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Abstract

The carboxyl terminus of dystrophin is encoded by a highly
conserved, alternatively spliced region of the gene. The few rare
mutations reported in this region are of interest in unraveling
the function of the dystrophin molecule. An unusual case of
infantile onset Duchenne muscular dystrophy (DMD) with an
internal 3' genomic deletion, and a membrane localized non-
functional dystrophin protein, was used to explore the func-
tional activity of this region. The patient's cDNA sequence
showed an intragenic 1824-bp deletion precisely excising the
cysteine rich and alternatively spliced COOH-terminal do-
mains of dystrophin. The unaltered final 2.7 kb of the patients
transcript was defined as a single exon localized to two genomic
fragments, with the 5.9 kb HindIII fragment containing the
stop codon. To understand the significance of deletions in this
important region of the dystrophin gene, we mapped the order
and cDNA coordinates for the 3' genomic HindIII fragments
encoding the cysteine rich and alternative splicing domains.
This 3' gene mapwas used to compare the clinical phenotype of
the other reported COOH-terminal deletions in the literature.
Our analysis concludes that the cysteine-rich domain confers
an important function for the dystrophin protein. (J. Clin. In-
vest. 1992. 90:666-672.) Key words: Duchenne * Becker's * de-
letion- lymphocyte PCR- splicing

Introduction

Duchenne and Becker's muscular dystrophy (DMD/BMD)1
have been characterized by mutations in the gene encoding the
cytoskeletal protein dystrophin ( 1-4). 65% have been shown
to be genomic deletions, and few have offered new information
regarding dystrophin function. It has been shown that Becker's
patients, allellic variants who have a milder form of the disease,
often express detectable amounts of a truncated form of dystro-
phin because of intragenic deletions, presumably in noncritical
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1. Abbreviations used in this paper: BMD, Becker's muscular dys-
trophy; DMD,Duchenne muscular dystrophy; PCR, polymerase chain
reaction.

regions of the molecule (5-8). In contrast, Duchenne patients
have been characterized by very low levels or complete absence
of dystrophin caused by mutations which presumably cause
premature chain termination, message instability, protein deg-
radation, or inability of the altered protein to localize to the cell
membrane (5, 6, 9, 10).

Dystrophin is expressed in muscle, brain, and cardiac con-
duction tissue, and its function is still not known ( 11-13).
However, clinical and histopathological evidence have shown
that it prevents DMD/BMDin these tissues when it is nor-
mally expressed at the cell membrane (5, 6, 11, 14). Dystro-
phin is a cytoskeletal protein localized to the sarcolemma,
though it appears to lack a transmembrane domain. In fact,
one of the few measurable assays which correlate with disease is
the presence or absence of membrane-localized dystrophin (5,
1 1, 14). Ervasti and Campbell have reported an association
between dystrophin and integral membrane glycoproteins,
which may link the cytoskeleton to an extracellular molecule
or matrix ( 15). One obvious way to begin to analyze for puta-
tive functional domains of dystrophin is to use molecular genet-
ics to correlate phenotype with genotype. Rare mutations that
disrupt either dystrophin function or its ability to bind the
membrane may offer unique insight into structurally or func-
tionally important domains of the protein. This type of analysis
requires that some types of mutations have little effect on dys-
trophin's ability to membrane-associate or confer normal mus-
cle function. One dramatic example is the deletion of 46% of
the dystrophin molecule in the central alpha-helical rod do-
main, which results in only very mild muscular dystrophy (7).

The COOHterminus of dystrophin has been one domain
that has received considerable interest as an important domain
of the molecule ( 16). Several authors have suggested that this
region may be involved in membrane association and protein
function ( 10, 15, 16). This assumption was based on the high
degree of nucleotide and amino acid conservation at the
COOH-terminus among different species (17, 18) and the
correlation of genomic deletions in this region with disease
severity ( 1, 2, 16). Unfortunately, most mutations with a se-
vere phenotype have been shown to cause a frameshift and
premature chain termination, with apparent degradation of the
protein. As such, it has not been feasible to analyze the impact
of specific COOH-terminal deletions on protein function.

Only a few rare cases of dystrophin COOH-terminal dele-
tions have the potential for structure/function analysis. One
apparently contradictory report of patient C.M. with myopa-
thy, glycerol kinase deficiency, and adrenal insufficiency was
shown to have a distal COOH-terminal dystrophin gene dele-
tion producing only a mild BMD, suggesting less importance to
this region of the molecule ( 19). An 18-mo-old patient, A.B.,
recently reported by Recan et al. (20) was shown to have a large
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COOH-terminal deletion beyond exon 49 and encompassing
the glycerol kinase and congenital adrenal hypoplasia genes.
This patient has a truncated dystrophin whose membrane asso-
ciation is unaffected by the deletion, again questioning the im-
portance of the COOHterminus. This case was predicted by
the authors to develop a mild phenotype based on current hy-
pothesis (5, 6), though this could not yet be assessed because of
his young age (20). These cases provide strong evidence that
the COOHterminus is not required for membrane association,
and raises important questions regarding the functional signifi-
cance of the COOH-terminal domains of dystrophin.

One case that may provide a clue to the structure and func-
tion of dystrophin's COOHterminus is a case previously char-
acterized by DNAanalysis and Western blot to have an intra-
genic 3' deletion encoding a defective dystrophin molecule that
localizes to the sarcolemma (21 ). This case is particularly un-
usual and interesting because in contrast with the other cases,
he has a severe muscular dystrophy. This unusual COOH-ter-
minal mutation refocuses attention on this region, and may
provide an answer to the apparent discrepancies among muta-
tions in this region. One problem in analyzing COOH-terminal
deletions is that the 3' gene structure and exon boundaries have
not been firmly established (3, 21). To allow comparison of
this DMDpatient's dystrophin mutation with other COOH-
terminal deletions, we clarified the genomic order in this inter-
esting region of the gene, mapped the corresponding cDNA
coordinates, and determined the location and structure of the
final exon.

The region spanning our patients deletion was then cloned
by nested polymerase chain reaction (PCR) amplification of
cDNA obtained from transformed cultured lymphoblasts de-
rived from the proband. Subsequent comparison with another
COOH-terminal deletion patient with Becker's muscular dys-
trophy ( 19) clarifies the apparent disparity between these cases
and provides evidence that an important region for dystrophin
function lies in < 1 kb of dystrophin cDNAsequence encoding
the cysteine rich domain of the dystrophin protein.

Methods

Case descriptions
Proband (P). The defect in this study patient arose as a new mutation.
Wheelchair bound by age 7, the patient has severe myopathy and cog-
nitive impairment, suggesting central nervous system disease as part of
his phenotype. His initial serum creatine kinase was 40,000 U/liter,
and cytogenetic analysis was unremarkable. Immunocytochemical
analysis displayed dystrophin protein staining at the sarcolemma, and
Southern analysis identified an intragenic 3' end deletion (21).

Other 3' deletion cases
Patient 2496. Has Duchenne muscular dystrophy and an internal
COOH-terminal 3' deletion of the 2.4-, 2.55-, and 1.45-kbp HindIII
fragments (Fig. 2 B). Immunochemistry not available.

Patient 357. Has Duchenne muscular dystrophy and an internal 3'
deletion of the 6.8-kbp and 1.5-kbp HindIII fragments. Immunochem-
istry not available.

Procedures
Preparation of lymphoblast cDNA. Cultured lymphoblasts (22) from
the proband (P) and his mother (M) were collected by centrifugation
and rinsed in cold PBS. RNAwas prepared by RNAsol extraction and
isopropanol precipitation (23). The RNAwas dissolved in water and
precipitated in S MLiCI at -20°C for 16 h. The lithium was removed

by dissolving in water followed by ethanol precipitation. A total of 500
ng of lymphoblast RNAwas incubated in a vol of 9.5 jd with 50 ng of
inverseprimer lb(dystrophincDNAbases 11,515-11,539)at650Cfor
10 min. This mixture was then chilled at 4°C for 5 min. Reverse tran-
scription was carried out in a total of 20 ,g using 4 Al 5X reverse tran-
scription buffer (250 mMTris-HCI, pH 8.3 at 37°, 40 mMMgCI2, 150
mMKC1, 50 mMDTT), 2.5 Ml of 25 mMdNTPs, 1 gl (200 U) Mo-
loney murine leukemia virus (Bethesda Research Labs, Gaithersburg,
MD), and 1 Ml RNase inhibitor(Pharmacia Inc., Piscataway, NJ) incu-
bated at 42°C for 1 h. Reverse transcription and PCRoligonucleotide
primers were synthesized 25 bases in length on an Applied Biosystems
(Foster City, CA) oligonucleotide synthesizer.

PCR of dystrophin transcript. The reverse transcription product
was diluted to a final vol of 50 Ml for first round PCRamplification in a
mixture containing S Mul lOX PCRbuffer (100 mMTris-HCl, pH 8.3 at
25°C, 500 mMKCl, 15 mMMgCl2), 500 ng forward primer la (cDNA
sequence 9,241-9,265), 450 ng reverse primer lb (described above),
and 5 U Taq polymerase (Perkin Elmer Cetus) for 30 cycles of PCR
(94°C denaturation 1 min, 60°C annealing 1 min, 72°C extension 5
min). Second round (nested) PCRused 1 l of the first round product
in a 50 Ml mixture for 30 cycles containing 5 Ml 5X PCRbuffer, 8 Ml 2.5
mMdNTP's, 500 ng forward primer 2a (cDNA sequence 9,268-
9,292), 500 ng reverse primer 2b (cDNA sequence 11,321-11,345),
and 5 U of Taq polymerase under the same reaction conditions.

Sequencing. The PCRreaction product was subcloned by pretreat-
ing the reaction product with 10 U of Klenow fragment (Pharmacia
Inc.) for 30 min at 37°C and then blunt end ligation of the gel-isolated
fragment into HincII digested pTZ19r (Pharmacia Inc.). Florescent
sequencing of the subcloned product was performed on an Applied
Biosystems 373A Automated DNASequencer (24).

Southern analysis. Southern blots using HindIII digested normal
control, maternal, and proband DNAwere performed as previously
described (4). Dystrophin cDNAprobes were derived from segments
of the published sequence (25): probe 63-la (cDNA bases 7879-
9715), probe 63-ic (cDNA bases 10907-11512), probe E (cDNA
bases 10,287-10,960). Probe P is from the probands dystrophin cDNA
(contains bases 9,268-9,432 and bases 11,255-11,345 with an internal
deletion described in Fig. 2). Probes were labeled with 32P-dCTP (New
England Nuclear, Boston, MA) using a random hexamer priming kit
(Pharmacia Inc.).

Results

Transcript analysis. To accurately define the deletion muta-
tion causing DMDin the proband and examine the effects of
that mutation on dystrophin gene expression and function, we
used reverse transcription and nested PCRof patient mRNAto
obtain enough mutant cDNA for sequence analysis. Because
fresh muscle biopsy tissue was not available, transformed lym-
phoblasts were used as a source of mRNA.Southern analysis of
the deletion had indicated that the mutation eliminated at least
12 HindIII restriction fragments containing dystrophin exons,
but that the two most distal fragments recognized by cDNA
probes were retained (21 ). Using the cDNAsequence of dys-
trophin (25), we designed primary and secondary sets of oligo-
nucleotide primers such that the proximal set included se-
quences within exon 60, which is retained in the patient. This is
the most distal exon to be firmly ordered in the series of
HindIII fragments containing dystrophin cDNA sequences
(3). The distal set of primer sites corresponded to sequences
just 3' to the usual termination codon for the protein. As shown
in Fig. 1 A, nested amplification of cDNAwith these primer
pairs resulted in the synthesis of a DNAof about 260 bp when
the proband's cDNA was used as a template but no product
was amplified from his mother's cDNApreparation. The prod-
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Figure 1. Nested PCRand sequence analysis of mutant transcript. (A) PCRof Proband cDNA across the deletion. P, proband; M, mother;
,X 174, HaeIII digested OX174 DNAsize marker; # 1, first round PCRwith primers la and lb shows no visible product in the proband or the
mother; #2, second round "nested PCR" from an aliquot of reaction #1 with primers 2a and 2b shows a 256-bp band detected in the proband
but not the mother corresponding to a 1,822 bp cDNAdeletion. (This PCRproduct is designated Probe P, Fig. 2 A). The larger predicted product
at 2,078 bp from the normal maternal transcript was not detected under these amplification conditions. (B) Sequence of Proband and normal
dystrophin 3' cDNAand corresponding COOH-terminal peptide. Splicing of the final exon is indicated by arrows. The patient 5' and 3' splice
sites cause a frame shift encoding for an altered COOH-terminal peptide. The splice junctions and putative stop codons for the three different
reading frames are indicated by the cDNA sequence numbers marked on the diagram. The normal and patient cDNA stop codons, and
COOH-terminal peptide sequences are in bold type. The patients altered COOH-terminal peptide is indicated in italics. The 3' end of the PCR
product (Fig. 2 A) is at 11,345 and contains 91 bpf of sequence from the final exon.

uct predicted from the normal cDNAsequence would be 2,078
bp, and thus should be difficult to amplify because of its length.
Since the proband's mother is not a carrier of the mutation
(21), it was not surprising that we could amplify neither the
product obtained for the proband nor the large normal frag-
ment from her sample.

The sequence of cloned PCRproduct was determined and
compared to that of normal dystrophin mRNA.As illustrated
in Fig. 1 B, the mutant product was found to be missing 1,822
bp (bp 9,433-11,254). The proximal point at which the se-
quences diverge (bp 9,432) falls 140 bp past the end of exon 60,
the site of the proximal amplification primer and the most
distal exon for which exon/intron boundaries have been pub-
lished (3). The final coding exon of the dystrophin gene starts
at bp 11,255 and is thus retained in the proband's DNAwhere
its proximal splice site is used during processing of the mutant
transcript. Although the final coding exon is known to be in-
volved in alternative splicing and two of its three reading
frames have been predicted to be used for translation (18, 26),
the sequence data demonstrate that the proband's mutation
causes a frame shift to the third possible reading frame. Thus,
his mutation is predicted to cause the synthesis of dystrophin
which lacks 608 normal amino acids and which has an unusual
sequence of 12 amino acids at its carboxyl terminus. The cys-
teine-rich domain of dystrophin (bp 9,452-10,288) (25) is
completely eliminated by the mutation as are those regions of
the transcript involved in alternative splicing (bp 10,016-
11,254) (18, 26).

Genomic analysis. The genomic order of HindIII restric-
tion fragments detected by dystrophin cDNAsequences distal
to exon 60 contains several uncertainties (3). To explore the
impact of rare deletions within the COOH-terminal coding re-

gion of the dystrophin gene on protein structure and function
we attempted to further clarify the order of the HindIII frag-
ments and some of their respective cDNAcoordinates to com-
pare our patient with those previously reported in the litera-
ture. The proband's chromosomal deletion was analyzed with
the product amplified from his cDNA, which was used as a
probe for Southern analysis of genomic DNAs from the pro-
band, his mother and control individuals (Fig. 2 A, central
panel). The results were compared to those obtained with a
series of four probes that cover the distal 6,079 bp of the normal
dystrophin cDNA(see Fig. 2 B). In the central panel of Fig. 2
A, it is seen that probe P identified three HindIII restriction
fragments. Those of 6.6 and 2.8 kbp correspond to fragments
also identified in the left panel of Fig. 1 A by 63- la, the probe
that defines the proximal end of the patient's deletion. The 6.6-
and 2.8-kbp fragments are known to be distal to exon 60, which
has been localized to the 3.5-kb fragment detected by probe
63-la (3). Fragments of 12, 2.4 and 2.55 kbp identified by
63-la in normal individuals, are missing in the proband's DNA
and must be located distal to the 6.6 and 2.8 fragments (Fig. 2
A). The 2.55 fragment is most distal since it is also recognized
by probe 63-lb (data not shown).

The 5.9-kb HindIII fragment identified by probe P corre-
sponds to the fragment also hybridized by probe 63-lc (Fig. 2
A, right panel). None of the fragments detected by probe 63- lb
were found in the proband's DNA, and both fragments de-
tected by probe 63-ld were shown to be unaltered in his DNA
(data not shown). Probe 63-lc defines the distal end of the
deletion mutation because only one of four fragments recog-
nized by 63-lc remains in the patient's DNA, and that frag-
ment (5.9 kbp) is one also recognized by 63-ld (data not
shown). Since probe P contains the 5' end of the last exon (bp
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Figure 2. 3' Dystrophin gene map and Southern analysis of the proband 3' internal deletion. (A) Genomic DNAHindIII digest probed with
dystrophin cDNAprobes. S, standard, HindIII digest of X DNA, P, proband; M, mother; Cl and C2, normal control DNAsamples. Probe 63-la
detects the 5'end of the mutation seen as deletion of the 12-kb, 2.55-kb, and 2.4-kb bands in the proband (left panel). Probe 63-lc detects the
3' end of the mutation seen as deletion of the 10-kb, 3.4-kb, and 1.8-kb bands, while the 5.9-kb band is retained in the proband (right panel).
Probe P derived from the patients transcript (described in Fig. 1) spans the deletion, and detects the 5' (6.6 kb and 2.8 kb) and 3' (5.9 kb)
HindIII fragments flanking the deletion (center). (B) Linear order of 3' HindIll fragments detected by dystrophin cDNA probes. The cDNA
base coordinates for each probe are indicated by the line diagram below. The proband deletion is indicated by fragments within the shaded
area, and probe P is designated by the two small flanking arrows representing the location of the PCRprimers used to generate the probe. The
relative order of fragments listed in parentheses are not determined. The fragments deleted in C.M., a deletion with mild disease, is indicated
by the line at the top of the figure which extends beyond the end of the dystrophin gene ( 19). The HindIII fragments deleted in patients 27, 2496,
and 128.3, and those detected by cDNAprobe E are similarly designated as a line over the respective fragments, thus establishing the fragment
order represented here.

11,255) and the 3' end of probe P (bp 11,345) falls between the
termination codons used in normal dystrophin transcripts (bp
11,266 and 11,352), the 5.9-kbp fragment must contain the 5'
end of the final exon as well as the termination codons. The
normal dystrophin cDNA transcript contains a single HindIII
site at bp 12,976 between the stop codons and the poly A tract
at bp 13,973 (15), suggesting that the 5.9- and 7.8-kbp frag-
ments detected by probe 63-Id are contiguous. Thus, the final
exon of the dystrophin gene must be 2.7 kbp in length and is
located in the distal 1.7 kbp of the 5.9-kbp fragment and the
proximal 1 kbp of the 7.8-kbp fragment.

The penultimate exon of dystrophin is 32 bp in length (18,
26), and was not found in the proband's transcript (Fig. 1 B).
However, probe 63- l c did detect a fragment unique to the pro-
band's DNAand slightly smaller than the 5.9-kb fragment
(Fig. 2 A, right panel) which could represent a junction frag-
ment containing the penultimate exon. If the penultimate exon

is retained, the proband's mutation must alter mRNAsplicing
such that the exon is removed from the transcript. It should

also be noted that the 3.4-kbp HindIII fragment detected by
probe 63-ic was not detected in the proband's DNA. This frag-
ment is not detected by all investigators but the current studies
demonstrate that it is part of the dystrophin gene. Since the
signal for the 3.4-kbp fragment is normally weak and the pen-
ultimate exon is but 32 bp in length, the penultimate exon is
most likely found in the 3.4-kbp fragment.

Map assignments. Although the HindIII fragments identi-
fied by cDNAprobes distal to exon 60 have been described (3),
the genomic ordering of those fragments has been difficult due
to the low frequency at which deletion mutations have been
identified in this portion of the dystrophin gene. From our own

data and that reported by others, we have established the order
shown in Fig. 2 B. The relative order of the 6.6 and 2.8 frag-
ments between exon 60 and our proband's deletion is estab-
lished by patient 27 reported by Roberts et al. (27) who has a

deletion of the 2.8- and 12-kbp fragments. The position of the
12-kbp fragment is established by the deletion breakpoint in
our proband. Our sequence data show that the 12-kbp frag-
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ment contains the 5' end of the cysteine-rich coding region.
Another patient we have studied, number 2496, has a deletion
which affects the 2.4 fragment detected by probe 63-la, the
2.55 detected by both 63-la and b, and the 1.45 detected by
63-lb (Fig. 2 B). Patient 128.3, described by Den Dunnen et
al. (3), has an overlapping deletion of the 1.45-kbp fragment
mentioned above, and is also deleted for the 6.8 and 1.5 frag-
ments detected by 63-lb (Fig. 2 B). This data compliments
patient 357, who we have studied (not shown) and who lacks
the latter two (6.8 and 1.5) fragments and confirms this order.
Weused a cDNAprobe E, which places the 1.5-kbp fragment
distal to the 6.8 kbp fragment (Fig. 2 B), and also localizes
cDNAbp 10,288 (the 3' cDNAcoordinate of the cysteine rich
region) to this fragment. The cysteine rich region is thus con-
tained within the 12-, 2.4-, 2.55-, 1.45-, 6.8-, and 1.5-kbp
HindIII genomic fragments. With the available data there are
still a few remaining uncertainties regarding the order of geno-
mic HindIII fragments detected with dystrophin cDNAwithin
the alternatively spliced region of the gene (Figs. 2 B and 3 B).

Discussion

The COOH-terminal domains of the dystrophin protein con-
tain the sequences of the molecule most highly conserved
among species (17, 18). This conservation has lead to specula-
tion that this region of dystrophin is involved in interactions
with other molecules that mediate attachment of dystrophin to
the cytoplasmic surface of the cell membrane (15,28). Because
dystrophin is believed to be a cytoskeletal protein, membrane
association has been considered synonymous with function
and predictive of disease phenotype (5, 11, 14, 16). Recent
case reports have questioned this hypotheses by demonstrating
dystrophin immunostaining at the sarcolemma in patients
with COOH-terminal dystrophin gene deletions demonstrated
by Southern blot analysis (20,21) . While the COOH-terminal
peptide sequences in these cases had not been determined, it
was proposed that membrane association occurs in other re-
gions of the dystrophin molecule. So what then is the signifi-
cance of dystrophin's COOHterminus? In the first of these
reported cases (21), the patient is old enough to allow evalua-
tion of the effect of this rare mutation on disease phenotype. He
has severe Duchenne muscular dystrophy suggesting a deletion
of an important domain of the dystrophin protein, which does
not interfere with membrane binding but completely disrupts
protein function. This unusual mutation supports the concept
that interspecies sequence conservation in this region is biologi-
cally significant (17, 18).

Recent studies have shown that genomic mutations, even
when accurately defined, cannot always predict the posttran-
scriptionally modified mRNAsequence (9,29). Transcript se-
quence analysis in these studies has shown that the use of alter-
nate splicing events could produce a coding sequence that can-
not be predicted by genomic DNAanalysis. Such data illustrate
the importance of analyzing gene mutations at the level of tran-
scriptional sequence to avoid erroneous assignment of the mu-
tation boundaries based on genomic DNAand antibody data.
This was the major limitation in the first description of the
patient analyzed in this study (21) .

To fully define the biochemical defect in this patient, the
mutant dystrophin transcript was analyzed from lymphoblast
RNA. This appears to be a reliable method for assaying tran-
scripts normally expressed in muscle tissue without requiring
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Figure 3. Schematic diagram of the functional domains of the dys-
trophin gene and protein and the clinical effects of two different
COOH-terminal deletions. (A) Normal dystrophin and the patients'
mutant protein are illustrated by the relative position of putative
functional domains of the protein (25). The actin binding domain
(black area) is analogous to the amino terminus of a-actinin and is
thought to bind actin filaments. The rod domain (central white area)
is a large structural central triple helical domain which resembles
analogous domains in both a-actinin and the cytoskeletal protein
spectrin. A portion of the cysteine-rich region (cross-hatched area) is
analogous to a similar domain in the carboxyl terminus of a-actinin.
The alternatively spliced domain is a region unique to dystrophin,
which undergoes sequence modifications in separate tissues via alter-
native splicing of the mRNA( 18, 26). The patient in this study is
represented below the normal and makes a dystrophin protein deleted
for the cysteine-rich and alternatively spliced domains. The deleted
sequences and resultant severe DMDphenotype are indicated in the
diagram. (B) The final 25 3' genomic HindIII fragments for the dys-
trophin gene are represented. The patients deletion which appears to
confer severe disease is compared to the deleted segment in the very
mild phenotype 3' deletion C.M. case, see Fig. 3 C. The location of
the fragments containing exons which encode the cysteine rich do-
main are indicated by a line below the fragments. The fragments
containing the final exon as well as the alternatively spliced exons are
designated in a similar manner. (C) C.M. represents a mild case of
BMDwith a COOH-terminal deletion. The extent of his deletion is
based on published genomic data ( 19), and the boundaries for the
COOH-terminal domains assigned in this study. C.M. retains the
cysteine-rich domain.

an invasive biopsy procedure (9, 27, 30). Sequence analysis of
a PCRproduct derived from the patient's transcript spanning
the patient's mutation showed a deletion of the entire cysteine-
rich domain and all the 3' alternatively spliced exons. The re-
sult is a severe disease phenotype, despite dystrophin being
localized to the sarcolemma. The presence of the final exon
and 3' untranslated region in the proband's transcript may be
important for the unusual finding that this patient translates
relatively normal amounts of dystrophin (21).

Southern blot analysis of our patient showed an internal
deletion of 13 HindIII fragments of the dystrophin gene while
preserving the last two HindIII fragments. Wehave shown that
these last two fragments contain the final exon for dystrophin,
a large 2.7-kb exon divided by a single restriction site found in
the cDNA transcript. The reading frame for this exon starts
with the first base of a codon triplet in the 5.9-kb fragment and
normally encodes for only three amino acids, while the 7.8-kbp
fragment contains only 3' untranslated sequence (Fig. 2 B).
The 32-bp pentultimate exon is likely contained in the 3.4-kb

670 R. D. Bies, C. T. Caskey, and R. Fenwick

. IC



HindIII fragment and starts with the second base of a codon
triplet ( 18 ). Further studies will be required to firmly establish
the genomic address for all the exons in this region, which
include five alternatively spliced exons for which the cDNA
splice junctions and reading frame are now known ( 18, 26).

It has been demonstrated that very large in-frame deletions
in the structural "rod" domain of dystrophin can be well toler-
ated and show little effect on protein stability, membrane bind-
ing, or protein function as demonstrated by cases where such
patients exhibit only a very mild Becker's phenotype (7, 8).
Unfortunately, the structure/function analysis of the COOH-
terminal cysteine-rich and alternatively spliced domains of
dystrophin has been limited by the relative paucity of patients
with mutations in this region, and the lack of other objective
assays for dystrophin function. Furthermore, predictions of
protein sequence and stability by studying the effect of a muta-
tion by reading frame (31 ) has been hampered by incomplete
information regarding the order of genomic fragments detected
by dystrophin cDNA's and the exon structure of this important
region of the gene (3). Weapproached this problem by com-
bining our own analysis of this region with other available data
to determine the mapposition and transcriptional coordinates
for the genomic HindIII fragments in this region of the gene.

Fig. 3 is a summary of the mutant dystrophin protein com-
pared to hypothetical structure/function domains of the nor-
mal molecule. Wehave compared this deletion mutation with
the genomic deletion described in patient C.M. (with mild mus-
cular dystrophy [19]). C.M. retains the full sequence encoding
for the cysteine-rich domain and sequences downstream from
base 10,288, located on the 1.5-kb and 2.1-kb HindIII frag-
ments. He therefore retains the alternatively spliced domain
between bases 10,016 and 10,182, which causes a frame shift
that could potentially encode for a truncated isoform of dystro-
phin believed to be normally expressed in smooth muscle from
the aorta (26). This isoform may account for the mild pheno-
type in this patient, though immunostaining has not yet been
reported in C.M. Interestingly, comparing the C.M. deletion
phenotype to the case presented here would impart a less criti-
cal importance to the distal COOHterminus of dystrophin
(Fig. 3). The patient A.B. described by Recan et al. (20) has a
multigene deletion that also includes the entire cysteine-rich
and alternatively spliced domains of dystrophin. Based on our
model, we would be very surprised if this patient did not ex-
hibit a severe muscular dystrophy, despite the presence of signif-
icant amounts of membrane-localized dystrophin. Both of
these patients point out the limitations of our current biochemi-
cal classification of DMDand BMDby antibody detection of
protein. Comparisons between COOH-terminal deletions ( 19-
21) and the central "rod domain" deletion cases (7, 8) sup-
ports the modified model put forth by Recan et al. (20) that a
primary site for dystrophin membrane attachment may be the
amino terminal actin binding domain of protein. However,
this does not exclude the possibility that other important molec-
ular associations exist within the conserved domains at the
COOHterminus.

The mutation analysis presented in this study clarifies the 3'
dystrophin gene structure, and focuses attention on the cys-
teine-rich domain as a candidate for further studies on the mo-
lecular basis for dystrophin function. One limitation to the
study of site specific mutations in the intact animal is the po-
tential for modulation of disease severity via expression of
other related molecules. Alternatively, changes in protein fold-

ing may account for dysfunction unrelated to the region de-
leted or mutated. However, no other domain of dystrophin has
consistently shown a correlation with severe disease phenotype
and to date there are no exceptions to the rule that loss of
cysteine rich peptide sequence causes severe muscular dys-
trophy. This region contains 15 cysteines in 280 amino acids,
compared with the preceding 880 amino acids completely de-
void of cysteines (25). It also contains an aligned 142 amino
acid stretch with 24% identical matches to the COOHterminus
of a-actinin. The homologous region of a-actinin includes two
helix-loop-helix putative calcium binding sequences similar to
the EFhand motif found in calmodulin (25, 32, 33). Biochemi-
cal studies that show increased calcium channel leak activity
and elevated intracellular calcium levels in dystrophic muscle
(34, 35) suggest a potential role for dystrophin in normal intra-
cellular calcium metabolism. It is unclear whether dystrophin
has a direct effect on calcium flux or if these findings are related
to other biochemical derangements in complexes which may
normally interact with dystrophin. A direct biochemical assay
remains to be developed to test the potential efficacy of recom-
binant dystrophin molecules which bind the cell membrane
(36, 37), and their ability to restore normal function to dystro-
phic muscle. The relatively well defined cysteine rich region of
dystrophin appears to offer some promise as a potential target
domain to approach this goal.
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