGGGCTTGCGTrCCGAGTTrCCCATCTGG
SerI leLeuI leMetalLeuVa IAspPhePheI leCI nAspThrTyrThrG InLysLeuSerVa IProAspGlyPheLysVa ISesrerSerAIaArgGIyTrpVa II IeHisProLeuClyLeuArgSerG uPheProL IeTrp

TM8
ATGATGTmGCCTCCGCCCTGCCTGCTCTGCTGGTCTCATCCTCATATTCCTGGAGTCTCAGATCACCACGCTGATrGTCAGCAAACCTGAGCGCAAGATGGTCAAGGGCTCCGGCt |iCCACCTGGACCTGCTGCTGGTAGTAGGCATG
MetMetPheAlaSerAI*LeuProAlILeuLeuVa IPheI leLeuIlePheLeuCI uSerGI nIleThrThrLeuIl eVa ISerLysProCI uArgLysMetVe ILysGlySerGlyPheHisLeuAspLeuLeuLeuVa Va IGlyMet

TM9
GGTGGGGTGOCCGCCCTCTrTGGGATGCCCTGGCCAGTGCCACCACCGTGCGTTCCCTCCCCATCCCAACGCCCTCCTGTCATGGGCAAAGCCAGC 'CCCCAGGGGCTGCAGCCCCAGATCCAGGAGGTCAAAGAGCAGCGGATCAGT
G yaCC TaACTaLouPhoTIr tProTr CouSerAIaThrThrVIArCSerVaIThrHCisAIAsnAIaLeuThrVaC ItC IyLysA IaSerThrProGITyAIaAT IaAICCIAnIIInCGIuVa LysCIuCInArgTIItr

* * TMIO *mi
GGACTCCTGCTCCCTCTCCTTGTGCCCCTCTCCATCCTCATCCACCCCATCCTCTCCCGCATCCCCCTGGCTGTACTGT| |GGCATCTCCTCTACATGCGGGTCACGTCGCTCAGCGGCATCCAGCTCMTGACCGCATM1GMCTGCT

TTCAAOCCACCCAACTATCACCCAGATGTGCCCTACGTCAAGCOGGTGAAACCTGCGCCATGCAMTATrCACGGGCATCCAGATCATq CTGATCGTGGTGTGMAGTCCACGCCCGGCCTCCCTGGCCCTGCCC 8CGTC
PheLysProProLysTyrHisProAspVa IProTyrVa ILysArgVaILysThrTrpArgIetHisLeuPheThrGIyI leIe IlI y4.euAI eVa ILeuTrpVa Va ILysSerThrProAlaSerLeuAlaLeuProPhoVa

Tli13 TM14KCTCATCCTCACTGITGCCGCTGCGGCGCGTCCTGCTGCCGCTCATCTCAGGMCGTGGAGCCA*G*ilTGATGCTGATGATGCCMAGGCAACCTTT|GATGAGGAGGAACGTCGGGATGMTACGACGAAGTGGCCATGCCTGTGTGA
LouI IeLeuThrVa IProLeuArgArgVa ILeuLeuProLouIlePheArgAsnVe IGIuLeuGI nry euAspAlaAspAspAIaLysAlaThrPheAspG IuCI uCI uGlyArgAspG IuTyrAspOl uVa IAlametProVe

GGOGCGGGCCCAGGCCCTAGACCCTCCCCCACCATTCCACATCCCCAC( FCCAAGGAAACAGAAGTTCATGGGCACCTCATGGACTCAGGTCCTCCTGGAGCAGCAGCTGAGGCCCCAGGGCTGTGGGTGGGGAAGGMGGCGTGT
CCAGGAGA( CTTCCACAA AGGCTAGCCTGITCGCTCCCGATGGCCCATGCGGCCCACATTAGGGGGC11GTTGCACAGTCCCTCCTGTTGCCACACTTTCACTGGGGATCCCGTGCTGGMACATTAGATCTGAGCCCTCCCTC
TTCCCAGCCCAGGCAGGOGTAGAAGCAMGGCAGGAGGTGGGTGAGCGGGTGGGGTGCTTGCTGTGTGACTGGGTMGTCCCGACCTA(CCAGGCCTATATTCCT3CTGTAATGGGTATATTGATGATATACCCACATTA
CAGGATOGTTACTGAGGAICAAAGCAACA]T TAAATAGGGCMGTGAIAACCACAGGGACTGTTCTATAGCAGICAICAI GICl IGMLGIATCCMGCIAACAICAAGCTGGAIA GMCIGAGCCGIGAGCIGGGAI GMC
CAGCCC1TCT I IICAAGTCCCGCAACCTOTCCTCTGTCAGTCATOCGTCCACIICCCTTCCCCTGTGACTCCTCCCTTCCCCACTCTGCTCCCAGCCCCTACCTTGAGACCCTCTFCTCTGOGCCCAGAGAGAGGCGTCCTGGGTGA
AGCMCCTACAGCCACGATGATGCCACGGATrGCGCTC
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FIG. 2. Nucleotide and deduced amino acid sequence of human erythrocyte band 3 cDNA. Putative transmembrane (TM) regions are
underlined. The five cysteine residues and the single glycosylation site (Asn-642) are boxed.

GAG). In the 3' untranslated sequence we have a thymine
instead of a cytosine at base 3279 (our numbering), one
cytosine instead of two at base 2940, and two guanines
instead of one at 3247-3248 (Fig. 2).

Cytoplasmic Domain. The cytoplasmic domain is defined as
the N-terminal 403 amino acids, the point at which the first
transmembrane segment is predicted to begin (Figs. 1 and 2).
The majority of this segment can be released as two peptides
(41 kDa and 43 kDa) when band 3 is treated with either trypsin
or chymotrypsin. One of these peptides is known to result
from cleavage at either Tyr-359 (chymotrypsin) or Lys-360
(trypsin) (19). The nearby Arg3"-Arg-Arg-Tyr347 and Arg387-
Arg-Arg-Tyr-Pro-Tyr-Tyr393 sequences are good candidates
for the second site. Cleavage by pepsin at Asp-396 also
occurs (25). This is the most distal residue known to be within
the cytoplasmic domain.
The amino acid sequence of the domain differs substan-

tially from published sequences of mouse (1) and chicken (2,
3) band 3, and from human (7) and mouse (8) band 3-related
proteins, especially the N-terminal 56 amino acids. This
region is very negatively charged. The first 45 residues
contain 20 acidic and no basic residues. The first 11 amino
acids comprise a domain known to bind hemoglobin, hemi-
chrome, and glyceraldehyde-3-phosphate dehydrogenase
(G3PD) (40, 41), at least in vitro. More-distal binding sites
may also exist for aldolase (42, 43) and perhaps phospho-
fructokinase (43). This is compatible with the structure since,
with the addition oftwo gaps, residues 12-23 almost duplicate
residues 1-10 (Fig. 2). Each of these sites contains a tyrosine
(positions 8 and 21) surrounded by acidic residues [(Asp/
Glu)2-Tyr-Glu-Asp]. Recent data indicate that these residues

are phosphorylated by an erythrocyte tyrosine kinase (26, 27)
and that this abolishes enzyme binding (27). Bovine band 3
also binds G3PD. The binding peptide, which begins at about
residue 50, corresponds to the human band 3 sequence
between residues 20 and 40 and includes the (Asp/
Glu)2-Tyr-Glu-Asp sequence (44). Mouse and chicken band 3
do not bind G3PD and lack this sequence.

Structure-prediction algorithms (Chou-Fasman; ref. 45)
suggest that most of the a-helical regions of the cytoplasmic
domain are clustered in the first half of the domain (Fig. 1).
The total predicted helical content (36%) compares closely to
the measured amount (46). There are hints that the last half
of the domain may also be extensively folded. Several
stretches of hydrophobic amino acids are present, especially
residues 258-271 and, to a lesser extent, residues 226-245
and 313-338. Presumably these are buried in a folded region.
This is supported by evidence that the two cysteines in this
area, Cys-201 and Cys-317, can be crosslinked to each other
(47-49) indicating they are neighbors in the native molecule.
Another feature of the cytoplasmic domain is its intercon-

version among at least three different pH-dependent confor-
mations (50) that differ in ankyrin binding (49). This is
attributed to a flexible "hinge," which is typically assigned
to the region between residues 175 and 190 (41) because this
proline-rich region is accessible to cleavage by trypsin at
Arg-180 (1) and is therefore presumed to be unstructured and
mobile. However, the region is poorly conserved among
erythroid band 3 (AE1) proteins (Table 1), including the
prolines. This suggests either that conformational flexibility
occurs elsewhere or that it is not as functionally important as
postulated.
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Table 1. Conserved sequences in band 3 proteins

Human AE1 Percent similar amino acids*
sequences Mouse AE1 Chicken AE1 Mouse AE2

Cytoplasmic
1-56t 39 23 9

57-86 73 57 60
87-101 73 27 33
102-164 84 59 57
165-218t 61 15 17
219-247 90 62 59
248-347 78 52 48
348-374§ 68 25 29
375-403 92 80 70

Membranous
404-550 93 86 81
551-5671 59 24 6
568-878 93 77 71

C-terminal
879-911 79 58 52

Intramembrane
segments 95 83 78

Loops
(except 5-6) 92 78 67

*Sequences were optimally aligned to human band 3 (AE1) and to
one another by using the UWGCG program GAP. Paired amino acids
were defined as similar if they had a score -0.6 on the Dayoff
evolutionary scale as normalized by Gribskov and Burgess (51). On
this scale a perfect match has a score of 1.5.
tHemoglobin- and enzyme-binding region.
tIncludes putative hinge region.
§Includes proteolytic cleavage sites; presumably flexible, exposed
regions.
ITransmembrane loop 5-6 (Fig. 1C).

Other portions of the cytoplasmic domain are relatively
well conserved, including residues 57-86, 102-164, 219-347,
and 375-403 (Table 1). Presumably some of these regions
contribute to the ankyrin, protein 4.1, or protein 4.2 binding
sites, or to the site(s) of band 3 dimerization. Previous
investigators have assigned ankyrin binding to the conserved
region encompassed by amino acids 102-164 (1, 2, 7, 50);
however, recent studies, using a battery of antibodies di-
rected to specific sites within the cytoplasmic domain, sug-
gest the binding site is a complex, folded region that includes
residues within segments 118-162 and 174-186, sequences
near Cys-201 and on the distal side of Cys-317, and portions
of the acidic N terminus (49, 52).
Membrane Domain. The membrane domain extends from

residue 404 to 882 and may also include, functionally at least,
the very conserved sequence 379-403 (Table 1). The hydrop-
athy plot of this region is very similar to hydropathy plots of
other bands 3 and band 3-related proteins (1-8) and shows 10
possible transmembrane regions (a-j in Fig. 1D), some of
which (b, h, i, and j) are long enough (>40 amino acids) to
span the membrane twice as a-helices. This could give a
maximum of 14 transmembrane regions (underlined in Fig. 2);
however, the exact number of such regions and their dispo-
sition cannot be determined with certainty, despite the fact
that human erythrocyte band 3 is one of the best studied of
all membrane proteins in terms of its topography. Much of
our knowledge is summarized in Fig. 1 B and C. It is clear that
the poorly conserved peptide sequence that loops out be-
tween transmembrane regions 5 and 6 (i.e., the 5-6 loop)
must be exterior, since it is readily accessible to many forms
of exofacial proteolytic cleavage and chemical modification.
Also the glycosylated (29) 7-8 loop is undoubtedly exterior
and the 1-2 and 3-4 loops are probably exterior, based on the
studies illustrated in Fig. 1B.

Similarly, accessibility to phenylisothiocyanate (20) and
trypsin (21) localize the 6-7 and 10-11 loops to the inner
membrane surface. Loops 8-9 and 12-13 are less well de-
fined. Presumably the former lies inside, since it follows an
external loop and a probable transmembrane segment. The
interior location of loop 12-13 is suggested by the finding that
chymotrypsin releases an 8- to 9-kDa peptide containing both
C-terminal sulfhydryl groups when it is applied to unsealed
erythrocyte membrane ghosts but not to intact red cells (24).
The boundaries of this peptide are unknown, but Cys-843 and
Cys-885 are separated by 4.7 kDa; hence the remaining
peptide must be 3.3-4.3 kDa. Depending on where chymo-
trypsin cleaves the peptide chain between Cys-885 and the C
terminus, the proximal portion of the peptide lies somewhere
between residues 804 and 839. This corresponds closely to
the probable location of loop 12-13 (residues 807-838).

It is notable that, with the exception of loop 5-6, and to a
lesser extent loop 7-8, all of the transmembrane segments
and intervening loops are highly conserved (Table 1). This
suggests that the entire transmembrane portion of band 3 is
involved in its transport function and that the loops are tightly
folded and interact with the transmembrane segments. This
would also explain why many theoretically reactive amino
acids in the loops cannot be chemically modified or prote-
olytically cleaved.
Amino acids that can be modified and that may be involved

in anion exchange include lysine, arginine, histidine, and
glutamic acid. Proximal and distal lysines in or close to the
external opening of the channel are covalently modified by
H2DIDS, a specific inhibitor of anion transport (30). The
proximal lysine is either Lys-539 or Lys-542 (1); Lys-539 is
slightly favored since Lys-542 is missing from chicken ery-
throid band 3 (2, 3). Both lie near the end of transmembrane
segment 5. The distal lysine is not as well localized but is
functionally more important since its methylation inhibits
transport, even in the absence of H2DIDS (53). One good
candidate is Lys-851. It is modified from the outside of the
cell by pyridoxal phosphate, with loss of anion transport, and
is protected by analogues of H2DIDS (31, 54). Lys-851 is
conserved in chicken, rat, and mouse band 3 (1-3, 5), but not
in band 3-related proteins (7, 8); however, the transport
properties of the latter proteins are incompletely defined.
Both intracellular and extracellular arginine residues ap-

pear to be important in anion exchange: possibly serving as
critical anion binding sites. Extracellular modification of an
arginine with phenylglyoxal (55) inhibits anion exchange and
labels the C-terminal chymotryptic fragment discussed ear-
lier. If loop 12-13 is inside as postulated, Arg-870 or Arg-871
would be the most accessible arginine in this fragment. Both
are located in the middle of transmembrane segment 14 (Fig.
2), presumably in the anion channel. Arg-870 is the better
candidate since Arg-871 is not conserved in band 3-related
proteins (7, 8). If loop 12-13 is outside, as others suggest (1,
6), than Arg-808, Arg-827, and Arg-832 are possible sites.
Modification of an intracellular arginine with the same re-
agent also inhibits transport and labels a 10-kDa pepsin
fragment (55), formed by residues 559-630 (20). The likely
target residues are Arg-589, Arg-602, or Arg-603.
Two externally accessible glutamate residues near the

H2DIDS binding sites can be labeled with Woodward's
reagent K, with resulting inhibition of anion transport (56).
One site is proximal to the external chymotryptic site at
residue 553; the other is distal. Glutamates at positions 429,
439, 472, 473, 480, 485, and 535 are all candidates for the
proximal site. All are conserved except Glu-480, which is
missing in band 3-related proteins. Glu-535 is a particularly
attractive choice because of its proximity to the putative
H2DIDS-binding Lys-539. Glu-777 is the only likely distal site
in the model shown in Fig. 1B. It is located near the outside
end of transmembrane segment 11. Band 3-related proteins
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lack a glutamate at this position, but they have a neighboring
aspartate (7, 8) that might be functionally equivalent.

Finally, there is some evidence that an intracellular histi-
dine may participate in the transport process (57). The
histidine residues at positions 703, 734, 819, and 834 are all
conserved and potentially accessible from the inside of the
membrane.
C-Terminal Domain. The last 30 amino acids or so appear

to form a separate domain exposed on the inner membrane
surface (58). The region is highly acidic and probably helical.
Its function is unknown.

Structural Comparisons. Salhany et al. (54) suggested that
the portions of the membrane domain proximal and distal to
the exofacial chymotryptic site (Tyr-553) may form function-
ally equivalent but physically distinct channels. Presumably
such channels would have arisen by gene duplication. If so,
the duplication event is no longer apparent. Dot-matrix
analyses at a variety of stringencies did not disclose the
expected internal repeat (data not shown).

Similarly, no homology with other proteins was detected in
extensive searches (done between March 1987 and December
1988) of the GenBank, European Molecular Biology Labo-
ratory, and National Biomedical Research Foundation data
bases, even when segments corresponding to each of the
exons in mouse band 3 (18) were individually tested. In
particular, we could not find a common region in comparing
the cytoplasmic domain of band 3 with two other ankyrin-
binding proteins: Na',K+-ATPase and the Na' channel. A
few short areas of similarity were evident in binary compar-
isons, such as the segment recently reported by Morrow et al.
(59), but none of these were common to all three ankyrin-
binding proteins and the homologous regions were too short
and too dependent on matches between similar rather than
identical amino acids to be convincing.

We thank Bernard Forget for the human fetal liver library, Peter
Harris for performing the chromosomal localization study, and
Miriam Boucher and Helen Ryan for administrative help. In addition,
S.E.L. thanks Seth Alper, Reg Kelley, Keith Mostov, Stu Orkin, Vik
Patel, and Mike Shia for their help, encouragement, and advice. This
work was funded by Public Health Service Grants HL32262,
HL15157, and DK34083 (S.E.L.) and DK37571 (H.F.L.). R.R.K. is
a Lucille P. Markey Scholar in biomedical sciences.

1. Kopito, R. R. & Lodish, H. F. (1985) Nature (London) 316, 234-
238.

2. Cox, J. V. & Lazarides, E. (1988) Mol. Cell. Biol. 8, 1327-1335.
3. Kim, H.-R. C., Yew, N. S., Ansorge, W., Voss, H., Schwager, C.,

Vennstrom, B., Zenke, M. & Engel, J. D. (1988) Mol. Cell. Biol. 8,
4416-4424.

4. Brosius, F. C., 3rd, Alper, S. L., Garcia, A. M. & Lodish, H. F.
(1989) J. Biol. Chem. 264, 7784-7787.

5. Kudrycki, K. E. & Shull, G. E. (1989) J. Biol. Chem. 264, 8185-
8192.

6. Tanner, M. J. A., Martin, P. G. & High, S. (1988) Biochem. J. 256,
703-712.

7. Demuth, D. R., Showe, L. C., Ballantine, M., Palumbo, A., Fraser,
P. J., Cioe, L., Rovera, G. & Curtis, P. J. (1986) EMBO J. 5,
1205-1214.

8. Alper, S. L., Kopito, R. R., Libresco, S. M. & Lodish, H. F. (1988)
J. Biol. Chem. 263, 17092-17099.

9. Morgans, C. W., Schneider, K. & Kopito, R. R. (1989) J. Cell Biol.
107, 355a (abstr.).

10. Feinberg, A. P. & Vogelstein, B. (1984) Anal. Biochem. 137, 266.
11. Maniatis, T., Fritsch, E. F. & Sambrook, J. (1982) Molecular

Cloning: A Laboratory Manual (Cold Spring Harbor Lab., Cold
Spring Harbor, NY).

12. Deininger, P. L. (1983) Anal. Biochem. 129, 216-223.
13. Henikoff, S. (1984) Gene 28, 351-359.
14. Kraft, R., Tardiff, J., Krauter, K. S. & Leinwand, L. A. (1988)

BioTechniques 6, 544-547.

15. Biggin, M. D., Gibson, T. J. & Hong, G. F. (1983) Proc. Nat!.
Acad. Sci. USA 80, 3963-3965.

16. Bankier, A. T. (1984) BioTechniques 2, 72-77.
17. Lebo, R. V. & Bruce, B. D. (1987) Methods Enzymol. 151, 292-313.
18. Kopito, R. R., Andersson, M. & Lodish, H. F. (1987) J. Biol.

Chem. 262, 8035-8040.
19. Mawby, W. J. & Findlay, J. B. C. (1982) Biochem. J. 205,465-475.
20. Brock, C. J., Tanner, M. J. A. & Kempf, C. (1983) Biochem. J. 213,

577-586.
21. Jennings, M. L., Anderson, M. P. & Monaghan, R. (1986) J. Biol.

Chem. 261, 9002-9010.
22. Jennings, M. L., Adams-Lackey, M. & Denny, G. H. (1984)J. Biol.

Chem. 259, 4652-4660.
23. Drickamer, L. K. (1978) J. Biol. Chem. 253, 7242-7248.
24. Ramjeesingh, M., Gaarn, A. & Rothstein, A. (1981) J. Bioenerg.

Biomembr. 13, 411-423.
25. Brock, C. J. & Tanner, M. J. A. (1986) Biochem. J. 235, 899-901.
26. Dekowski, S. A., Rybicki, A. & Drickamer, K. (1983) J. Biol.

Chem. 258, 2750-2753.
27. Low, P. S., Allen, D. P., Zioncheck, T. F., Chari, P., Willardson,

B. M., Geahlen, R. L. & Harrison, M. L. (1987) J. Biol. Chem. 262,
4592-45%.

28. Jennings, M. L. & Nicknish, J. S. (1984) Biochemistry 23, 6432-
6436.

29. Jay, D. G. (1986) Biochemistry 25, 554-556.
30. Ramjeesingh, M., Gaarn, A. & Rothstein, A. (1980) Biochim.

Biophys. Acta 599, 127-139.
31. Kawano, Y., Okubo, K., Tokunga, F., Miyata, T., Iwanaga, S. &

Hamasaki, N. (1988) J. Biol. Chem. 263, 8232-8238.
32. Rao, A. & Reithmeier, R. A. F. (1979) J. Biol. Chem. 254, 6144-

6150.
33. Macara, I. G., Kuo, S. & Cantley, L. C. (1983) J. Biol. Chem. 258,

1785-1792.
34. Soloman, A. K., Chasan, B., Dix, J. A., Lukacovic, M. F., Toon,

M. R. & Verkman, A. S. (1983) Ann. N. Y. Acad. Sci. 414, 97-124.
35. Kyte, J. & Doolittle, R. F. (1982) J. Mol. Biol. 157, 105-132.
36. Showe, L. C., Ballantine, M. & Huebrier, K. (1987) Genomics 1,

71-76.
37. Kozak, M. (1987) Nucleic Acids Res. 15, 8125-8131.
38. Kaul, R. K., Murthy, P. S. N., Reddy, A. G., Steck, T. L. &

Kohler, H. (1983) J. Biol. Chem. 258, 7981-7990.
39. Drickamer, L. K. (1976) J. Biol. Chem. 251, 5115-5123.
40. Walder, J. A., Chatterjee, R., Steck, T. L., Low, P. S., Musso,

G. F., Kaiser, E. T., Rogers, P. H. & Arnone, A. (1984) J. Biol.
Chem. 259, 10238-10246.

41. Low, P. S. (1986) Biochim. Biophys. Acta 864, 145-167.
42. Tsai, I.-H., Prasanna-Murthy, S. N. & Steck, T. L. (1982) J. Biol.

Chem. 257, 1438-1442.
43. Higashi, T., Richards, C. S. & Uyeda, K. (1979) J. Biol. Chem. 254,

9542-9550.
44. Moriyama, R. & Makino, S. (1987) Arch. Biochem. Biophys. 256,

606-617.
45. Chou, P. Y. & Fasman, G. D. (1974) Biochemistry 13, 211-222.
46. Appell, K. C. & Low, P. S. (1981) J. Biol. Chem. 256, 11104-11111.
47. Reithmeier, R. A. F. (1979) J. Biol. Chem. 254, 3054-3060.
48. Reithmeier, R. A. F. & Rao, A. (1979) J. Biol. Chem. 254, 6151-

6155.
49. Willardson, B. M., Thevenin, B. & Low, P. S. (1989) J. Cell.

Biochem., Suppl. 13B, 211 (abstr.).
50. Low, P. S., Westfall, M. A., Allen, D. P. & Appell, K. C. (1984) J.

Biol. Chem. 259, 13070-13076.
51. Gribskov, M. & Burgess, R. R. (1986) Nucleic Acids Res. 14,

6745-6763.
52. Davis, L., Lux, S. E. & Bennett, V. (1989) J. Biol. Chem. 264,

9665-9672.
53. Jennings, M. L. (1982) J. Biol. Chem. 257, 7554-7559.
54. Salhany, J. M., Rauenbuehler, P. B. & Sloan, R. L. (1987) J. Biol.

Chem. 262, 15965-15973.
55. Bjerrum, P. J. (1983) in Structure and Function of Membrane

Proteins, eds. Quagliarello, E. & Palmieri, F. (Elsevier, Amster-
dam), pp. 107-115.

56. Jennings, M. L. & Anderson, M. P. (1987) J. Biol. Chem. 262,
1691-1697.

57. Matsuyama, H., Kawano, Y. & Hamasaki, N. (1986) J. Biochem.
(Tokyo) 99, 495-501.

58. Lieberman, D. M. & Reithmeier, R. A. (1988) J. Biol. Chem. 263,
10022-10028.

59. Morrow, J. S., Cianci, C. D., Ardito, T., Mann, A. S. & Kashgar-
ian, M. (1989) J. Ce!! Rio!. 108, 455-465.

Biochemistry: Lux et al.


