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SFec’rrum of splicing errors caused by CHRNE mutations
affecting introns and intron/exon boundaries
K Ohno, A Tsujino, X-M Shen, M Milone, A G Engel

J Med Genet 2005;42:e53 (htip:/ /www.jmedgenet.com/cgi/content/full/42/8/e53). doi: 10.1136/jmg.2004.026682

Background: Mutations in CHRNE, the gene encoding the
muscle nicotinic acetylcholine receptor € subunit, cause
congenital myasthenic syndromes. Only three of the eight
infronic splice site mutations of CHRNE reported to date have
had their splicing consequences characterised.

Methods: We analysed four previously reported and five
novel splicing mutations in CHRNE by introducing the entire
normal and mutant genomic CHRNEs into COS cells.
Results and conclusions: We found that short introns (82—
109 nucleotides) favour intron retention, whereas medium to
long introns (3061210 nucleotides) flanking either or both
sides of an exon favour exon skipping. Two mutations are of
particular interest. Firstly, a G—T substitution at the 3’ end of
exon 8 predicts an R286M missense mutation, but instead
results in skipping of exon 8. In human genes, a mismatch of
the last exonic nucleotide to U1 snRNP is frequently
compensated by o matching nucleotide at intron position
+6. CHRNE intron 8 has a mismaich at position +6, and
accordingly fails to compensate for the exonic mutation at
posiftion —1. Secondly, a 16 bp duplication, giving rise fo two
3’ splice sites {g.IVS10-9_c.1167dup16}, results in silencing
of the downstream 3’ splice site. This conforms to the
scanning mode! of recognition of the 3’ splice site, which
predicts that the first "ag" occurring afer the branch point is
selected for splicing.

olecular defects of presynaptic, synaptic, or post-
Msyuaptic proteins  at the motor endplate  impair

neuromuscular transmission and result in congenital
myasthenic syndromes (CMS).' Mutations in the acetylcho-
line receptor (AChR) e subunit gene (CHRNE; OMIM 100725)
cause endplate AChR deficiency and/or kinetic abnormalitics
of AChR. CHRNE mutations causing cndplate AChR defi-
ciency include 13 missense, 27 frameshift, 6 nonsense, 8
splicc site, 3 promoter region, and | chromosomal microdcle-
tion mutations.' Only three of the eight splice site mutations
have had their consequences characterised: IVS7-2A—G and
IVS9+1G—T* result in skipping of an adjacent exon, and
1VS89-1G—C causes retention of intron 9. Four of the five
uncharacterised mutations were reported by us. Exclusive
expression of CHRNE by subsynaptic nuclei has previously
prevented analysis of splicing consequences of these muta-
tions. We recently reported that the cloned entire CHRNE
cxhibits the same splicing propertics as its pre-mRNA in the
native state in transfected COS cells.” Therefore we used this
method to analyse the splicing consequences of four previ-
ously reported and five novel splice site mutations in CHRNE.

MATERIALS AND METHODS

All human studics were in accord with the guidelines of the
institutional review board of the Mayo Clinic.

Patients

Patients 1-5 (respectively a 59 year old woman, a 23 year old
man, a 2.5 ycar old girl, a 6 ycar old boy, and a 44 ycar old
man) have moderate to severe myasthenic symptoms that
have been present since birth or infancy, decremental EMG
responscs, and no AChR antibodics. All respond partially to
pyridostigmine. Paticnt 4 underwent an intercostal muscle
biopsy for diagnosis, which showed severe cndplate AChR
dcficiency (6% of normal) and compensatory cxpression of
the fetal y-AChR at the cndplate.

Construction of CHRNE clones for splicing analysis
To cxamine the conscquences of the identified splice site
mutations, we usced the previously constructed pRBG4-
CHRNE plasmid, which carries a cytomegalovirus (CMV)
promoter and the entire CHRNE spanning 12 cxons and 11
introns.” For extended analysis of g.IVSI0-9_c.1167duplé6,
we also constructed a pRBG4 minigene, spanning nucleotide
880 in exon 9 to nucleotide 1457 in cxon 12, where position
+1 represents the first nucleotide of the first codon of the
mature peptide.

Mutations were cngincered using the QuikChange Site
Dirccted Mutagenesis kit (Stratagenc). Presence of the
expected mutation and absence of unwanted artefacts were
confirmed by sequencing the entire insert.

Reverse transcription PCR analysis of cytoplasmic
RNA of transfected COS cells

Wwild type and mutant CHRNE clones were introduced into COS-
7 cells, and cytoplasmic total RNA was isolated as described.
We nsed two or more sets of PCR primers for cach construct to
screen for skipping of an exon and retention of an intron.

RESULTS

Each patient carries two mutant CHRNE alleles

We detected a total of seven CHRNE mutations in five
paticnts (table ). Patients 1, 2, and 3 carry homozygous
splice site mutations. Five mutations affect pre-mRNA
splicing. Analysis of family members reveals that affected
siblings carry two mutant CHRNE alleles, whereas unaffected
relatives harbour one or no mutant allele (data not shown),
indicating that cach mutation is recessive.

Splicing consequences of five novel and four
previously reported mutations

Muscle mRNA was available only from patient 4. In this
paticnt, RT-PCR analysis revealed that 1259del23 causces
retention of intron 11 (fig 1, table 1). As no muscle specimens
were available from the other patients for mRNA analysis, we
introduced the four novel (table 1) and the four previously
reported (table 2) splice site mutations into the cloned entire
CHRNE and analysed the cytoplasmic RNA of the transfected
COS cells by RT-PCR. Unlike minigencs, entire CHRNE cloncs
mostly yiclded a single splicing product. RT-PCR analysis
revealed that IVS4-2A—C, IVS6+1G—T, IVSIO+2T—G, and
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Table 1  Five splicing, one frameshift, and one missense
mutations in CHRNE in the five patients
Position on Splicing
No.  Mutation genomic DNA consequence
1 g.IVS6-1G—-C* 3 splice site of  Active cryptic 3/
intron 6 splice sitet
2 g.IVS9-1G-A* 3" splice site of  Retention of
infron 9 infron 91
Skipping of
exon 10t
3 9.IV810-9_c.1167dup16* 16 bp Silencing of
duplication downstream 3
comprising 8 bp  splice sitet
at 3’ end of

intron 10 and

8 bp at 5" end of
exon 11

23 bp deletion
comprising 8 bp
at 3" end of exon
11 and 15 bp ot
5" end of intron
11

exon 10 (615t NA
nucleotide)

G—T substitution  Skipping of
at 3’ end of exon  exon 8t

8

exon 7 (193rd NA
nucleotide)

Retention of
intron 11%

4 €. 1259 _g.IVS11+15del23

c.1033delG

5 ¢.B57G—T (p.R286M)

<.734C—T (p.P245L8)

*Hemozygous mutation. tCharacterised using transfected COS cells.
$Characterised using muscle mRNA. NA, not applicable. §We previously
reported that P245L is a low expressor mutation that also prolongs
channel opening events two fold."

857G—T causc skipping of an adjacent exon; IVS7+2T—C
and 1259del23 result in retention of the mutant intron; IVS9-
1G—A causes both exon skipping and intron retention; IVS6-
1G—C activates a ayptic 3' splice site; and g.IVS10-
9_c.1167duplé6 silences the downstream copy of the 3° splice
site (fig 1, tables I and 2).

Why is the downstream copy of duplicated 3’ splice
sites silent?

The 16 bp duplication (g.IVSI0-9_c¢.1167dupl6é) gencrates
two copics of 3’ splice sites, but only the upstrecam copy is
used for splicing. To understand the underlying mechanisi,
we engineered a series of artificial mutations into a minigenc
spanning CHRNE cxons 9 to 12 (fig 2A and B).

Firstly, we examined a role of the polypyrimidine tract of
the upstream and downstrcam copics (fig 2C). The pyrimi-
dine ratios in the polypyrimidine tract are the same for
the two copics (18/24 =75% for the upstream copy and
30/40 = 75% for the downstream copy), and are not likely to
account for sclection of the splice site. Substitution of “ac”
for the invariant “ag” dinucleotide of the upstream copy
activated the downstream copy (Mt-AC in fig 2D), indicating
that the increased distance from the branch point to the “ag”
dinucleotide does not hinder splicing. Because a stretch of
t bases in the polypyrimidine tract is more efficient in
splicing than ¢ bases,” we mutated “cctt” to “tett” (Mt-TC),
“ertt” (Mt-CT), and “teet” (Mt-TT), but none activated the
downstream copy (fig 2D).

The role of the branch point sequence was then examined.
Displacement of an invariant “a” nucleotide downstream
(Mt-Brl in fig 2E), disruption of the native branch point
scquence (Mt-Br2 in fig 2E), or both (Mt-Br3 in fig 2E) had
no cffect on splicing. Preserved splicing cven in the absence
of the branch point consensus sequence CURAY in Mt-Br2
indicates that an “a” residue somewhere in intron 10 serves
as a branch point, and confirms that the position and context
of the branch point sequence is degencrative in mammals.

www.jmedgenet.com

Ohno, Tsujino, Shen, et al

500 bp
A

VS6+1G>T IVS7 +2T>C 857G >T IVS10+ 21> G ¢.1259_g.VS11 + t5del23
¥ [ )

T H+—HHHT 7

t H tot
VS4-2A>C  V$6-1G>C V59 - 1G> A gIV510-9_c.1167dup16

Exon numbers and sizes {bp)
1 2 3 4 5 6 7 8
46 14245110156 101 201 115

Intron numbers and sizes (bp)
1 2 3

9 1011 i2
115187107 155

2 10N

8
254 126123 129 306 334 82 1210 83 90109

B

ul DDD/’IfI\D oo

IVS4 - 2A > C: Skipping of exon 5

1 EH]DD/D’\DEI

IVS6 - 1G > T. Skipping of exon 6

0 oimod D/\‘E]D oono—/

I¥S6 - 1G > C: Activation of acryptic 3' splice site

oo/

(Y E—

Intron 6 Exon 7

cagctgacegtgecocegt ceegeag AGAACGGCGAGTGS

1
c

O oiod O Lk ooo——

IVS7 + 2T > C: Retention of infron 7

a oigo o D/D'\DDDEE:]

857G > T Skipping of exon 8

Exon 8 ) Intron 8

CTGAGCGTGCCGCTCCTGGGCAGVQ tgaagccggagccceegogggg
¥

O 0100 0 4o 0
IVS‘?i 1G > A: Retention of

intron 9 and skipping of exon 10

0 oo o dd D’ﬁﬂ I

IVS10 + 2T >'G: Skipping of exon 10

O giog 0 —oo Dl:ﬁ'] 1

g.IVS10 - 9_c.1167dup16: Silencing of downstream 3" splice site

Intron 10 Exon 11 Iniron 10 Exon 11

A7
tectaaggeccaccceggtgtt ttCECCgccagCTGCCTTdcccgccagCTGCCTTCuG
16 bp depletion

OO —1

¢.1259_g.IVS11 + 15del23: Retention of infron] |

Exon 11 injron |1

b ormoo o oo

CGAGAGATCAGGAGGCCA(;QQgggl}g&;gggixgaggggccagaggcgggtggagcgag

ooy

23 bp depletion

Figure 1 Nine analysed CHRNE mutations affecting pre-mRNA
sp?icing. (A) The CHRNE gene structure is drawn fo scale. Shaded areas
indicate untranslated regions. Sizes of exons 1 and 12 represent those of
the coding regions. (B} Schematic presentation of identitied splicing
consequences. Exon skipping and activation of a cryptic splice site are
represented by thin oblique lines connecting two remote points. Intron
retention is represented by a thick horizontal line. Four splicin
mutations are shown in detail, with partial CHRNE sequence be?ow each
scheme. Open and closed arrowheads indicate inactive and active splice
sites, respectively. Putative branch point sequences are underlined.

We next swapped the seven residue segments and placed the
native branch point sequence 16 residues downstream (M-
Br4 in fig 2E). Mt-Bi4 activated both the upstream and
downstream copics of the 3’ splice sites, probably because the
shortened polypyrimidine tract rendered the upstream copy
of the splice acceptor site less competitive than the down-
strcam copy.
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Table 2 Four previously reported splice site mutations in

CHRNE

Position on genomic
Mutation DNA

9IVS4-2A-C"
g VS6+1G—T"
gIVS7+2T-C
9VS10+2TG”

Splicing consequence

3’ splice site of intron 4
5’ splice site of infron 6  Skipping of exon 6

5’ splice site of infron 7 Retention of intron 7
5’ splice site of intron 10 Skipping of exon 10

Skipping of exon 5

DISCUSSION

Sizes of flanking introns predict exon skipping or
intron retention

We analysed splicing consequences of ninc mutations in
CHRNE. Three other splicing mutations had been previously

3of5

characterised.”™ To sumimarise, ¢xons 3, 6, 8, 9, and 10 are
skipped, and introns 7, 9, and 11 arc retained. The three
rctained introns arc all short (intron 7, 82 bp; intron 9, 83 bp;
and intron 11, 109 bp), whereas four of five skipped exons
flank medium to long introns on cither or both sides (exon 5
is flanked by 129 and 306 bp introns; cxon 6 by 306 and
334 bp introns; ¢xon 8 by 82 and 1210 bp introns; and ¢xon 9
by 1210 and 83 bp introns). This is in accordance with
collation of splicing mutations,” and is consistent with the
model of exon recognition in vertebrate splicing.” Exon 10,
however, is flanked by 83 and 90 bp introns, and is skipped
by two distinct mutations, indicating that the size of the
flanking introns is only onc of scveral factors that determine
the splicing consequence. Indeed, even when we climinated
1127 bp in the middle of intron 8 (IVS8+17 to IVS8-59) to
reduce its size to 83 bp, both 1V§7-2A—G and 857G—T still
resulted in skipping of exon 7 (data not shown).

16-bp duplication
* =
107

Mt

187 bp bp
83 b 90 b 109 by
RT-PCR primers
C
R, S . S
Mt ggtgcctgccaggggggaggctcctaaggcccaccccggtgttttc{éccgccagCTGCCTTCEccgccagCTGCCTTC]TG

|1 |11 | Il 1l bl leel LLILILITIRIILITI [
Mt gaggctectaaggeccacceeggtgttttdeeccgecagCTGCCTTecegecagCTGCCTTCIGGCTTTCCATACCCTCA

Upstream copy

Downstream copy

Mt ggtgcctgccaggggggaggetectaaggeccaceee ggtgttttceccgecagCTGCCTICLcegecagCTGCCTTCTG

MHAC  ggtgcctgecaggggggaggotectaaggeccacceeggtgttttofccaccacClGLeTICkecqecagCrGRCTTOrG
MTC  ggtgoctygccaggggggaggetectaaggeccaccecggtygtttteoegecagCTGICTICRCCgecagCTGCCTITCTG
¥
MCT  ggtgectgecaggggagaggetectaaggeccaccecggtgttttoecegecagCTGCTTICkccgecagCTGCCTTOTIG
*
MHTT ggtgcctgocaggggggaggetectaaggeccaccecggtgttttccecgecagCliGrITrceccgecagCTGCCITCTG
% W
E
PO - . S
Mt ggtgcectgeccaggggggaggetcctaaggeecacceeggtgttttc8EegecagCTECCTICEecgeeagCTECCTTare
N AN " A
MtBrl  ggtgectgecaggygggaggctectagggaeccaccoaggtygatttodcegecagfTGolicpecgecagCTiGCCTICNG
* *
MtBr2  ggtgcctgccaggggggaggetoctggggeccaceceggtgttttoccegecagCTGCCTTCecgecagCTGCCTICNG
* %
_ Y
MrBr3  ggtgcctgecaggggggaggetectggggoccaccecggtgatttoccegecagCTGCCTTCRccgecagCTGCCTTCNG
* K *
________ _ ¥
MrBrd  ggtgcctgccaggggggaggeggtgtttgeccaccoctectaagtogccgecagCTGCCTTCEccgccagCTGCCTTCRG
KKhRRKKR*E AhkRKhh

Figure 2 A 16 bp duplication of the 3’ splice site of CHRNE intron 10/exon 11 boundary results in silencing of the downstream copy of the 3" splice
sites by competifion against the upstream copy. (A} A minigene spanning exons 9-12, which is inserted into a CMV based expression vector. (B} RT-
PCR analysis of cytoplasmic RNA of transfected COS cells shows that only the upstream copy of the splice acceptor site is active. (C} Alignment of active
(closed arrowhead) and inactive {open arrowhead) 3' splice sites of the mutant {Mt] intron 10/exon 11 boundary. The two sequences are idenfical, but
are shifted by 16 bp. Vertical lines indicate identical nucleotides. Duplicated 3" splice sites are enclosed by boxes. Putative branch point sequence
(CTRAY with an invariant A) is underlined. Upper and lower case lefters represent exonic and infronic nucleotides, respectively. Dots point to
mismatches that are corrected in METC, MI-CT, and ME-TT in panel D. (D} Disruption of an "ag" dinucleotide in the upstream copy activates the
downstream copy {Mt-AC), whereas parfial (M-TC and Mi-CT) or complete {MHTT) restoration of a "ift" strefch in the polypyrimidine tract has no
effect. Closed and open arrowheads point to active and inactive 3’ splice sites, respectively. Asterisks indicate artificially mutated nucleotides. (E) Partial
displacement of the native branch point (Mt-Br1), disruption of the branch point {Mi-Br2}, or both {Mt-Br3) fails to activate the downstream copy of the
duplicated 3" splice sites, whereas swapping of the seven residue segments (Mt-Br4} activates both the upstream and downstream copies.

www.jmedgenet.com
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U1 snRNA
¥ GUG GATUGAUAppp -5
Consensus 5/ CAG|GUAAGU——3'

3-2-1 | 23 4546

Wild-fype CHRNE , oo )
Exon 8/Infron 8 ° CAG|GUGAAG——3

e i u n
Mutant CHRNE ATl GUGAAG 5

Exon 8/Intron 8

(o]
(&3

o
[}
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|
w
O

Concordance ratio (%)
o

!
o
(=)

2 3 4 5 6

Figure 3 (A) U1 snRNA recognises three nucleotides at the 3’ end of an
exon and six nucleofides at the 5’ end of an intron. The complementary
nucleotides to U1 snRNA constitute the consensus sequence. Wild type
CHRNE exon 8/intron 8 has mismaiched nucleotides at positions +3, +5,
and +6. The 857G—»T mutation introduces another mismatch ot position
=1. {B) A mismatch at the last nucleotide of an exon {position ~1) to U1
snRNA is mostly compensated for by a match at position +6 in 1801

human exons. The ratios of A, C, G, and T at position -1 are 8.8%,

3.3%, 80.3%, and 7.5%, respectively, in 1801 human exons.” When

concordant G is used at position ~1, the ratio of concordant T at position
+6 is 38.9%. In contrast, when a discordant T is used at position ~1, the
ratio of concordant T at position +6 is 85.9%. The concordance ratio was
calculated by (85.9-38.9)/38.9=121% (arrow). A positive
concordance ratio at o specific position indicates that a nucleotide
complementary fo U1 snRNA is preferentially used to compensate for a
mismatch at position ~1.

Why does a mutation at the 3’ end of an exon affect
pre-mRNA splicing?

Analysis of 1801 human 5’ splice sites' revealed that a
mismatch at position -1 to Ul snRNA is mostly compensated
for by a match at position +6 (fig 3). As CHRNE intron 8 has a
mismatch at position +6 (fig 1), 857G—T at position —1
probably prevents Ul snRNA from recognising the 5° splice
site of intron 8, and hence causes skipping of exon 8.

To date, 23 splicing mutations of the last nucleotide of an
cxon have been reported in human to date (table 3). In 17
mutations, the nucleotide at position +6 docs not match to
Ul snRNA (underlined nucleotides in table 3). In six other
mutations that have a matched T nucleotide at position +6,
12 out of 18 nucleotides at positions +3 to +5 arc mismatched,
whereas in 836 human 5’ splice sites that carry a matched T
nuclcotide at position +6, only 766 out of 2508 nucleotides
arc mismatched'” (Fisher's exact test, p=0.003). These
obscrvations also support the ideca that a mismatch at
position -1 is compensated for by matches at positions +3
to +6, especially at position +6.

Duplication of the 3’ splice site

We constructed and analysed a series of artificial mutants to
understand the mechanism by which the duplicated 3* splice
sites resulting from  g.IV810-9 ¢.1167duplé silence the
downstream copy. Scanning model of recognition of the 3’
splice site indicates that the first "ag" dinucleotide after the
branch point is used for splicing catalysis.® * Three exceptions

www.jmedgenet.com

Table 3 The 23 previously published splicing mutations
at the last nucleotide of an exon
Mutant Wild type
Wild type nucleotide  nucleotide
Gene Exon  sequence at —1 af +6
ATM™ 1 AAGgtagga A a
CFTR™ 2 CAGgtacta C a
CPsy™ 8 AAGglgcaa  C a
Ccyp27 6 GCGgtagga A a
FAH 2 ThRGgtagga T o
HEXA” 3 GAGgtaaca A a
IL2RG* 6 ACGglgaga A a
PKLR? 9 GCGgtagga A a
PROC¥ 7 CAGgtggga C a
COLIAT! é ATGgigage A c
COLIAZ? 6 AlGglatge A <
COL3AT® 3 AAGgtaace A <
CYP27AT 3 AAGgtacce C <
UPA® 8  CAGglgge A :
LIPA™ 8 CAGgtagge A c
CDKNZAY 2 CAGgtgagg T g
UROS® 4 AAGgigagg T g
ATM? 2 AAGgtatat A i
HBB” 1 CAGgtiggt C t
SERPINCI™ 3 AAGglgagt A t
XPA" 3 CAGgtactt A t
XPA" 4 CAGgtcct C t
XPA® 5 AAGglagat C t
Nucleotides that do not match to U1 snRNA are underfined, where the
matched optimal sequence is “CAGgtaagt”. Exonic and intronic
nudleotides are indicated by upper and lower case letters, respectively.

have been reported:™ " (a) an "ag" dinucleotide less than 13
nucleotides downstrcam of the branch point is not recog-
nised, probably duc to steric cffects of trans acting clements;
(b) the first "ag" dinucleotide is hidden in a stable secondary
structure; and {¢) two "ag" dinucleotides that are <12
nucleotides apart compete for being recognised by the
splicesome. As the naturally occurring duplication mutant
and all artificial mutants except for Mt-Br4 conform to nonc
of the exceptions, they followed the scanning model that
favours the first "ag” after the branch point. On the other
hand, displacement of a branch point sequence 16 residucs
downstream (Mt-Br4 in fig 2) placed the "ag" dinucleotide
<13 nucleotides downstream of the branch point, and made
the upstream copy less competitive than the downstream
copy.

Pathogenic duplication of the 37 splice site has been
reported in two other human genes. Both follow the scanning
model of recognition of the 37 splice site. An 18 nucleotide
duplication comprising 16 intronic and 2 exonic residues of
HEXB encoding the B subunit of -hexosaminidase results in
an active upstrcam copy of the 3’ splice sites.” A 69
nucleotide duplication comprising 7 intronic and 62 cxonic
residucs of SLC4A1 encoding anion exchanger member 1 also
results in an active upstream copy of the 3 splice sites.™

Thus, the scanning model of recognition of the 37 splice site
applics to most physiological and pathological duplications of
the 3" splice sites, though exceptions do occur and await
cxplanation.'* ' '
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Subunit-specific contribution to agonist binding
and channel gating revealed by inherited mutation
in muscle acetylcholine receptor M3—M4 linker
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Summary

We trace the cause of congenital myasthenic syndromes in
two patients to mutations in the & subunit of the muscle
acetylcholine receptor (AChR). Both patients harbour
deletion of an asparagine residue in the & subunit
(eN436del) at the C-terminus of the cytoplasmic loop link-
ing the third (M3) and fourth (M4) transmembrane
domains. The presence of a null mutation in the second
aliele of the & subunit shows that eN346del determines
the phenotype. Endplate studies show markedly reduced
expression of the &N346del-AChR and compensatory
accumulation of fetal y-AChR. Expression studies in
HEK cells reveal decreased expression of gN436del-
AChR and abnormally brief channel openings. Thus,
neuromuscular transmission is compromised by AChR
deficiency, fast channel Kinetics of the eN346del-AChR
and incomplete phenotypic rescue by y-AChR. Single-
channel Kinetic analysis shows that the &N436del
shortens channel openings by reducing stability of
the diliganded receptor: rates of channel closing and
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of ACh dissociation are increased and the rate of channel
opening is decreased. In addition to shortening the M3-M4
loop, eN436del shifts a negatively charged aspartic acid
residue adjacent to M4; the effects of eN436del are shown
to result from shortening of the M3-M4 loop and net from
juxtaposition of a negative charge to M4. To determine
whether the consequences of &N346del are subunit-
specific, we deleted residues that align with eN436 in
B, 8 and a subunits. Each deletion mutant reduces
ACHhR expression, but whereas the § and 8 mutants curtail
channel open duration, the o mutant strikingly prolongs
open duration. Kinetic analysis reveals that the a mutant
increases the stability of the diliganded receptor: rates
of channel closing and of ACh dissociation are decreased
and the rate of channel opening is increased. The overall
studies reveal subunit asymmetry in the contributions
of the M3-M4 loops in optimizing AChR activation
through allosteric links to the channel and the agonist
binding site.

Keywords: acetylcholine receptor; congenital myasthenic syndrome; M3-M4 loop; mutagenesis; single-channel

patch-clamp recordings

Abbreviations: ACh = acetylcholine; AChR = acetylcholine receptor; a-bgt = a-bungarotoxin; CMS = congenital
myasthenic syndrome; EP = endplate; HEK = human embryonic kidney; M = transmembrane domain;,

MEPC = miniature endplate current
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Introduction

The nicotinic acetylcholine receptor (AChR) at the motor
endplate (EP) is a heteropentamer of homologous subunits
with stoichiometries apB8e for the adult-type receptor and
a,By8 for the fetal type. Each subunit contains four trans-
membrane domains and short (M1-M2) and long (M3-M4)
cytoplasmic loops. The M3-M4 loops of the subunits

constitute most of the cytoplasmic mass of AChR (Popot and
Changeux, 1984) and harbour three predicted amphipathic
helices (Le Novere et al., 1999), one of which borders M4.
The M3-M4 loops regulate the flow of ions through the
channel (Miyazawa et al., 1999) and affect the rate of channel
closing; structural differences between the loops of the yand €
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subunits are major determinants of the change from fetal to
adult AChR kinetics (Bouzat et al., 1994). The M3-M4 loops
also interact with rapsyn to cluster AChR at the EP, but
the residues that bind the receptor to rapsyn have not been
determined (Gensler er al., 2001; Huebsch and Maimone,
2003; Maimone and Merlie, 1993; Yu and Hall, 1994).

Congenital myasthenic syndromes (CMS) are hetero-
geneous disorders caused by defects in presynaptic, synaptic
basal lamina or postsynaptic gene products (Engel et al.,
2003). Most CMS are postsynaptic, and most postsynaptic
CMS are caused by mutations in AChR subunits (Engel
et al., 2003). To date, six missense mutations have been
observed in the M3-M4 loops. An in-frame duplication of
residues 413-418 (e1254ins18) (Milone et al., 1998) and a
missense mutation (€A411P) (Wang ez al., 2000), both in
the amphipathic helix of the & subunit, corrupt the fidelity
of gating and result in irregular channel kinetics. A three-
codon deletion of residues 426428 of the B subunit
(B426EQEdel) disrupts a specific interaction between the B
and 9 subunits and impairs AChR assembly (Quiram et al.,
1999). Three missense mutations [eR311W (Ohno et al.,
1997), eP331L (Croxen et al., 2001) and aV402F (Milone
et al., 1999)] reduce surface expression of AChR. Addition-
ally, eR311W mildly shortens and o V402F modestly prolongs
channel opening events.

Here we trace the cause of a myasthenic syndrome in two
patients to two heteroallelic mutations in the acetylcholine
receptor {AChR) € subunit: deletion of the C-terminal residue
of the M3-M4 cytoplasmic loop (eN436del) plus a null
mutation in the second & allele. When £N436del-AChR and
corresponding deletion mutants of other AChR subunits are
expressed in human embryonic kidney (HEK) cells, each
mutant reduces AChR expression, but whereas the €, B and
o deletion mutants decrease, the o deletion mutant markedly
increases the duration of channel opening episodes. Kinetic
analysis reveals that the € deletion mutant has decreased ACh
affinity for the diliganded closed state and impaired gating
efficiency, whereas the a deletion mutant markedly enhances
ACh affinity and gating efficiency. Thus, the presence of the
C-terminal residue of each M3-M4 loop is essential for normal
expression, and loops from the different subunits contribute in
an asymmetrical manner to optimize activation of AChR.

Methods
Muscle specimens

Intercostal muscle specimens were obtained intact from origin to
insertion from patients and control subjects without muscle disease
undergoing thoracic surgery. All human studies were in accord with
the guidelines of the Institutional Review Board of the Mayo Clinic.

ACHR and acetylcholinesterase were detected in cryostat sections
by two-colour fluorescence (Hutchinson et al., 1993). Endplates
(EPs) were localized for electron microscopy and analysed by
the established methods (Engel 1994a, b). Peroxidase-labelled
a-bungarotoxin (a-bgt) was used for the ultrastructural localization
of AChR (Engel er al., 1977). The number of AChRs per EP was
measured with [Izsl]a—bgt (Engel et al., 1993).

Electrophysiology of muscle specimens

Recordings of miniature EP currents and estimates of the number of
transmitter quanta released by nerve impulse were carried out as
described elsewhere (Engel et al., 1993; Uchitel et al., 1993).
Single-channel patch-clamp recordings from EP AChR were per-
formed in the cell-attached mode as previously described (Milone
et al., 1994).

Mutation analysis

We directly sequenced the AChR ¢ subunit gene using genomic DNA
(Ohno ez al., 1996). For family analysis, we traced the e]lVS9-1G—C
mutation by EcoNI and the £€911delT mutation by Eco72I restriction
analysis of PCR products. The eN436del mutations was traced with
allele-specific PCR in family members and in 200 normal alleles of
100 unrelated controls.

Construction and expression of wild-type and
mutant AChRs

Sources of human «, B, & and 8 subunit cDNAs were as previously
described (Luther et al., 1989; Ohno et al., 1996; Schoepfer
et al., 1988). All four ¢cDNAs were subcloned into the CMV-
based expression vector pRBG4 (Sine, 1993) for expression in
human embryonic kidney fibroblast (293 HEK) cells. The artificial
mutations were engineered into wild-type AChR subunit cDNAs in
pRBG4 using the QuikChange Site-Directed Mutagenesis Kit
(Stratagene). The presence of each mutation and the absence of
unwanted mutations was confirmed by sequencing the entire inserts.
HEK cells were transfected with a total of 7.2 pg of plasmids,
comprising pRBG4-a, -B, -3, - and pEGFP-NI in a ratio of
2:1:1:1:1 per 35 mm dish using the calcium phosphate
precipitation method (Bouzat et al., 1994; Ohno et al., 1996), or a
total of 2 pg of plasmids using 6 pl of the FuGene6 transfection
reagent (Roche). For patch-clamp studies, we enhanced expression
of eDN435del-, aH408del-, BR446del-, 8R450del-, B-omitted and
d-omitted AChRs by adding I pg of the pAdVAntage plasmid
(Promega) per 10 pg of total AChR subunit cDNAs.

Bungarotoxin binding measurements

The total number of [ml]a—bgt sites on the surface of transfected
human embryonic kidney (HEK) cells and ACh competition against
the initial rate of ["**IJa-bgt binding were determined as described
elsewhere (Ohno ef al., 1996). ACh competition measurements were
analysed using the monophasic Hill equation for wild-type and
eN436del-AChR (Equation 1) or the two-binding-site equation for
g-omitted AChR (Equation 2):

1-Y=1/(1 + ([ACh]/Ko)") (1)

I —Y =fracta/(1 + [ACh]/Ka) 2
+ (1 —fracta)/(1 + [ACh]/Kp)

where Y is fractional occupancy by ACh, n is the Hill coef-
ficient, Koy is an overall dissociation constant, K5 and K are
the dissociation constants for the two binding sites, and fract,
is the fraction of sites with dissociation constant K,.

Patch-clamp recordings from AChRs expressed
in HEK cells
Recordings were obtained in the cell-attached configuration at a

membrane potential of —80 mV, at 22°C, and with bath and pipette
solutions containing (mM): KC1 142, NaCl1 5.4, CaCl, 1.8, MgCl, 1.7,



HEPES 10, pH 7.4 (Bouzat er al., 1994; Ohno et al., 1996).
Single-channel currents were recorded using an Axopatch 200A
amplifier (Axon Instruments) at a bandwidth of 50 kHz, digitized
at 5 ps intervals using a Digidata 1200A (Axon Instruments), and
recorded to hard disk using the program Clampex 8 (Axon Instru-
ments). Records were analysed at a uniform bandwidth of 11.7 kHz
with TACx4.0.9 software (Bruxton). Dwell-time histograms were
plotted on a logarithmic abscissa and fitted to the sum of exponentials
by maximum likelihood (Sigworth and Sine, 1987).

To estimate rate constants underlying AChR activation, we
employed desensitizing concentrations of ACh that cause events
from a single channel to cluster into identifiable activation episodes
(Qin et al., 1996). Clusters were identified as a series of closely
spaced openings preceded and followed by closed intervals greater
than a defined critical time. The critical time was determined by a
method that misclassifies an equal number of events between two
adjacent closed-time components (Colquhoun and Sakmann, 1985).
For each receptor, the critical time that provided the best fit for the
closed time histogram was chosen for the final analysis. Clusters with
fewer than five openings were excluded from analysis. Individual
clusters were examined for homogeneity by determining the mean
open probability and open duration for each cluster, and clusters
within two standard deviations of the means were accepted for fur-
ther analysis (Qin et al., 1996; Shen ez al., 2003). The resulting open
and closed intervals were analysed according to kinetic schemes of
receptor activation using the program MIL, which uses an interval-
based maximum likelihood method that also corrects for missed
events (Qin er al., 1996). A dead time of 23 ps was imposed on
all recordings. For each type of AChR, single-channel dwell times
obtained at a range of ACh concentrations were fitted simultaneously.
Data for wild-type AChR were obtained at 10, 20, 30, 50, 70, 100,
200 and 300 pM ACh, for eN436del-AChR at 20, 30, 50, 70, 100, 200
and 300 uM ACh, and for ®H408del-AChR at 0.3, 1, 3 and 10 uM
ACh. An average of 8900 events were analysed for each ACh con-
centration with the range from 1867 to 15 500. The final set of rate
constants were checked by superimposing probability density func-
tions calculated from the rate constants on the experimental dwell
time histograms, and by their ability to predict burst length at low
ACh concentrations (Colquhoun and Sigworth, 1995; Colquhoun and
Hawkes, 1995).

Results
Characteristics of CMS patients

Patient 1, a 25-year-old woman (Fig. 1A), and patient 2, a
12-year-old-girl, had severe myasthenic symptoms since birth,
a decremental compound muscle action potential response on
repetitive stimulation of motor nerves at 2 Hz, and negative
tests for anti-AChR antibodies. Both patients responded par-
tially to pyridostigmine and improved further with the addi-
tional use of 3,4-diaminopyridine. The parents are not
consanguineous, and there are no similarly affected relatives.

Endplate studies

The configuration of the EPs, evaluated from the cytochemical
reaction for acetylcholinesterase on teased muscle fibres,
was abnormal, with an increased number of small EP regions
(1-10 in patient 1 and 2-8 in patient 2) distributed over an
increased span of the muscle fibre surface. The number of

Mutation in muscle AChR 347

Fig. 1 (A) Patient 1 at age 25 shows ptosis, hyperactive frontalis
muscle, mild exotropia, lack of facial expression, elongated face,
and large ears. AChR is localized at patient (B) and control (C) EP
regions with peroxidase-labelled a-bgt. The patient EP has a
simplified postsynaptic region and attenuated reaction for AChR.
Magnification, X26 000.

[lzsl]ot—bgt binding sites per EP was ~10% of normal
(Table 1). Electron microscopy examination of 16 EPs in
patient 1 (Fig. 1B and C) and 24 EPs in patient 2 showed
a decreased density and restricted distribution of AChR on the
junctional folds. The integrity of the junctional folds and
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Table 1 Endplate studies

Patient 1 Patient 2 Controls
1231 w-bgt binding sites/EP 1.20 E6 1.27 E6 12.82 = 0.79 E6
EPP quantal content (1 Hz)* 51+ 3 (25) 46 * 6 (15) 31+ 1 (190)

MEPC amplitude (nA)®

1.34 = 0.05 (17)
TMEPC (ms)b'c

6.35 = 032 (17)
(i) 1.03 = 0.11 (15)
(ii) 9.30 * 0.66 (15)

Burst duration of 60 pS channels®

T (ms) ND
Area
T, (ms) ND
Area

1.74 = 0.12 (15) 3.95 = 0.10 (79)
3.23 = 0.06 (79)
(1) 0.90 = 0.09 (13)

(ii) 5.80 * 0.66 (13)

0.053 % 0.0068 (5) 0.090 = 0.03 (7)

(0.23 = 0.036) (0.13 = 0.02)
0.85 = 0.063 (5) 299 = 0.26 (7)
(0.77 = 0.063) (0.87 = 0.02)

Values represent mean = SEM; numbers in parentheses indicate number of EPs, except for [lzsl]a-bgt binding sites/EP, where they indicate
number of control subjects. T = 29 = 0.5°C for EPP recordings, and 22 = 0.5°C for MEPC and patch-clamp recordings. ND = not detected.
“Quantal content of EP potential (EPP) at 1 Hz stimulation corrected for resting membrane potential of —80 mV, non-linear summation, and
non-Poisson release. ®~80 mV. °In patient 1, monoexponentially decaying MEPCs were recorded from 17 EPs; at 15 of these EPs
biexponentially decaying MEPCs were also present. In patient 2, all MEPCs at all EPs decayed biexponentially. “ACh, 1 uM; pipette

potential, 80 mV; bandwidth, 12 kHz.

nerve terminals was preserved but some postsynaptic regions
were simplified (Fig. 1B). Quantal release by nerve impulse
was higher than normal (Table 1), probably as an adaptive
response to decreased postsynaptic sensitivity to ACh (Plomp
et al., 1992, 1995). The miniature EP current (MEPC) amp-
litude was reduced to 34% of normal in patient 1 (Fig. 1A) and
to 44% of normal in patient 2. In patient 1, most MEPCs
observed at 17 EPs decayed abnormally slowly and were
best fitted by a single exponential, but a small proportion
of the EPs (11%) at 15 of the 17 EPs was best fitted by
two exponentials, with one component shorter and one com-
ponent three times longer than normal (Table 1 and Fig. 2A).
In patient 2, MEPCs recorded from all 13 EPs decayed biex-
ponentially, with one component shorter and the other twice
longer than normal (Table 1).

Single-channel recordings from EPs of patient 2 showed
that most channels opened to a low conductance (~40 pS) and
had long burst open durations characteristic of fetal-type
v-AChRs (Fig. 2B), but a small proportion (6%) of channels
opened to the ~60 pS conductance of adult-type &-AChRs
and had shorter than normal burst durations (Table 1). To
summarize, EP studies revealed AChR deficiency, expression
of fetal v-AChR, and abnormally brief activation episodes of
the expressed adult e-AChR.

Mutation analysis

To examine the genetic basis of the observed morphological
and physiological abnormalities, we directly sequenced the
AChR ¢ subunit gene and detected three mutations in the
two patients (Fig. 3D). Both patients have a 3-bp deletion
(€1306delAAC) in € exon 12 that predicts deletion of an
asparagine residue at the C-terminus of the M3-M4 loop
of the ¢ subunit (eN436del). The deleted asparagine at codon
436 is conserved in the mouse and rat but not in the Xenopus
or bovine £ subunit or in other human subunits (Fig. 3A).
eN436del was not observed in 200 normal alleles.

Control Patient 2
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Fig. 2 (A) MEPCs recorded from a control (leff) and patient 2
(right) EPs. Arrows indicate MEPC decay time constants. The
patient MEPC has a lower amplitude and decays more slowly than
the control MEPC. Patient MEPC represents an average of

34 traces; the control MEPC represents the average of 64 traces.
(B) (Lefr) AChR channel events recorded from a control EP and
from EP of patient 2. Openings are shown as upward deflections.
ACh =1 uM. At patient EP, note prolonged low-amplitude
channel openings characteristic of fetal y-AChR and brief
higher-amplitude channel openings of adult AChR. (Right) Burst
duration histograms fitted to the sum of exponentials at control
EP, and for 60 pS and 40 pS channel openings at patient EP.
Arrows indicate mean durations of burst components. Bandwidth,
12 kHz; membrane potential, —80 mV; temperature, 22 + 0.5°C.



A Human subunits TMD4
o EWKYVAMVMDH [ILLGVFML
B DWQFVAMVVDR | LFLWTFII
8 EWFLVGRVLDR | VCFLAMLS
v SWNRVARTVDR | LCLFVVTP
g DWVRMGNALDN | ICFWAALV
¢ subunits TMD4
Xenopus  NWILIGKVLDV|LCFWVALP
Mouse DWVRMGKALDN | VCFWAALY
Rat DWVRMGKALDN | VCFWAALV
Bovine DWVRMGKALDS | ICFWAALV
Human DWVRMGNALDN | TCFWAALV

Length  Charge

B Mutations in & subunit TMD4 Change Change

human ¢ DWVRMGNALDN [ ICFWAALV 0 0
eN436del  DWVRMGNALD- | ICFWAALV - -
eD435del  DWVRMGNAL-N|ICFWAALV -1 0
eN436R DWVRMGNALDR | ICFWAALV 0 +
eN436D DWVRMGNALDD | ICFWAALV 0 -
¢DN435del DWVRMGNAL-- | ICFWAALV -2 0

C Mutations in non-e subunits TMD4

human ¢ EWKYVAMVMDH [ ILLGVFML

aH408del  EWKYVAMVMD- | ILLGVFML

human B DWQFVAMVVDR | LELWTFII

fR446del  DWQFVAMVVD- | LFLWTFII

human 8 EWFLVGRVLDR | VCFLAMLS

S8R450del  EWFLVGRVLD- | VCFLAMLS
D E

elVS9-1G—-C | eN436del

A
€lV88-1G-C ¢lVS9-1G-»C
eN436del

F
I M2 M3 I
eN436del
~/72911delT, . =N436del

£IV89-1G—C

€911delT

¢N436del €911delT

A
e¢N43sdel
£911delT

Fig. 3 (A) Multiple alignment of the carboxy-terminal segment
of the M3-M4 loop and part of the M4 domain of AChR
subunits. (B) Naturally occurring (eN436del) and artificial
mutations in & subunit expressed in HEK cells. Rightmost columns
indicate the number of deleted codons and the charge of the
C-terminal residue of the M3-M4 loop. (C) Artificial mutations
in the «, B and 3 subunits expressed in HEK cells. (D) Scheme of
the & subunit showing positions of mutations in patients 1 and 2.
(E) Family analysis in patient 1. (F) Family analysis in patient 2.
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The second mutation in patient 1 is a previously reported
splice site mutation at the 3’ end of intron 9 (eIVS9-1G—C)
that alters the canonical AG to AC at the splice acceptor site
(Fig. 3D). The mutation causes retention of intron 9, pre-
dicting 67 missense amino acids followed by a stop codon.
The genetically engineered aberrantly spliced transcript is
not expressed on the surface of HEK cells (Ohno et al.,
2003). The second mutation in patient 2 is a previously
reported frameshifting null mutation in the M3 domain of
the & subunit (€911delT) (Brengman et al., 2000; Sieb
et al., 2000) (Fig. 3D).

Family analysis in both patients indicates that the observed
mutations are heteroallelic and recessive (Fig. 3E and F).
Because €IVS9-1G—C and €911delT are null mutations,
eN436del determines the phenotype of both patients.

Expression studies of eN436del-AChR
expressed in HEK cells

To determine whether eN436del hinders the amount of AChR
expressed on the cell surface, we engineered eN436del into
the human € subunit and coexpressed it with complementary
wild-type o, B and § subunits in HEK cells. As a control,
we coexpressed a, B and & subunits in the absence of the €
subunit. Measurement of [lzsl]a—bgt binding revealed
£N436del-AChR reduced surface expression to ~50% of
wild-type, while that of g-omitted ;38,-AChR was ~38%
of wild-type (Fig. 4A).

To distinguish between lack of incorporation and reduced
expression of the mutant ¢ subunit, we measured ACh binding
at steady state by competition against the initial rate of
["*Tla-bgt binding (Sine and Taylor, 1979). Wild-type
o3¢ pentamers bind ACh in a monophasic manner, whereas
g-omitted a,38, pentamers bind ACh in a biphasic manner
(Fig. 4B) (Ohno et al., 1996). eN436del-AChR binds ACh in
a monophasic manner like wild-type AChR (Fig. 4B), indi-
cating that the mutant subunit incorporates into most if not all
cell surface pentamers. The apparent dissociation constant of
gN436del-AChR for ACh was very similar to that of wild-type
AChHR (Fig. 4B).

To examine Kinetic effects of eN436del, we recorded
single-channel currents from human embryonic kidney
(HEK) cells expressing &N436del-AChR or wild-type
AChR activated by a low concentration of ACh (50 nM).
Open interval and burst duration histograms of both wild-
type and mutant AChRs showed three components, presum-
ably corresponding to two brief mono-liganded open states
and one long diliganded open state. Mean durations of
diliganded openings are reduced to 46% of wild type by
eN436del, and those of the corresponding bursts are reduced
to 38% (Table 2 and Fig. 5A and B).

The effects of eN436del are caused by
shortening of the M3-M4 loop

The eN436del mutation shortens the M3-M4 loop and at the
same time shifts a negatively charged aspartic acid residue to



