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H PA-1 MAVAAAAAAA GPAGAGGGRA QRSGLLEVLV RDRWHKVLVN LSEDALVLSS -EEGAAAYNGI GTATNGSFCR GAGAGHPGAG GAQPPDSPAG VRTAFTDLPE
GP

MG =2 ittt eeeseen seteesaaas seeaeaaaas e eeeaee teseesaaae eaaasaean eaeaaaan GPGPGASPPV ..........
Ms-1  ...... MASG RRAPRTGLLE LRCGAGSGAG GERWQRVLLS LAEDALTVSP ADGEPG.... .... P..... .EPEPAQLNG AREPGAAPP. ..........
R DAP ...... MASG RRAPRTGLLE LRAGIGAGAG GERWQRVLVS LAEDALTVSP ADGEPG.... .... PEPGAV REPEPAQING AAEPGAAPP. ..........
TS i .MVVRSGLLE VR...SPEPE PERWRRLLAS LSEDALCLSP AGGAGG.... .... PALSNG .EPELETPGP DAEPGNGC.. ..........

QVPESISNOK RGVKVLKQEL GGLGISIKGG KENKMPILIS KIFKGLAADQ TQALYVATPS .CRERSRLRD ATHDEAVQAL KRAGKEVLLE VK

.......... RRVRVVKQEA GGLGISIKGG RENRMPILIS KIFPGLAADQ SRALRLGDAI LSVNGTDLRQ ATHDQAVQAL KRAGKEVLLE VKFIREVTPY
QLPEALLLQR RRVTVRKADA GGLGISIKGG RENKMPILIS KIFKGLAADQ TEALFVGDAI LSVNGEDLSS ATHDEAVQAL KKTGKEVVLE VKYMKEVSPY
QLPEALLLQR RRVTVRKADA GGLGISIKGG RENKMPILIS KIFKGLAADQ TEALFVGDAI LSVNGEDLSS ATHDEAVQAL KKTGKEVVLE VKYMKEVSPY
......... K PTVRIVKQEA GGLGISIKGG RENHMPILIS KIFRGLAAEQ SRLLFVGDAI LSVNGTDLRD ATHDQAVQAL KKTGKEVVLE VKYLKEVSSY

VKKGSPVSEI GWETPPPESP RLGGSTSDPP SSQSFSFHRD RKSIPLKMCY VTRSMALADP ENRQLEIHSP DAKHTVILRS KDSATAQAWF SAIHSNVNDL
IKKPSLVSDL PWEGASPQSP SFSGS.EDSG SPKHONTTKD RKVIPLKMCF AARNLSMPDL ENRLIELHSP DSRNTLILRC KDTATAHSWF VAIHTNIMAL

FKNSAGGTSV GWDS.PPASP LQRQPSSPGP QPRNLS...E
FKNSAGGTSV GWDS.PPASP LQRQPSSPGP QTRNLS...E

AKHVSLKMAY VSRRCTPTDP EPRYLEICAA DGQDAVFLRA KDEASARSWA GAIQAQIGTF

EHRYLEICSA DGODTIFLRA KDEASARSWA GAIQAQINAL

AKHVPLKMAY VSRRCTPSDP
FKNTTQGSPP AWDSLSNPTS GSSSPASLGP PPRDSE...Q EETIPLKMCY IRRKTRPPDT ESRYIELSSA SGKPAVCLRL PDGATAQSWF GSIHGNAAAL

LTRVIAEVRE QLGKTGIA.G SREIRHLGWL AEKVP.GESK KOWKPALVVL TEKDLLIYDS MPRRKEAWFS PVHTYPLLAT ....RLVHSG PGKGSPQAGV
LPQVLAELNA MLGATSTAGG SKEVKHIAWL AEQAKLDGGR QQWRPVLMAV TEKDLLLYDC MPWTRDAWAS PCHSYPLVAT ....RLVHSG SGCRSPSLGS

IPWVKDELQA LLTATGTA.G SQDIKQIGWL TEQLPSGGY. ..
LPWVKDELQA LLAASSPA.G SQDIKQIGWL TEQLPSGGT. ..
VPLVKSELRA LGGAAGIA.G GAQLRHVGWL TEQVSSEAE. ..

.APTLALL TEKELLFYCS LPQSREALSR PTRTAPLIAT SSAHRLVHSG PSKGSVPYDA
.APTLALL TEKELLLYGG LPOQTREALSR PARTAPLIAT ....RLVHSG PSKGSVPYDA
.RPVFAIL TEKDLLLYCS VPHTQEQLAS PGSRHPLIAT ....RLVHSG PPKGLLLVDA

DLSFATRTGT RQGIETHLFR AETSRDLSHW TRSIVQGCHN SAELIAEIST ACTYKNQECR LTIHYENGFS ITTEPQEGAF PKTIIQSPYE KLKMSSDDGI
DLTFATRTGS RQGIEMHLFR VETHRDLSTW TRILVQGCHA AAELIKEVSL GCTLSGQEVR FTVHYEHGFT IT..RDNGGA SSILYRYPFE RLKMSADDGI
ELSFALRTGT RHGVDTHLFS VESPQELAAW TRQLVDGCHR AAEGIQEVST ACTWNGRPCS LSVHIDKGFT LWAAEPGAAR A.MLLRQPFE K SDDGT
ELSFALRTGT RHGVDTHLFS VESPQELAAW TROLVDGCHR AAEGVQEVST ACTWNGRPCN LSVHIDKGFT LWAAEPGAAR A.VLLRQPFE K SSDDGA
DLSFVLRAGT RNGVETHLFS TATPSELGTW TRFLVDGCHT AAELVQEVIT ACTWNGLECK VGVHLEKGFT IYQDSPDGGR THTLLSQPFE RLRMSSDDGV

RMLYLDFGGK DGEIQLDLHS CPKPIVFIIH SFLSAKITRL GLVA
RNLYLDFGGP EGELTMDLHS CPKPIVFVLH TFLSAKVTRM GLLV
SLLFLDFGGA EGEIQLDLHS CPKTMVFIIH SFLSAKVTRL GLLA
SLLFLDFGGA EGEIQLDLHS CPKTMVFIIH SFLSAKVTRL GLLA
KVLFLDFGGP EGEIQLNLTS CPKTLVFIIH SFLSAKMTRL GLFA

Fic. 1. The human Al/syntrophin/59-DAP-deduced amino acid sequence. The sequence of this study (HB-Al) is aligned with the other
Al/syntrophin/59-DAP sequences: MS-1 and MS-2, mouse syntrophins; R DAP, rabbit 59-DAP.1 (27); TS, Torpedo syntrophin. Residues
underlined in the human sequence represent areas of agreement with partial polypeptide sequences 1-5, which correspond to p-Al; residues
underlined in the rabbit sequence show areas of agreement with our partial sequences 6-11 (see Table 1). The alignment is a PILEUP made with

Genetics Computer Group software.

clone, which hybridized to the oligonucleotide for sequence
1, was plaque-purified, subcloned, and sequenced.

The 2975-bp sequence encodes a single large open reading
frame, starting from an initiator ATG within the context of a
Kozak consensus. There are two in-frame stop codons up-
stream of this methionine codon. The calculated molecular
mass of the deduced protein, 58.7 kDa, and its calculated pI
of 9.3 agree well with the experimentally determined size and
charge of purified 8-A1/59-DAP (14). The deduced human
amino acid sequence contains exact matches to the se-
quenced polypeptides 1-5 (Table 1 and Fig. 1), despite the
fact that the partial peptide sequences were derived from
rabbit.

This sequence contains significant hydrophobic regions at
both its N and C termini, consistent with the finding that
purified A1/59-DAP/58K is a membrane-associated protein
(10). On the other hand, the hydrophobic N terminus may
instead be a signal sequence by which the protein is further
processed by glycosylation. There are two consensus sites
for N-linked glycosylation at the N terminus, which would
corroborate the reported result that purified g-Al binds
lectins (14). However, because there are no regions of this
deduced sequence that clearly represent transmembrane
domains, the lectin binding observed from purified protein
requires further study.

During the sequencing of this human B-Al cDNA, the
sequences of other candidate Al genes in mouse, rabbit, and
Torpedo became available (13, 27) and are aligned with our
sequence (Fig. 1). The underlined residues in the reported
rabbit sequence 59-DAP.1 (27) exactly match the sequences
found in sequences 6-11 (Table 1 and Fig. 1). None of the

sequences corresponded to the mouse syntrophin 2 se-
quence.

EST25263 and Mouse Syntrophin 2 Are Homologues. As the
cDNA was being sequenced, we also identified a relative
within the human EST data base, a 210-bp EST from a human
muscle cDNA library, for which the deduced amino acid
sequence had 48% identity to that of B-Al. Fig. 2 shows an
alignment of the deduced amino acid sequences of all the
Al/syntrophin/59-DAP genes in the region that correspond
to the available muscle EST25263. The alignment shows that
the EST is 82% identical to the deduced mouse syntrophin
sequence and is thus probably its human homologue (see also
Table 2). EST25263 and mouse syntrophin 2 are the nearest
relatives of human B-Al and are also likely to be basic
proteins (calculated pI = 9.4 for mouse). Determination of
whether EST25263 and syntrophin 2 are, indeed, basic will
first require the isolation of both complete cDNAs.

Peptide Sequences 6-11 Correspond to Rabbit 59-DAP.1
and Mouse Syntrophin 1 cDNA. Our partial peptide sequences
6-11 do not match the deduced amino acid sequence of our
clone, but they are identical to the deduced amino acid
sequence of rabbit candidate 59-DAP.1 (27) and are close to
that of mouse syntrophin 1 (13). In contrast to the g-Al of the
present study, the a-Als do not appear to have a hydrophobic
N terminus and have relatively acidic calculated isoelectric
points (6.4, 6.4, and 6.2 for mouse, rabbit, and Torpedo,
respectively). These calculations correlate with the biochem-
ical findings that there are two biochemically distinct popu-
lations of Al (7, 14). There are regions of this protein with
striking conservation over all family members, presumably
representing conserved functions of the protein.

H B-Al KRAGKEVLLE VKYMREATPY VKKGSPVSEI GWETPPPESP RLGGSTSDPP SSQSFSFHRD RKSIPLKMCY
H EST KXAGKEVLLE z:@zvnw kP [SF ﬁg -ﬂi 4 HGRSSLSXC
MS-2 KRAGKEVLLE VTPY |IKKP D DSP |SF SPKHQNITITKD RKVIPLKMCF
MS-1 KKTGKEVVLE VKYMKEVSPY FK PRSP [LOR GP LK
R DAP KKTGKEVVLE VKYMKEVSPY FKNBAGH PSP |LORQPISIPIGP L
TS KKTGKEVVLE VKYLKEVSSY FKNTTQGSPP AWDSLSNPTS GSSSPASLGP PPRDSE Q EETIPLKMCY

FiG.2. Alignment of the deduced amino acid sequence of the partial cDNA sequence from human EST25263 (H EST) with the corresponding
region of the other available Al isoforms (see Fig. 1 for abbreviations). Human EST25263 is 44% identical to human g-A1 but is 82% identical
to mouse syntrophin 2. Boxes indicate unique pairwise identity within the alignment, and an overlying period marks unique residues in H g-Al.
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Table 2. Pairwise comparisons of the deduced amino acid
sequences of the available cDNAs of Al

HB-A1 HEST MS-2 MS-1 RDAP TS

H B-Al *

HEST 48 *

MS-2 59 *

MS-1 52 31 52 *

RDAP 52 31 53 *

TS 51 25 54 59 59 *

Numbers represent percentage identity calculated with Genetics
Computer Group software. Partial peptide sequences 1-5 from rabbit
matched the human B-Al sequence exactly; sequences 6-11 matched
the rabbit sequence exactly. See Figs. 1 and 2 for abbreviations.

Northern Blot Analysis. In contrast to dystrophin, which is
predominantly expressed in brain and muscle, B-Al is ex-
pressed in all tissue types tested (Fig. 3 A and B). With a PCR
probe from the 3’ UTR of the cDNA, at least four distinct
transcripts are seen, and with a probe from the 5’ UTR that
extends into a portion of the coding region, a fifth species is
observed in liver. Estimated transcript sizes are 5.9, 4.8, 4.3,
3.1, and 1.5 kb. The additional 1.5-kb transcript appears in
liver when using the coding-region probe (Fig. 3B) but does
not appear in liver when using the 3' UTR probe (Fig. 3A).
Perhaps the 1.5-kb transcript is present in the other tissues
but is below the limit of detection. With a PCR probe from the
3’ UTR of the cDNA a Southern blot with six different
enzymes identifies a single species, showing that this probe
identifies a single gene (data not shown). When the same blot
was hybridized with a 5’ end probe that contains a portion of
the coding region, a more complex pattern emerged, reflect-
ing either a complex genomic structure or the detection of a
related gene.

Our clone does not account for the large diversity of
transcript species seen on Northern blots, nor do we know
which particular transcript corresponds to our clone. Be-
cause an entire open reading frame is encoded within our
cDNA clone and because these species are identified by both
5'- and 3'-specific probes, we anticipate that these transcripts
represent splice variants of the untranslated regions of the
mRNA. We have not excluded the possibility that alternative
splicing may occur within the coding region, accounting for
some of the charge diversity observed for Al (14).

Mapping to Human Chromosome 8 with Somatic Cell Hy-
brids. DNA samples prepared from a panel of rodent-human
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F1G. 3. (A) Tissue distribution of A1/59-DAP by Northern blot
analysis, using a 3' UTR probe. The 7.8-, 7.2-, 6.0-, and 3.8-kb
transcripts are expressed in all tissues assayed, although they are
much reduced in brain and heart. (B) The same filter was stripped and
reprobed with the coding region cDNA. An additional 2.4-kb tran-
script is detected with the 5’ probe in liver. Size markers are in kb,
and numerals I-V indicate individual transcript classes. Lanes: 1,
pancreas; 2, kidney; 3, skeletal muscle; 4, liver; 5, lung; 6, placenta;
7, brain; 8, heart. A loading control was performed by hybridizing the
filter with a B-actin probe (data not shown).
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FiG. 4. SSCP analysis of somatic cell hybrids. Reactions were
first pooled into groups that would establish localization (23). A
representative set of amplifications using the monochromosome
hybrids individually are shown. Lanes: 1, hamster genomic DNA; 2,
human genomic DNA; 3, cDNA of human g-Al; 4, H,O control
reaction; 5, Y chromosome hybrid 06317; 6, chromosome 16 hybrid
10567; 7, chromosome 12 hybrid 10868; 8, chromosome 11 hybrid
10927A; 9, chromosome 7 hybrid 10115; 10, chromosome 6 (+5)
hybrid 10629. Open arrowheads, rodent-specific PCR products;
closed arrowheads, human-specific PCR products.

somatic cell hybrids (20) were tested for the presence of a
human-specific PCR product. Because this gene is closely
conserved between species, the human and rodent amplifi-
cation products had to be resolved from each other by SSCP
analysis (21). The presence of the human-specific PCR prod-
uct was completely and uniquely concordant with the pres-
ence of human chromosome 8 (data not shown). A primer pair
for the EST25263 was similarly amplified (22, 23) and re-
solved by SSCP, revealing its concordance with chromosome
16 (Fig. 4).

Localization of Gene to 8§23-24. Human genomic clones
isolated from an EMBL-3 human genomic library with the
B-Al cDNA were used for FISH analysis to independently
confirm the results from the mapping panel. Fig. 5 shows an
example of the 15 metaphase spreads examined to localize
the gene to chromosome 8q23-24.

DISCUSSION

B-Al Is Distinct from the Previously Described Syntrophins.
Our cDNA for B-Al is an isoform of the syntrophins/59-

Fi1G. 5. FISH of lymphocytes with the genomic DNA from the
B-Al gene. The specific B-Al signal is seen as a pair of dots on each
sister chromatid (arrow). Banding pattern (not shown) and FISH
signal correlate localization to 8q23-24. Fluorescein was viewed with
a double band-pass filter with excitation wavelengths centered
around 490 and 560 nm and emission wavelengths centered at 530 and
650 nm (Omega Optical, Brattleboro, VT).
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DAP, but it is not a direct human homologue of one of the
published syntrophins (13, 27). There are at least three lines
of evidence that argue that the cDNA of the present study is
from a distinct gene.

(i) Comparison of the deduced amino acid sequences
shows that B-Al forms a distinct homologous group. Because
the partial peptide sequence of B-Al from purified rabbit
muscle contains identical matches to our human homologue
(see Fig. 1), our prediction is that the mouse homologue is
also highly conserved. Our expectation that the homologues
of the A1/59-DAP proteins are closely preserved is supported
by the 94% identity between the amino acid sequences of
rabbit 59-DAP.1 and mouse syntrophin 1 and by the 82%
identity between those of human EST25263 and mouse
syntrophin 2. In contrast, the deduced amino acid sequence
of human B-A1l has only 52% identity to mouse syntrophin 1
and 59% identity to mouse syntrophin 2 (see Table 2).
Conserved gaps within the a-Al proteins in mouse, rabbit,
and Torpedo also show that a-Al forms a distinct homolo-
gous group. (ii) The relatively abundant expression of mouse
syntrophin 1 in heart and skeletal muscle and that of mouse
syntrophin 2 in brain and testis (13) markedly contrast to the
expression pattern found for B-Al. B-Al expression is sig-
nificantly lower in brain and heart than in the other tissues.
(iii) Except for mouse syntrophin 2, all available cDNAs are
predicted to encode a-Als, whereas our clone encodes a
B-Al. Because the nearest relative, mouse syntrophin 2,
already has an identified human homologue, EST25263, our
human B-A1l clone must be a distinct gene encoding a third
syntrophin.

A1 Genes Sort into Acidic and Basic Groups. In light of the
fact that the isoelectric points of the two groups of proteins,
a- and B-Al, are so different, it is remarkable that th¢se
proteins are related and so strongly conserved in certain
regions (Fig. 1). Despite these overall similarities the acidic
proteins mouse syntrophin 1, rabbit 59-DAP.1, and Torpedo
syntrophin clearly belong to a distinct homologous group.
Together they diverge from the others at the N terminus and
conserve other gaps within the rest of the protein (Fig. 1). On
the other hand, the human cDNA of this present study
belongs to the 8-Al group, for which we feel the homologues
in other species have yet to be described. The mouse syn-
trophin 2 and human EST25263 represent a third gene, for
which final assignment to 8- or a-Al must await complete
cloning of the cDNA open reading frame. On the basis of its
expression of multiple transcript sizes and the sequence
available so far, syntrophin 2/EST25263 is probably a -Al.
Perhaps a nomenclature of 8- and a-syntrophins will be
useful to describe the biochemical and functional properties
of these proteins: there is a single a-syntrophin (mouse
syntrophin 1, rabbit S9DAG.1, and Torpedo syntrophin), and
two B-syntrophins, g-syntrophin 1 (mouse syntrophin 2 and
human EST25263) and S-syntrophin 2 (human $-Al reported
here).

a-Al and B-Als May Interact with Many Proteins. Wide-
spread distribution of B-A1 transcript argues that at least this
component of the DAGC must interact with other cytoskel-
etal proteins distinct from the 427-kDa dystrophin. Because
the DAGC has been found to interact with dystrophin at its
C terminus (6, 7), the C-terminal dystrophin products Dp71
and Dpl16 (26) may also interact with the DAGC. Dystro-
phin-related protein also interacts with the DAGC (9), where
it is presumed to perform a similar role in the membrane
cytoskeleton.

Al Gene and Other Diseases. Map positions of human g-Al
and human EST to 8q23-24 and 16, respectively, exclude
these isoforms from the human neuromuscular diseases with
a known position. Due to the wide tissue distribution of the

Proc. Natl. Acad. Sci. USA 91 (1994)

Al transcript, it is possible that a defect of this gene would
result in a nonmuscle disorder. The subcellular localization of
each isoform of Al over development and in the many tissues
in which it is expressed may lead to a better appreciation of
the function of Al.
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