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The prototypical erythrocyte membrane skeletal
protein 4.1 (HGMW-approved symbol EPB41), here
designated 4.1R, is encoded by a large, complexly
spliced gene located on human chromosome 1p32-p33.
In this paper we report evidence for a second 4.1 gene,
4.1G (HGMW-approved symbol EPB41L 2), which maps
to human chromosome 6923 and is widely expressed
among human tissues. The complete nucleotide se-
quence of 4.1G cDNA predicts a 113-kDa protein that
exhibits three regions of high homology to 4.1R, in-
cluding the membrane binding domain, the spectrin-
actin binding domain, and the C-terminal domain. In-
terspersed among the shared domains are unique se-
quences that may define functional differences be-
tween 4.1R and 4.1G. Specific isoforms of 4.1R and 4.1G
exhibit differential subcellular localizations. These re-
sults expand the 4.1 gene superfamily and demonstrate
that the diverse cellular complement of 4.1 isoforms
results from both alternative splicing and expression
of distinct genes. © 1998 Academic Press

INTRODUCTION

Protein 4.1 is a cytoskeletal protein whose structure
and function have been well characterized in the con-
text of the erythroid plasma membrane. As an essential
component of the spectrin-based membrane skeleton,
4.1 plays a critical role in determining the morphology
and biophysical properties of red cells. Extensive bio-
chemical studies have defined several key protein—pro-
tein interactions that mediate these cellular effects.
An internal spectrin—actin binding domain is a key
element in the formation of the junctional complexes
that laterally crosslink spectrin heterodimers in the
plane of the skeleton. In addition, an N-terminal mem-
brane binding domain specifies vertical interactions be-
tween 4.1 and overlying integral membrane proteins

Sequence data from this article have been deposited with the Gen-
Bank Library under Accession No. AF027299.
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such as band 3 and glycophorin C. These latter interac-
tions play a critical role in anchoring the membrane
skeleton to the plasma membrane.

Our understanding of the erythroid membrane skele-
ton serves as a useful paradigm for exploring poten-
tially analogous structures in nonerythroid cells both
at the plasma membrane and in various subcellular
compartments (Beck et al., 1994, 1997; Devarajan et
al., 1996). Many of the prototypical erythroid skeletal
proteins and/or close homologues encoded by evolution-
arily related genes are expressed in a variety of cell
types. For example, small gene families encoding ery-
throid and nonerythroid homologues of band 3 (anion
exchanger), ankyrin (Devarajan et al., 1996; Kordeli et
al., 1995; Lambert and Bennett, 1993; Otto et al., 1991,
Peters et al., 1995), and spectrin (Chang et al., 1993;
Hu et al., 1995; Winkelmann et al., 1990) have been
characterized. The cognate protein isoforms typically
retain regions of high evolutionary conservation which
presumably encode critical “core” functional domains
and regions of lesser homology likely to specify novel
subcellular localization and/or protein interaction
sites.

A detailed characterization of nonerythroid 4.1 pro-
teins has not been reported at the molecular level. An
intriguing collection of experiments revealing a re-
markable diversity in molecular weight and subcellular
compartmentalization of 4.1-immunoreactive proteins
in nucleated cells suggests that the story is likely to be
quite complex. Western blots have revealed that 4.1
polypeptides range in size from 30 to 210 kDa among
various nonerythroid cells (Anderson et al., 1988). Fur-
thermore, immunofluorescence studies of nucleated
cells have demonstrated colocalization of 4.1 protein(s)
with stress fibers (Cohen et al., 1982), intranuclear
compartments (Correas, 1991; De Carcer et al., 1995;
Krauss et al., 1997b; Lallena and Correas, 1997),
centrosomes (Krauss et al., 1997a), and neuronal axons
and dendrites (Krebs et al., 1987b; Zimmer et al., 1992).

The genetic origin of these putative 4.1 homologues
is unknown. Until now, a single 4.1 gene? encoding the

2The HGMW-approved symbols for the genes described in this
paper are EPB41 (4.1R) and EPB41L2 (4.1G).
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prototypical red cell protein 4.1R has been cloned and
mapped to chromosome 1. The salient features of this
gene include its large size (Baklouti et al., 1997; Huang
et al., 1993), its demonstrated expression in selected
nonerythroid cell types, and its extraordinarily com-
plex expression pattern resulting from extensive alter-
native pre-mRNA splicing (Conboy et al., 1988, 1991;
Tang etal., 1990). Importantly, regulation of splicing in
tissue- and differentiation-specific patterns gives this
gene the potential to encode a characteristic and dis-
tinct complement of 4.1 polypeptides in different cell
types. Whether alternative splicing alone can generate
the observed 4.1 protein diversity, or whether this iso-
form diversity might also result from expression of mul-
tiple 4.1R-related genes, has not been explored system-
atically.

As one strategy for exploring the genetic origin of
nonerythroid 4.1 proteins, we have performed exten-
sive computer searches of available cDNA databases.
This approach led to the identification in the EST data-
base of novel 4.1-like cDNAs potentially encoded by
distinct gene(s). Using this information as a starting
point, we have carried out extensive characterization
of a unique gene product, which we now designate 4.1G.
By criteria of nucleotide sequence, mMRNA size, mMRNA
tissue distribution, and chromosomal localization, 4.1G
and the prototypical 4.1R are encoded by two distinct
genes. Initial protein expression studies suggest that
a major 113-kDa isoform of 4.1G localizes differently
from the familiar 80-kDa 4.1R in nucleated cells. Fur-
thermore, on the basis of its extensive homology to
the membrane binding, spectrin—actin binding, and
COOH-terminal domains of 4.1R, 4.1G represents a
closer homologue to protein 4.1 than the previously
described 4.1 superfamily members ezrin, radixin, and
moesin.

MATERIALS AND METHODS

Isolation of 4.1G cDNA. The human 4.1R amino acid sequence
was used as a query sequence to screen the EST database, resulting
in identification of two groups of novel cDNA sequences with high
homology to the membrane binding domain (e.g., clone W26747) and
C-terminal domain (e.g., clone W31744) of 4.1R. Sequencing of
W31744, purchased from Research Genetics (Huntsville, AL), re-
vealed that it extends through the entire 1.25-kb 3’'UTR to the po-
ly(A) tail. This sequence was distinct from 4.1R and confirmed that
it was derived from a distinct gene. To clone the intervening region
of this novel cDNA, we employed an RT-PCR strategy using primers
located within W26747 and W31744, respectively (sense strand, 5’'-
GGGAGACCAAGGAAGTGC-3'; antisense strand, 5'-GAGCAATAT-
AGACCAGAGCTGGTAAG-3’). The antisense primer was used to
prime cDNA synthesis using brain RNA as a template. Conditions
for PCR were as follows: 35 cycles for 30 s at 94°C, 30 s at 58°C, 3 min
at 72°C. The authenticity of this PCR product was later confirmed by
sequence analysis of clone AA333370 (purchased from ATCC), which
extended from the membrane binding domain to the 3’UTR. To clone
the full 5’ coding sequence, a modified 5 RACE experiment was
performed. DNA from a human heart cDNA library (Clontech
HL3026a) was amplified using a gene-specific antisense primer (5'-
GCACTTCCTTGGTCTCCC-3’) located near the 5’ end of EST clone
W26747, together with a \gt10 forward primer. One of the resulting
PCR fragments extended the existing 4.1G sequence to an apparent
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translation start codon that (a) contained an AUG sequence situated
in the context of a good Kozak consensus site and (b) encoded an N-
terminal sequence with identity to the first four amino acids of 4.1R.
As an additional control to verify the authenticity of this RACE prod-
uct, we amplified a region of brain 4.1G sequences extending from
near the 5’ end of the RACE product (sense primer 5'-GATCCCGGG-
AATGACTACTGAAGTAGGCT-3’; start codon is underlined and se-
guence preceding it is added to facilitate cloning) to a position farther
downstream in the region encoding the membrane binding domain
(antisense primer 5'-TCTGTCTTTGTAAATGAGAA-3’). These mul-
tiple approaches enabled us to assemble the entire 4.1G cDNA se-
quence.

RNA blot analysis. 4.1G mRNA size was determined by hybrid-
ization to multiple tissue Northern blots (Clontech, Palo Alto, CA).
The tissue distribution of 4.1G mRNA expression was examined by
hybridization to master RNA blots containing poly(A)™ RNA from a
number of different tissues (Clontech). Probes used for RNA blots
were derived from the N-terminal coding region of 4.1G (nt 1-615),
the 3’ untranslated region of 4.1G (nt 3364—-4139), and a portion of
the 3’ untranslated sequence of 4.1R (nt 3167—-3899).

Chromosomal mapping of 4.1G gene. A bacterial artificial chro-
mosome (BAC) library of human genomic DNA was screened using
a PCR strategy with oligonucleotide primers in a unique region of
the 4.1G cDNA (sense strand primer, 5'-GCCCAAAAGATACCC-
GGAGA-3'; antisense strand primer, 5'-CTCTGAACAACAAATAAT-
TTGTGGCA-3’). Among several positive 4.1G genomic clones identi-
fied in this manner, one having a 137-kb insert was judged likely to
contain the entire 4.1G gene by virtue of its ability to be amplified
with a primer pair situated near the 5’ end of the cDNA (sense strand
primer, 5'-GATCCCGGGAATGACTACTGAAGTAGGCT-3’; anti-
sense strand primer, 5'-TTGCTGCTCCTCCTTCTA-3’) and another
primer set within the 3’ untranslated region (sense strand primer,
5'-CTGGCTCAGGCGATCAGGGA-3’; antisense strand primer, 5’'-
CCTTCCTCAGCCAACTC-3") (results not shown). A biotinylated
probe was prepared from this 137-kb 4.1G clone by random priming
using the BioPrime kit according to manufacturer’s instructions
(Gibco BRL), hybridized to metaphase chromosomes, and visualized
using FITC-avidin. Images were acquired and analyzed using Quips-
XL software (Vysis, Downers Grove, IL) as described previously
(Piper et al., 1995).

Immunofluorescence of transfected cells. COS cells cultured on
coverslips in DMEM were transiently transfected with 2.5 ug of puri-
fied plasmid DNA using LipofectAMINE according to the manufac-
turer's instructions (Life Technologies, Inc., Gaithersburg, MD).
Plasmids contained cDNA encoding either the major erythroid 80-
kDa isoform of 4.1R (bearing a C-terminal HA epitope tag) or the
full coding region of 4.1G (similarly with an HA epitope tag). Forty-
eight hours after transfection, cells were washed twice in PBS, fixed
in PBS containing 3% paraformaldehyde for 30 min at room tempera-
ture, and incubated in PBS containing 0.5% Triton X-100 for 10 min
at room temperature. After extensive washing with PBS, coverslips
were blocked with PBS plus 10 mg/ml BSA and 10% (v/v) goat serum,
washed again with PBS containing 0.1 mg/ml BSA, and incubated
for 60 min at room temperature with primary anti-HA epitope tag
(Zymed Laboratories Inc., South San Francisco, CA) antibody in PBS
plus 10 mg/ml BSA. Secondary anti-rabbit 1gG conjugated to FITC
(Molecular Probes, Inc., Eugene, OR) was added for 60 min at room
temperature, and samples were prepared for image analysis using
a Zeiss Axioplan microscope.

Western blot analysis. COS cells (10°) seeded in 100-mm culture
dishes were grown for 24 h and transfected as above using 18 ul of
LipofectAMINE and 7.5 ug of DNA per dish. After 48 h cells were
washed in PBS and lysed in 500 ul of ice-cold RIPA buffer (10 mM
Tris—HCI, pH 7.4, 150 mM NaCl, 1% IGEPAL CA-630, 0.1% sodium
dodecyl sulfate, 2 mM Pefabloc, 2 mM benzamidine, 10 pg/ml aproti-
nin, 5 pg/ml leupeptin, 2 ug pepstatin A) for 30 min on ice, and the
supernatant was cleared of particulate materials by centrifugation.
One hundred microliters of protein A agarose beads, preincubated
overnight with 5 ug anti-HA epitope tag antibody, was added and
allowed to bind for 3 h at 4°C. Beads were spun down and washed
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FIG. 1. Strategy for assembly of the 4.1G cDNA sequence. Top represents the structure of the 4.1G protein deduced from analysis of
the cDNAs shown below. The two pairs of EST clones depicted are representative of a larger number of overlapping cDNAs. The full-length
structure of 4.1G was derived by complete sequence analysis of the cDNA clones and PCR fragments illustrated. Shown at the bottom are

the cDNA probes used for Northern blot analysis.

in RIPA buffer, and associated proteins were denatured by boiling
in SDS—PAGE sample buffer and resolved by electrophoresis in a
7.5% polyacrylamide gel. Proteins were transferred to a nitrocellu-
lose membrane using a semidry electroblotter (Integrated Separation
Systems, Inc., Natick, MA). After a blocking step (1 h, room tempera-
ture) performed with TBS (10 mM Tris—HCI, pH 7.4, 150 mM NacCl)
containing 0.1% Tween 20, 4% nonfat dry milk, 1% BSA, and 0.02%
sodium azide, blots were probed for 1 h at room temperature with
anti-HA antibody at 1 pg/ml (diluted in the same TBS buffer). Immu-
noreactive bands were visualized after incubation with the secondary
antibody, anti-rabbit 1gG coupled to horseradish peroxidase, using
the Renaissance chemiluminescence detection kit (NEN Life Science
Products, Boston, MA).

RESULTS

Cloning of 4.1G cDNA. The existence of novel 4.1R-
related cDNAs was revealed by computer searches of
the DNA databases. When the human erythroid 4.1
amino acid sequence was used to query the EST data-
base, two groups of cDNAs with high homology to the
4.1R membrane binding domain (e.g., clone W26747)
and C-terminal domain (e.g., clone W31744) were iden-
tified. Since the sequences within each group were vir-
tually identical, we hypothesized that they represented
fragments of a single novel transcript highly homolo-
gous to erythroid 4.1. RT-PCR was therefore employed
to demonstrate directly that these two islands of se-
guence were indeed derived from a larger common
transcript and to clone the intervening region (Fig. 1,
clone PCR1). By analysis of multiple independent PCR
subclones, we deduced the entire amino acid sequence

of this 4.1 homologue except for the N- and C-terminal
ends; this structure was later confirmed by sequence
analysis of cDNA AA333370 which extended across the
same region. The N-terminal region was derived from
a 5’ RACE product that contained an AUG at nt 45—
47, assigned as the start codon by the following criteria:
it is the first AUG in the cDNA, it is preceded by an
in-frame stop codon, it is situated in a good Kozak con-
sensus sequence for translation initiation, and the first
four amino acids of the predicted product are identical
to residues 1-4 of the high-molecular-weight isoform
of 4.1R. Finally, at the 3’ end of the cDNA sequence,
complete sequence analysis of EST clone W31744
showed that it encodes the C-terminal coding sequence
and entire 3’ untranslated region.

The sequence of this novel cDNA, designated 4.1G,
exhibits an open reading frame of 1005 amino acids,
predicted to encode a protein of ~113 kDa (Fig. 2).
Alignment of 4.1G sequences with the prototypical 4.1R
protein, as illustrated by the dot matrix plot of Fig. 3,
revealed an interesting pattern of alternating con-
served and unique sequence domains. Within the mem-
brane binding domain, the two proteins are 76% identi-
cal over a span of 336 amino acids. The reported bind-
ing site for band 3, however, is altered from LEEDY in
4.1R (Jons and Drenckhahn, 1992) to LEKDY in 4.1G.
This substitution of a basic residue for an acidic is
likely to alter its function dramatically. Another func-
tionally critical domain, which is required for binding
to spectrin—actin, was also highly conserved (73% iden-

FIG. 2. Structure of 4.1G cDNA and predicted protein. Below the cDNA sequence is the derived amino acid sequence using the single-letter
code. The first ATG, which is preceded almost immediately by an in-frame stop codon, predicts a short N-terminal peptide identical to the start
of 135-kDa 4.1R. The putative polyadenylation sequence is underlined. Amino acid sequence is numbered in italics. This sequence has been

deposited with GenBank (Accession No. AF027299).
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FIG. 3. Sequence comparison of 4.1R and 4.1G polypeptides. 4.1R
and 4.1G sequences were aligned using the dot matrix program (Mac-
vector). Each dot represents a minimum identity of 60% over a win-
dow of eight residues. The full amino acid sequence of 4.1R, derived
from all known constitutive and alternative exons of the gene, was
used for this comparison. Below is a domain map of the 4.1R showing
the three regions of homology to 4.1G.

tity over 72 amino acids). Interestingly, this region of
homology corresponds approximately to the minimal
high-affinity spectrin—actin binding domain defined in
earlier biochemical studies of 4.1R (Schischmanoff et
al., 1995). Finally, the COOH-terminal domain of the
two proteins is also highly conserved (73% identity over
135 amino acids). This region has been reported to bind
NuMA (Mattagajasingh et al., 1996).

In addition to the similarities described above, 4.1R
and 4.1G also exhibit several distinctive features, in-
cluding apparent differences in initiation codon utiliza-
tion as well as interspersed regions of unique sequence.
Two translation initiation sites existing within 4.1R
MRNA isoforms can encode two size classes of polypep-
tide of ~135 kDa (from upstream AUG-1) and ~80
kDa (from downstream AUG-2). In contrast, only one
apparent initiation site has been detected thus far in
4.1G cDNAs. This site corresponds in location to the
upstream AUG-1 site in 4.1R and promotes expression
of an N-terminal domain similar in size to the N-termi-
nal extension of high-molecular-weight 4.1R isoforms.
However, aside from two or three short conserved pep-
tides, the N-terminal domains of these two proteins
exhibit little sequence resemblance. 4.1G does not ap-
pear to have a counterpart of the 4.1R downstream
AUG and therefore is not predicted to encode a direct
homologue of the ~80-kDa red cell 4.1R isoform.

A second region of nonhomology between 4.1R and
4.1G is located between the membrane and the spec-
trin—actin interaction sites and corresponds to the re-
gion encoded by exon 13 of the 4.1R gene. It has pre-
viously been noted that this region of ~63 amino acids
is the least conserved domain among 4.1R proteins
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from mammalian (human, mouse, dog) and amphibian
(frog) species (Winardi et al., 1995). Together these
data suggest that this domain represents a spacer re-
gion whose overall length, but not primary sequence,
is important for 4.1 protein function.

Finally, both 4.1R and 4.1G genes contain alterna-
tive exons capable of encoding unique sequence motifs
in the region between the spectrin—actin binding do-
main and the COOH-terminal domain. In 4.1R, such
splicing events are manifested in muscle by inclusion
of exon 17A (Baklouti et al., 1997; Schischmanoff et al.,
1997) and in certain epithelial tissues by inclusion of
exon 17B (Schischmanoff et al., 1997). 4.1G isoforms
also contain unique sequence inserted at the position
corresponding to the boundary of predicted exons 17
and 18; however, this domain is not homologous to ex-
ons 17A/17B of 4.1R. Preliminary experiments suggest
that this region of 4.1G is also subject to alternative
splicing, but the precise exon structure of this part of
the gene remains to be determined (data not shown).

Characterization of 4.1G mRNA. Northern blot
analysis was performed with cDNA probes represent-
ing unique sequences in the 5’ coding region and
3'UTR that exhibit little or no homology to 4.1R
MRNA. Figure 4 shows that 4.1G mRNA is widely ex-
pressed among human tissues. Most tissues exhibited
a prominent ~5-kb mRNA that was detected with both
5" (Fig. 4A) and 3’ (Fig. 4B) probes, supporting the
notion that we have assembled a bona fide full-length
4.1G cDNA sequence. In brain mRNA, in contrast, both
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FIG. 4. Northern blot analysis of 4.1G mRNA. Human mRNA
was hybridized under stringent conditions with cDNA probes derived
from 5’ coding sequences (A, probe A in Fig. 1) and the 3'UTR (B,
probe B in Fig. 1). RNA size standards of 9.5, 7.5, 4.4, 2.4, and 1.35
kb are shown at the left. Sources of RNAs: lane 1, heart; lane 2,
brain; lane 3, placenta; lane 4, lung; lane 5, liver; lane 6, skeletal
muscle; lane 7, kidney; and lane 8, pancreas.
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FIG. 5. Expression pattern of 4.1 genes in various human tissues. (A) Grid showing the identification of RNA sources on the RNA
master blot (Clontech). (B) Hybridization patterns obtained with probes from 4.1R and 4.1G. Ubiquitin cDNA probe was used as a positive

control.

probes hybridized to a distinct set of transcripts of 4.6
and 4.1 kb, as well as to a less abundant 7.3-kb tran-
script. This observation suggests that alternative splic-
ing and/or differential use of polyadenylation sites may
occur in 4.1G transcripts expressed in brain.

To explore the expression patterns of 4.1G mRNA
further, and to compare its expression with that of 4.1R
MRNA, RNA blot analysis was performed with a larger
panel of RNAs extracted from human tissues (Fig. 5).
4.1R mRNA was most abundant in hematopoietic tis-
sues such as bone marrow, fetal liver, and leukocytes
and to a lesser extent in kidney, adrenal, and cerebel-
lum. In contrast, 4.1G was generally expressed over a
wide range of tissues, but was relatively less abundant
in the hematopoietic tissues.

Chromosomal localization. To localize the 4.1G gene
to a specific chromosome, we first isolated an ~137-kb
BAC clone containing the 4.1G genomic locus (Materials
and Methods). Biotin-labeled genomic DNA prepared
from this clone was used as a hybridization probe against
a metaphase spread of human chromosomes. As shown
in Fig. 6, the 4.1G gene locus maps to chromosome 6g22—
g23. This location was confirmed by analysis of multiple
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FIG. 6. Chromosomal localization of the 4.1G gene. At left is
depicted an idiogram of chromosome 6. The center image repre-
sents an inverted image of DAPI-stained chromosome 6 to visual-
ize banding patterns. At right is the same chromosome 6 double-
labeled with DAPI and FITC-avidin-biotinylated 4.1G probe. The
location of 4.1G at 6g22—-q23 was observed in at least 10 chromo-
some spreads; no other site was consistently labeled.
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FIG. 7.
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Intracellular localization of the 4.1G protein. (A) COS cells were transfected with plasmids encoding HA-epitope tagged 80-kDa

4.1R (left) or the 113-kDa isoform of 4.1G described in Fig. 2 (right), then examined by immunofluorescence microscopy using affinity-
purified polyclonal anti-HA rabbit 1gG and FITC-labeled goat anti-rabbit 1gG. Untransfected cells in the same field were not stained with
the HA antibody. (B) Protein extracts from 4.1R-transfected (lane 2) or 4.1G-transfected (lane 3) cultures were immunoprecipitated using
anti-HA antibody, electrophoresed on SDS—polyacrylamide gels, and immunoblotted with the same anti-HA antibody. The control sample
in lane 1 was transfected with a 4.1R construct bearing a different epitope tag not recognized by anti-HA antibodies. The strong band at

50-55 kDa represents 1gG heavy chains.

metaphase chromosome spreads; no other site was consis-
tently labeled with the 4.1G-specific probe. Since the 4.1R
gene was previously assigned to chromosome 1, these two
evolutionarily related homologues are not genetically
linked in the human genome.

Intracellular localization of 4.1G. COS cells were
transiently transfected with plasmids encoding either
a prototypical ~80-kDa erythroid 4.1R protein or the
full-length 4.1G protein described in Fig. 2. In each
case the 4.1 proteins were linked to an HA-epitope tag
to facilitate specific detection/localization of the trans-
fected products. Immunofluorescence microscopy per-
formed with affinity purified anti-HA plus FITC-la-
beled secondary antibody revealed a distinct localiza-
tion of these 4.1 homologues. The 4.1R isoform was
compartmentalized mainly in a nuclear fraction as re-
ported earlier (Krauss et al., 1997b) (Fig. 7A, left). In
contrast, 4.1G transfected in parallel into identical cul-
tures exhibited a diffuse cytoplasmic staining as well
as a more intense perinuclear localization (Fig. 7A,
right). To demonstrate that transfected cells were ex-
pressing the expected full-length 4.1 proteins, immuno-
precipitation of protein extracts was performed (Fig.
7B). The 4.1R-transfected culture expressed the ex-
pected 80-kDa polypeptide (lane 2), while the 4.1G-
transfected cells expressed a single protein of ~160-
kDa. This apparent molecular weight of 4.1G is larger
than the calculated size of 113-kDa, a phenomenon also
observed in the high-molecular-weight isoforms of 4.1R.

DISCUSSION

In this study we identified and characterized the
complete cDNA encoding 4.1G, a close homologue of

the erythroid membrane skeletal protein 4.1R. 4.1G
MRNA encodes a protein that exhibits substantial se-
guence homology to the major protein interaction do-
mains of 4.1R, but is more widely expressed among
human tissues. The discovery of a novel 4.1G gene is
important in several respects. First, the existence of
multiple protein 4.1 genes, coupled with complex alter-
native splicing of the cognate protein 4.1 pre-mRNAs,
may provide a genetic explanation for the heterogene-
ity of 4.1-immunoreactive proteins previously observed
in nonerythroid cells. Second, new 4.1 isoforms may
potentially have novel intracellular functions by partic-
ipating in assembly of internal skeletal elements not
previously appreciated (see also below). Finally, the
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FIG. 8. 4.1 superfamily members. Domain structure of proteins
with significant homology to the prototypical protein 4.1R. B, mem-
brane binding domain; &, spectrin—actin binding domain; #, C-ter-
minal homology domain. A domain shared among ERM proteins that
is not found in 4.1 is represented by N.
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size and scope of the protein 4.1 superfamily is now
expanded to include very close homologues of the proto-
typical erythoid 4.1 (Fig. 8). Other members of the fam-
ily include several proteins with homology limited to
the membrane binding domain of 4.1R, including ERM
proteins such as ezrin, radixin, and moesin, as well as
talin and several protein phosphatases. The Drosophila
protein coracle has domains similar to both the N-ter-
minal membrane binding domain and the C-terminal
domain of 4.1R, but no apparent spectrin—actin bind-
ing domain. 4.1G is the first new member of this family
to include domains homologous to the spectrin—actin
binding motif of 4.1R.

The apparent overlap in tissue distribution between
4.1R and 4.1G indicates that these polypeptides may
be coexpressed in select nucleated cells. What might
be the underlying cell biological rationale for synthesis
of multiple 4.1 homologues? The intriguing domain or-
ganization of these two proteins, with highly homolo-
gous protein interaction domains interspersed with
unique regions of undefined function, suggests that
4.1R and 4.1G proteins may play fundamentally analo-
gous roles but at different intracellular sites. Initial
localization studies indicate that major isoforms of 4.1R
and 4.1G exhibit different subcellular compartmental-
ization (Fig. 7); however, it should be noted that this
pattern reflects the distribution of two specific iso-
forms, and the composite localization pattern of all 4.1R
and 4.1G isoforms may be more complex. Precedence
for differential compartmentalization of close skeletal
protein homologues has been reported earlier in the
case of spectrin and ankyrin gene products expressed
in neuronal cells. Brain spectrin (240/235) is found pre-
dominantly in neuronal axons, whereas the distinct
brain spectrin (240/235E) is compartmentalized mainly
in cell bodies and dendrites (Riederer et al., 1987,
1988). Similarly, specific ankyrin isoforms have been
localized to neuronal cell bodies and dendrites, but not
axons (Kordeli and Bennett, 1991), while others are
found in unmyelinated axons (Chan et al., 1993). Fi-
nally, isoforms of a 4.1-immunoreactive protein named
amelin may be located at different intracellular sites
(Krebs et al., 1987a; Zimmer et al., 1992). Such mecha-
nisms may help explain the diverse immunofluores-
cence data showing that 4.1 protein(s) localize to pe-
ripheral membrane sites (Chasis et al., 1993; Lue et al.,
1994), stress fibers (Cohen et al., 1982), nuclei (Correas,
1991; De Carcer et al., 1995; Krauss et al., 1997b), and
centrosomes (Krauss et al., 1997a).

The domain structure of 4.1G bears striking resem-
blance to predicted high-molecular-weight isoforms of
4.1R that contain both (1) an N-terminal extension up-
stream of the conserved membrane binding domain and
(2) a unique region inserted between the SAB and the
C-terminal domains (Schischmanoff et al., 1997). We
therefore hypothesize that the primordial 4.1 gene en-
coded a high-molecular-weight protein and that the fa-
miliar mammalian erythroid 80-kDa isoform repre-
sents a more recent adaptation. By introduction of an

305

internal translation initiation site (AUG-2), and by uti-
lization of alternative splicing to regulation expression
of the upstream AUG-1 and the domain downstream
of SAB, a smaller 80-kDa isoform specifically evolved
to function in the erythroid membrane skeleton. Inter-
estingly, sequence analysis of the spectrin gene family
has supported a related hypothesis, namely that the
erythroid spectrin genes have evolved recently and di-
verged rapidly from the nonerythroid spectrin counter-
parts (Muse et al., 1997).

Finally, it is interesting to speculate that the gene fami-
lies encoding membrane skeletal proteins may be coevolv-
ing via gene duplication and divergence to generate dis-
tinct skeletal structures in various eukaryotic cell types.
In this view, the prototypical erythroid proteins 4.1R, an-
kyring, and S-spectrin would represent components of a
coevolving, specialized membrane skeleton adapted to
mechanically support the red cell membrane. More widely
expressed isoforms of protein 4.1 (this paper), ankyrin
[ankyring/ank3 (Devarajan et al., 1996; Kordeli et al.,
1995; Peters et al., 1995), and spectrin (Ss-spectrin/s-fo-
drin (Chang et al., 1993; Hu et al., 1992)] are encoded by a
distinct set of genes; these might represent the primordial
skeletal components with a generalized function. A third
set of homologues with strong expression in brain includes
brain ankyrin [ankyring/ank2 (Chan et al., 1993; Kuni-
moto et al., 1991; Otto et al., 1991)], brain isoforms of
protein 4.1 (e.g., Parra et al., 1997; Walensky et al., 1997),
and probably other as yet uncharacterized skeletal pro-
teins. These homologues may assemble into a specialized
neuronal skeleton and/or they may functionally interact
with components of the “constitutive” widely expressed
skeletal elements. Much future work on the structure and
function of nonerythroid membrane skeleton proteins will
be required to explore these issues in depth.
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