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Summary

The complete sequence of the human Duchenne mus-
cular dystrophy (DMD) ¢cDNA has been determined.
The 3685 encoded amino acids of the protein product,
dystrophin, can be separated into four domains. The
240 amino acid N-terminal domain has been shown to
be conserved with the actin-binding domain of a-ac-
tinin. A large second domain is predicted to be rod-
shaped and formed by the succession of 25 triple-
helical segments similar to the repeat domains of
spectrin. The repeat segment is followed by a cys-
teine-rich segment that is similar in part to the entire
COOH domain of the Dictyostelium g-actinin, while
the 420 amino acid C-terminal domain of dystrophin
does not show any similarity to previously reported
proteins. The functional significance of some of the
domains is addressed relative to the phenotypic char-
acteristics of some Becker muscular dystrophy pa-
tients. Dystrophin shares many features with the cyto-
skeletal protein spectrin and «-actinin and is a large
structural protein that is likely to adopt a rod shape
about 150 nm in length.

Introduction

Duchenne muscular dystrophy (DMD) and Becker muscu-
lar dystrophy (BMD) are both human X-linked degenera-
five disorders of muscle. DMD affects about 1 in 3500 live
born males and results in a fatal evolution before the end
of the third decade of life, while BMD is less severe and
less frequent (Moser, 1984}, Until recently, the molecular
and biochemical basis of DMD and BMD was unknown.
Cytogenetically detectable alterations of the DMD/BMD
locus (Verellen-Dumcoulin et al., 1984; Francke et al., 1985)
initiated the isolation of the gene which, when defeclive,
results in Duchenne or Becker muscular dystrophy (Mon-
aco et al., 1986; Koenig et al., 1987; Burghes et al., 1987).
Portions of the coding seguence of the gene (cDNA) have
been used to establish the muscle specificity of expres-
sion of the gene (Hoffman et al., 1987a; Lev et al., 1987)
and to produce polyclenal antisera directed against the
encoded protein product {(Hoffman et al., 1987b). The an-

tisera detect a protein in muscle, called dystrophin, that is
about 400 kd in size and which has been shown to be
associated the transverse tubules of the muscle triadic
structures (Hoffman et al., 1987c; Knudson et al., 1988).
The absence of dystrophin in DMD muscle and its altered
size in BMD muscie (Hoffman et al., 1988) establishes the
disruption of dystrophin as the primary biochemical defect
in DuchennefBecker muscular dystrophy. From partial se-
quence information on dystrophin {Kcenig et al., 1987,
Heoffman et al., 1987a}, the N-terminal 240 amino acids of
dystrophin have been shown to be homologous to the
N-terminus of a-actinin (Hammond, 1987) which corre-
sponds to a presumed actlin-binding domain {Barcn et al.,
1987; Noegel et al_, 1987}, and the subsequent 1200 aming
acids have been shown toc exhibit weak repeats similar to
those found in spectrin and a-actinin {Davison and Critch-
ley, 1988).

In this paper, we report the entire DMD ¢cDNA seguence
and the deduced primary structure of dystrophin. We use
the amino acid sequence to define different domains of
the protein and to predict a preliminary structure by com-
paring dystrophin with spectrin and a-actinin.

Resulls

Complete Nucleotide Sequence of the DMD cDNA
and Preliminary Exon Organization

The entire sequence of the human DMD cDNA is pre-
sented in Figure 1. The 14 kb sequence is derived from
22 independent overlapping cDNA clones (Koenig et al.,
1987). For the majority of the sequence, the sequences of
the two cornplementary strands were determined from two
different clones. Four cDNA clones appeared to differ
from the other cDNA sequence by restriction mapping
and/or sequence determination. In two cases, sequence
divergence occurred at sites perfectly maiching the con-
sensus splice sites (Mount, 1982). The diverging se-
quences have stop codons in ali three reading frames and
are presumed to correspond to intron sequences. The
presumed inlron sequences were found in both cases on
the 3" end of the cDNA clones, and in ong case a full 1 kb
intron was included in the cDNA clone followed by an exon
and the beginning of the next intron. These two ¢DNA
clones probably represent hnBNA ferms of the DMD tran-
script with the first introns of the gene already excised.
The finding of cDNAs representing hnRNA forms may be
correlated to the complexity of the DMD gene, which is
formed by over 60 exons (Koenig et al., 1887). The two
other ¢cDNA clones showed minor structural differences
that seemed to be artifacts of cloning rather than alterna-
tive splicing.

In addition to completing the cDNA sequence, the se-
quence of the intron-exon boundaries were determined
for exons mapping from the 5’ end of the gene 1o the end
of the DSX164 locus (see Experimental Procedures). The
limits of the first 21 exons were determined, and they are
presenied in Figure 1. The sequence of the clened
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Figure 1. Nucieotide Sequence of Ihe DMD Transcript and Deduted Primary Structure of the encoded FProlein

The DNA sequence was determingd as described in Experimental Procedures and used 1a predict the protein sequence The exon barders, where
known, are indicated by black armows, and the predicted repeat borders are wdicated by light arrows. The thred exon mrdelrs that are beyond nucleo-
tige SO00 have been getermined from the sequence of abnormal CONA {see Aesulls). The exons arg numbered in the middle of the exon (Exon #),
and the repeals are numbered at the beginning and at the end ot the repeais [R #). The polyadenylation consensusl sequenca {Prougioct and Brown-
)ee, 1976} found at the end of the transeript is underdmed. The GenBank accession numoper lor this sequence is M18533.

genomic excns maiched that tound for the cONA se- The Amino Acid Sequence of the DMD Gene Product
quence with one exception. The published 5 end of the The DNA sequence was examined for p.resem:e of open
CONA GGBATTCCG (Koenig et at., 1987} was found to be reading frames consistent with the partial open reading
GGGATCAG in the corresponding genomic sequence. frame published in Hoffman et al. {1987a) and Koenig et al.
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Figure 2. Dot Plot of the Dystrophin Aminp
Acid Sequence

The predicted aming acid sequence for the
long openfeading frame was anatyzed for stmi-
tar sequences within itself by the computer pro-
gram COMPARE with a stringency of 3¢ and a
[ Soet window length of 100 (see Experimental Proce-
dinesy. Yhe output of this comparison was
plolted by DOTPLOT (see Experimental Proce-
dures) and is shown. The short lines pasafietio
the centsat diagonal represent internat simitar-
ies. The axes are labeled in residue numbers.

- 2004
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{1987). There is a single very large open reading frame
(Figure 1) that follows the ATG iniliation todon {Kpenig &l
al., 1987) and extends over 11 ki of the cONA_ The stop
codon of this open reading frame is followed by a 2.7 kb
segment with no apparent coding potential. The open
reading frame encodes a protein 3685 amino acids long,
with a predicted maolecular weight of 427 kd, in accor-
dance with the reported 400 kd size of dystrophin, the pro-
tein product of the DMO gene (Hoftman et al., 1987b). The
hydropathicity index caiculated according to Kyte and
Doolittle (1982} reveats that dystrophin is predominantly
nydrophilic throughout the entire molecute. Thirty-one
percent of amino atids are charged {Asp, Glu, His, Lys,
and Arg). No substential hydrophobic streteh of amino
acids was found that counid account for a signal peptide
segment or a membrang spanning segment. The Chou
and Fasrnan (1978) prediction of secondary structure re-
veals a very high potential for u-helicat formation over the
majority of the sequence. These u-helices, hawever, are
frequently interrupted by prolines. The analysis of the cys-
teine distribution along the moleculs reveals that the seg-
merd from amino acid positions 2200 to 3080 is com-
pletely devoid of cysteines, this segment is immediately
tolowed by a refatively cysteine-rich segment (13 Gysteines
in 2B0 amino acids). The latler segment will be referred to
as the "cysteine-rich” segment in the text that foliows. The
entire DMD cDNA and prolein sequences were used 10
search for simitarity with other sequences available from
tha GenBank nucleic acid data base and the PIR protein
data bage. Only the previously reported strong similarity 1o
the nonmuscle e-actinin of chickea {Hammond, 1987} was

found to be statistically significant. Dystrophin and o.-ac-
tinin share the greatest similarity over & putative actin-
binging N-terminal region that corresponds 10 about aming
acids 14 to 240 of dystrophin (Hammond, 1987, and daia
not shown). This domain covers exons 2t0 8 while the first
exon comprises the entire 5’ untransiated sequence and
encodes for the first 11 amino acids af the protein.

Repeated Domains in Dystrophin

Recently, Davison and Critchley (1987) described the oc-
currence of weak rapeats similar to those found in spectain
and w-actinin in the published partial DMD sequences.
with the complete protein sequence, we further analyzed
the extent of these repeats along the molecule and further
characterized their nature. The dof matrix plot of the gntire
amino acid sequence against itself reveated many small
diagonals spaced by about 100 amino acids and extend-
ing approximately from positions 300 to R3000 {Figure 2).
The dot matrix gave a rough delermination of the limits of
the repeats, which were then aligned 2by 2 with BESTHIT
{UWGCG). The similarity between most repeats ranged
from 10% 1o 25% identical maiches. Pesitioning the deter-
mined exon borders on the aligned repeats shows that the
3 splice site of exons 10, 12, 15, 18, and 20 correspond 10
the same position within the repeat. In addition, ait five
sphice sites occur at the end of the coding triplet. We as-
sumed that these exon borders corresponded to the limis
of a genetic unit that was duplicated, and we used them
to define the timils of the first six repeats. With these fimits,
repeats 1, 2, 5, and 6 are formed by two exons while repeat
3 is formed by three exons. Repeat 4 is a teu ncated repeat
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Figure 3. Table of 14 Dystrophin Repeats ang Alignment with the Speclrin Repeat Consensus

The optimal alignment of the 14 repaats that exhibit the most internal similarities on the dot piot of Figure 2 is shown, The repeat number is given
to the right. Dashes ang dark arrowheads indicate insertions and delstions, respectively, which allow optimized alignment. Arrowheads represent
insertions of one of two residues with the exception of the six-residue insertion of repeat 23. The beginning and the end of repeals 2, 3, and 6 cor-
respond o established exon borders. CONS: the consensus sequence derived from the 14 repeats is based on the presence of one or two aming
acids at & given position within a repeat =50% of the time (>714). PHOBIC, PHILIC, and POLAR: a broader consensus was derived {as in CONS}
with the amino acids grouped into lhres classes: PHOBIC, the large hydrophobic and aromatic residues (Leu, lle, Val, Mel, Phe, Tyr, and Trp); PHILIC,
the charged and highly hydrophilic residues {Asp, Glu, Asn, Gin, His, Lys. and Arg); POLAR, the small polar residues (Gly, Ala, Ser. Thr, Cys, and
Pro}. SPECTRIN, the 15 best conserved positions of the spactrin consensus (according to Speicher and Marchesi. 1984) have been aligned wilth
the dystrophin consansus. The three gashes indicate the approximate position of the gaps that should be inserted Lo align the spectrin consensus.
3T predicted secondary structure of the repeats. 1t is interesting to notice that the gaps introduced to abgn the dystrophin repeats as wefl as the
spectrin repeal consensus occur predominantly in or near both turn regions.

{60 amino acids) and is formed by only one exon. The exon conformation and indicates that the a-helices may be in-
borders that fatl in the middle of a repeat are not found at volved in coiled-coil interactions (MclLachlan and Karn,

similar positions within the repeat. The limits of the re- 1982).
maining repeats can be predicted from their alignment The entire dystrophin coding sequence contains 26 re-

with repeats 1 to 6, and their start and end points are indi-
cated upon the seguence presented in Figure 1. The
alignment for the less conserved repeats is still tentative.

The 14 most similar repeats were used to derive a con-
sensus sequence (Figure 3). The consensus sequence is
109 amino acids fong with one or two predominantly oc-
curring amino acids (present in 7 or more repeats out of 14)
assignable for 60 positions. The most striking feature of
the consensus is the conservation of the tryptophan
residues at positions 46 and 80. There is & clustering of
proline and glycine between positions 28-29 and posi-
tions 92-98, indicative of the occurrence of turns in these
two parts of the repeat. A less stringent consensus could
also be derived by grouping the amino acids into three
classes: the hydrophobic amino acids, the small polar
amino acids, and the charged and related amino acids
(see legend to Figure 3). An amine acid class could be as-
signed for 99 positions. This grouping reveals the alterna-
tion of one hydrophaobic position with two or three hydro-
philic positions, indicative of heptad repeats (McLachlan
and Karn, 1982}, extending between the two potential turn
positions {see bottom of Figure 3). The occurrence of mul-
tiple heptad repeats (noticed in Hoffman et al., 1987a)
strongly predicts that these regions adopt an o-helical

peat domains arganized in tandem. They extend from the
end of the NH2 “actin-binding” domain 1o the beginning of
the cysteine-rich domain (a schematic of the organizaticn
of the domains and repeats of dystrophin is prasented in
Figure 4). The tength of the repeats ranges between 88
and 126 amino acids. Two segments (belween repeats
20-21, 33 amino acids, and between repeats 25-26, 19
amino acids) were too short to be aligned with other
repeats. The degree of similarity is also variable from one
repeat to the other, as can be seen from the dot matrix

comparison.

Analysis of the C-Terminal Domain of Dystrophin

Beyond the repeat domains, dystrophin is formed by a ref-
atively cysteine-rich segment extending from amino acid
position 3080 to 3360 followed by 325 additional aming
acids with only one cysteine residue. To further investigate
the extent of similarity between dystrophin and the a-ac-
tinins, the C-terminus of both proteins were compared (the
C-terminal sequence of spectrin was not available for
comparison}. A significant similarity is found between the
entire C-terminal domain of the slime mold {Dictyostelium
discoideum) a-actinin, which contains two potential Ca?*-
binding sites (Noegel et al., 1987), and 150 amino acids



Ceit

224
a atpha-actinin
Ty
] 1000

dyatrophin

R O P TN O I

HH2
b 1 =8767

BlgandJbB L _J ) ™68
e~ . .. *660endBGO

of the dystrophin cysteine-rich damain (Figures 4 and 3).
Two gaps were introduced to optimize alignment. and
there are 24% identical matches over 142 aligned amino
acids (Figure 5). For comparison, the similarity between
the C-terminal domains of the Dictyostelium u-actinin and
the chicken fibrablastic «-actinin {Baron et al., 1987) is
31% of identical matches {Figure 5). In cantrast, dystro-
phin and the chicken u-aclinin are much less conserved
over that segment (13% identical matches), suggesting
that the Dictyostelium a-actinin segment may represent
an ancestral sequence fram which both dystrophin and
the chicken w-actinin have evalved. The dystrophin seg-
ment does not match well with the EF-hand Ca®*-binding
site consensus (Tully and Kretsinger, 1975), but might still
have conserved the loop struciure of the EF-hand.

The last 420 amino acids of dystrophin did not exhibit
any similarity to a-actinin, This domain was used again to
search for similarities in the GenBank (release 54) and
PIR (release 14) data bases. The use of a timited section
of dystrophin lowers the levet of nonspecific matches and
should aliow the detection of less conserved sequences.
Lowering the level of nonspecific malches did not reveal
any new similarity.

Comparison of Domain Deletions

with the Dystrophic Phenotype

Analysis of deletions ot limited portions of dystrophin may
give some insight inlo the functional signiicance ol the
various damains of the protein. ldeally, the high incidence
of deletions of the DMD gene in independent patients
should facilitate this study of domain function. However,
only the deletions that do not result in a frame shift of
the coding sequence represent true internal protein de-
tetions. Some, if not most, of these internal protein dele-
tions result in the less severe Becker muscular gystrophy
phenotype, while deletions that disrupt the reading frame
usually result in the Duchenne muscular dystrophy phe-

Figurz 4 Domain Organizahon of Dystrephin
and g -Actisrin

(2] Landmarks of the predicted aming acid
struclure ol dysiigphin and the slime mold
a-actitin ara diagrammaltically represented.
Brack box: putalive achn-binding damain. Num-
irered open boxes: repeal unils. The prganiza-

N“‘l |I nan of the four tripte helical domains (see Dis-

cussion) of w-actinin is represented by the
COsH brackels on top of The repeal boxes. Streaked
bax: putative EF hand Ca? -binding sites of
a-actirin and homologous segment of dystro-
phtun. Yhe posibon of ihe cysieng tesidues ot
dystrophin s indicated by vertical bars on top
of the dystrophin diagram. The scale in ammao
acid residues 15 given for both proteins.
() The extent of the internal protain defehans
ot the s Becker panienls disgussed in Ihe 1ax
is shown along the dystrophin diagram. Patient
¥B7E7 i+ missing exons 3 to 16, patients JB and
B18 are missing exons 510 9, palient #EG is
missing exon 13, and the deletions of palients
#BED ard B6O extend from exon 10 (ingluded)
1o bayond axon 21,

notype {Monaco et al., 1988). We discuss here the five
Becker patients with genomic deletions that have been
described in Manaco et al (1988) with the addition of an-
other Becker patient, #8767, whose deletion was first de-
tected by Dr. B. deMartinville (University of Minnesota,
Minneapolis} and further analyzed in our laboratory lsee
Experimental Procedures). The extent of the delelions 18
shown along the dystrophin diagram in Figure 4. The dele-
tions of four of these patiems have been precisely defined
and the wo exons flanking each of the delelions were
shown to mainlain an open reading frame. Because the
reading frame is uninterrupted, one would predict a lower
molecular weight, presumably semifunctional, dystrophin
protein 1o be produced.

Three Becker patients have deletions that remove only
sequences coding for repeat domains. The lirst patient
(#68) has little functional deficits at age 17 and is missing
only the first third of repeat 3. The two other Becker pa-
lienis (#660 and BE0) have deletions that remove repeals
1 to 12 or 13. The clinical progression of patients 660 and
B60 is very different; one has been confined to a wheel-
chair since age 16 and the other can stil) walk al age 25.
A more precise definition of the distal breakpoint ot the two
detetions wilt attow us to address the molecular basis of
the phenotypic differences. Three Becker patients have
daletions involving the N-tarminat “actin-binding” domain
of dystrophin. Two unrelated patients (B18 and JB) have
similar delelions, with the same exons deleted, resulling
in 2 loss of the Jast wo-thirds of the “actin-binding” do-
main, and they both shawed significant muscle weakness
before age 16 (see Experimentat Procedures). Finally, the
dystrophin of patient #8767 is missing repeats 1, 2,3 and
4 but also atmost the complete “actin-inding” domain
(with the exception of the first 18 ammno acids of that do-
main). The deletion of patient #8767 encompasses the de-
letion of patients B18 and JB, yet his clinical evolution %
significantly milder, since he can still walk at age 29.
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Figura 5. Simitarity between the Two Potential EF-Hand Ca?+.Binding Sites of the Slime Mold a-Actinin and a Cotresponding Segment of Dystrophin
The sequences weie aligned with the aid of the computer program BESTFIT {UWGCG, see Experimental Procedures). The alignment o the slime

moid a-actinin (Noegel el al.. 1887) with the chicken a-aclinin {Baron et al.,

1987} is shown for camparison. Stars indicate tdentical matches and

points indicate conservative matches. DMD, dystrophin; ADD, a-actinin of Diclyostelium discoideuny, ACHK. chicken o-actinin, Below the chicken
a-acinm sequence are the EF-hand consensus (Tufly and Kratsinger, 1975: D, oxygen-containing side cham: L. hydrophobic side chain). and the

pasitions of the Ca?’-chelating side chains (X. Y, Z.-X,-Zh
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Figure 6. A Model of the Dystrophin Molecule
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Four domains of dysirophin are represented on this tentative schematic. The conformation of the “actin-hinding," cysteine-rich, and C-terminal do-
mans 15 putely speculalive, and they are reprosenied as bioad loops simply 10 ihastrate that they may adopt & more globutar structure than ihe

rod section. The rod sectian is formed by 25 trigle helical segments. A tripf
of the following repeat. The fourth triple helical segment is only formed by

& helical segment is formed by the 1ast half of a repeat and the first half
the lirst half of repeal 5 since repeat 4 i truncaled {see rext}, The 20th

and 24ih tripte hetical segments arg repiesented \onger simply to indicate the existence of short seaments batween repeats 20 and 21 and betwean
repeals 24 and 25. EF indicates two loops that might have consarved an EF-hand conformation (see text).

Discussion

Predigted Structure of Dystrophin

Dystrophin appears to be formed by four different do-
mains: an N-terminal “actin-binding” domain (Hammond,
1987), a middle domain formed by 26 repeals in tandem,
acysteinrich domain, and aless characterized COOH do-
main. The first three domains show significant similarity
to the three dornains of u-actinin while the C-terminal do-
main did not reveal any similarity to other known proteins.
The repeats of the second domain were shown to be simi-
iar 1o the repeats found in spectrin and u-acimin, and in
particular, the twa charactecistic tryptophan positions are
found in all three types of repeat (Davison and Critchiey,
1988). The 109 amino acid repeat consensus of dystro-
phin can be aligned with the 106 aming acid repeal con-
sensus of spectrin (Speicher and Marchesi, 1984) by the
insertion of three single amino acid gaps (see bottom of
Figure 3), while the 120 amino acid repeat consensus of
«-aclinin {Baron et al., 1987) seems maore distantiy related.
We found that the two clusters of proline and glycine and
nearly all hydrophobic positions of the dystrophin con-
sensus are also conserved in the consensus af spectrin
and a-actinin (data not shown). The predicted secondary
structure of the dystrophin repeats 1s similar to the pre-

dicted str icture of the spectrin repeats (Speicher and
Marchesi, 1984), with the exception of the a-helix extend-
ing from position 31 1o 92 that was predicted 1o be wier-
rupted in spectrin by amedian “sqannecting region.” A triple
helical model has been proposed for the spectrin repeats
(Speicher et al., 1983; Speicher and Marchesi, 1984)
pased on seguence data. in addition, the {ength of a re-
peat unit (about 5 om, as deduced from electron micro-
scope measurement) is in goad agreement with the triple
helical model singe this length is a third of the iength of
a single g-helix with the same number of amino acids
{Spsicher et al., 1983). This model is likely to be valid for
the dystrophin and g-actinin repeats. The madel predicts
that a triple helical segment is formed by the juxtaposition
of the three a-helices 1, 2, and 3 that are connecied by
turns a and b (see bollom of Figure 3}. The dystrophin tri-
ple helical segment would then be formed by \he last half
of a repeat and the first half of the following repeat. In
agreement with the modet, the half-repeats that do not in-
teract with another half.-repeat {first half of repeat 1, last
hail of Tepeal 26, and the hati-repeat foliowing 1he trun-
cated repeat 4) show very poot similarity to the repeat con-
Sensus.

The middls dormain of dystrophin probably adopts a rod
shape, as does the middle domain ot a-actinin and spec-
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trin. The length of a single spectrin tripie helical segment
has been calcutated to be approximately 5 nm {Speicher
et al., 1983). Given that the middie domain of dystrophin
is formed by 25 triple helical segments, the predicted
length of this domain is around 125 nm. A model em-
phasizing important structural features of the dystrophin
molecule is given in Figure & The similarity of dystrophin
with twe distinct proteins that self-assemble as antiparalle
dimers (homodimers for u-actinin and heterodimers for
spectrin; Wallraff et al., 1986; Speicher et al., 1983) opens
the question of the possible dimerization of dystrophin.

Dystrophin was recently demonstrated to be associated
with membrane structures (Hoffman et al., 1987¢). The pri-
mary structure of the protein does not pinpoint the domain
of dystrophin that mediates the attachment lo mem-
branes. Dystrophin is probably not directly embedded
through the membrane, but possibly binds 1o membranes
via an ankyrin-iike or protein 4.1-like molecule, in a way
similar to the spectrin membrane binding (Bennett and
Stenbuck, 1979; Morrow et al., 1980}). The C-terminus of
dystrophin may be the domain that mediates the attach-
ment to membranes, and it will be interesting to see if this
demain shares any similarity with the corresponding do-
main of f-spectrin, known to contain the ankyrin-binding
site (Morrow et al., 1980), or with other cytoskeletal pro-
teins as these protein sequences are entered into the data
bases.

The subcellular localization of dystrophin with the trans-
verse tubules of the triadic structure of muscte cells (Hof-
man et al., 1987c; Knudscn et al., 1988} and the primary
structure of the profein presented here suggests that
dystrophin is a component of the membrane cytoskele-
tor. Dystrophin might interact with the myofibrillar actin
filaments through the N-terminal actin-binding domain
and would then be a link that could maintain the coupling
between the triadic structures and the myofibrillar systemn
during muscle contraction (Hoffman et al, 1987c). Alterna-
tively, dystrophin might play a rale in the morphogenesis
of the T-tubules. Both hypotheses could account for the
occurrence of disorganized T-tubule system networks in
the muscle of affected patients (Qguchi et al., 1982; Wat-
kins and Cullen, 1987).

Evolution of the Dystrophin Protein

The extensive similarity between dystrophin and a-actinin
over three major domains (see Figure 4) strongly sugges!s
that these proteins have evolved from a common ancestor.
Both proteins form a new gene family that may inciude
spectrin as well. The sequence of the C-terminus of the
B-spectrin is needed to define more precisely the struc-
tural and functional relationship between dystrophin and
spectrin. The many repeat domains within dystrophin
probably arose by multiple steps of domain duplication. It
is ternpting to speculate that the unit of duplication corre-
sponds to the block of exen whose splice points have been
censerved at the beginning and end of a repeat. The unit
of duplication does not seem be the Iriple helical segmen?
itself, but the last hatf of a segment plus the first haf of
the following segment. This unit allows the duplication of
the predicted long «-helix 1 plus 3 {(see Figure 3) as a sin-

gle block. The low level of similarity between individual
repeats hampers the finding of a higher order of repetition
in correlation with the various steps of duplication. Details
about the steps of duplication may arise when more about
the exon structure of the gene is known.

Functional Significance of Internal Protein
Deletions in Becker Patients

Deletions of internal domains represented by a truncated
protein in some i not most Becker patients should help de-
cipher the role of each domain. It is particutarly intriguing
that a defetion of the majority of the putative actin-binding
domain could resultin a very mild Becker phenotype. This
raises twe questions: First, does the NHZ domain of dys-
trophin really have an actin-binding activity? Second, if it
does, is the actin-binding activity necessary for dystro-
phin function? Alternatively, the dystrophic phenotype
may be modulated by other genetic factors andfor envi-
ronmental factors, as suggested in Forrest et al. (1987).
Phenotypic differences between Becker patients with
identical or similar internal domain deletions should help
address the question of the influence of such factors in the
progression of the muscular dystrophy. In addition, the di-
rect analysis of dystrophin in the muscle of affected pa-
tients (Hoffman et al., 1988) would help define the in-
fluence exerted by the level of expression and protein
stability on the phenctype The functional significance of
each domain can also be tested in vilro by the expression
of altered sequences of the DMD ¢DNA in prokaryotic or
eukaryotic expression vectors. The combination of both
the in vive and in vitro approaches will give new insights
into the role of dystrophin in the muscle cytoskeletal
network.

Experimental Procedures

¢DNA Sequencing

The cDMA sequences were determimed by the dideoxynucieotide
method (Sanger ¢t al., 1977). The sequence of Ihe hirsl 3830 bp of the
human DMD cDNA was previously reporled (Koenig el at., 1987, Hofl-
man el al., 1987a; Cross et al., 1987). The sequence of the remaining
10 kb was first determined on one strand by using the various reslric-
tion sites and cONA clone ends .ndicated on the cDNA map in Koenig
et al. {1987). The sequencing was performed on double-stranded plas-
mid DNA purified on cesium gradient. The universal primess recom-
mended by Siratagene lor the Bluescript vectors were used for se-
quencing. The cDNA sequence was checked on Lhe second strand
with the use of specilic oligonucleolide primers synthesized by the
Howard Hughes Medical Institule Biopolymers Laboratory {Harvatd
ttedical School, Boston) accord ng to Lhe tirst strand sequence. The
primers were spaced by about 200-300 bip such thal the second strand
sequence was determined across all the restriction sifes used in 1he
first strand sequence determination.

Computer Analysis

The nucleotide sequence and predicted aming acid sequence wgre

analyzed by \he programs of the University of Wisconsin Genelics

Computer Group (UWGCG, Devereux el a1, 1884) and BIONET, Inte
ligenetics. The amino acid sequence was searched for internal repsats
by the method of Maizei and Lenk (1381) using COMPARE and Dov-
PLOT of the UWGCG program. Sequences exhibiting similarities

were further compared with the a'ignment method (BESTFIT pl’OQ"a'_'"J
of Smilh and Waterman (1981). Secondary structure and hydropathicity
were predicted by PEPPLOT (UWGCG), using the algorithms of Chov -
and Fasman (1978} and Kyle and Dooiittle (1982}, respectively. The PIR
{Nalional Riomedical Research Foundalion] protein dala base and Lhe
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GenBank nucleic acids data base wers sedrched with the predicled
dystrophin aming acid sequence and the corresponding nucisotide
sequence, respectively. by the programs IFIND (BIONET) and WORD-
SEARCH (UWGCG}. Both pragrams were adapled from the alogrithm
of Witbur and Lipman {1385},

Exon Border Determination

Tha cloning of the genomic segment of ail the exons from the 5’ end
of the gene o the DXS164 locus has been completed with the excep-
tion of three exans: the two exons of the DX8206 iocus (Burghes et al.,
1987) and the exon contained in tha 3.25 kb Hindlll genomic frag-
ment at the 5 end of the gene (Koenig et al., 1987). The exon flank-
ing sequances were deterrtined by sequéencing the genomic clones
with oligonugiectide primers synthesized by the Howard Hughes Medi-
cal Institute Biopolymers Laboratory accarding to the cDNA sequences.
The exon boundaries were deduced by comparing the genomic and
cDNA sequences and by comparing the genomic sequences with the
sphee sites consensus sequences (Mount, 1882}. The boundaries of
one of tha wo exons of the DXS206 locus has been published (Heilig
et al., 1987}, and the boundaries of the remaining two exons lor which
genomic clones were not available have been inlerrad from the flank-
ing exons. We cannot exclude the possibiiity that one of these two
inferred exons cofesponds 1o two exons. The 21 exons are prasent
in tha follgwing Hindilt genoric fragments {size in kb, Kanig et al.,
1987); exon 1. 3.2; exon 2, 3.25; exon 3, 4.2; exon 4, 85; exon 5, 3.1;
axon 6, B0, exon 7, 46; exons § and 9. 7.5; exons 10 and 11, 105, exon
12, 4.2; exon 13, 6.6, exons 14 and 15, 2.7, exon 16, 6D; exon 17, 1.7,
exan 18, 127 exon 19, 30 exon 20, T3, ewon 24, 11,

Clinical Information of BMB Patients ang Deletion Analysls
Patient #8767 was initially diagnosed as OMD due 1o an early onset of
muscle weakness. The fact that he still walks at age 29 and had an un-
cle diagnosed as BMD who bacame wheelchair bound at age 42 ind-
cates that hie, tog, has BMD. The five other BMD patients (B, B18, #58,
#8660, and B80) are described in detail in Manaco el al. (1988}. Their
chnical history is oriefly summarized here. JB has been using a whael-
chair since age 13; al age 19, he can. with difficully, maneuver trom
the chair. JB had an uncle with BMD whao died al age 38. 818 is not
confined to & wheelchair ar age 16, but does require assistance climb-
ing stairs and raising from the floor. #68 has few functionat geficits at
age 17, although be shows mild proximal muscle weakness. #6560 has
been confined to & wheelchair since age 16 and is stable at age 21.
BEO sti walks at age 25 bul he has difficufty climbing stairs. The extent
ol 1Ine genomic delelions was analyzed by Southern biot hybridization
as derailed in Atdiidge et al. (1984} with the DMD cDNA probes (Kaerig
et al, 1987).
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