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Abstract

During the past 5 years an increasing number of patients were diagnosed with congenital
myasthenic syndromes (CMS) and a number of novel syndromes were recognized and
investigated. This presentation focuses on the CMS caused by defects in choline acetyltransferase,
novel fast-channel syndromes that hinder isomerization of the acetylcholine receptor from the
closed to the open state, the consequences of deleterious mutations in the intermediate filament
linker plectin, altered neuromuscular transmission in a centronuclear myopathy, and two recently
identified CMS caused by congenital defects in glycosylation.
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Introduction

The molecular era of the congenital myasthenic syndromes (CMS) came of age in 1995 with
discovery that a highly disabling slow-channel CMS was caused by a gain-of-function point
mutation in the second transmembrane domain of the AChR e subunit. Since then, no fewer
than 14 disease genes have been identified and the tools of molecular genetics empowered
the candidate gene approach. Linkage analysis and more recently exome sequencing studies
also helped pinpoint disease genes and mutations. Table 1 shows a classification of 350
CMS kinships investigated at the Mayo Clinic to date. The table is still incomplete because
in half as many kinships the molecular basis of the CMS remains undefined. This
presentation focuses on selected CMS recently investigated in our laboratory.

Choline acetyltransferase (ChAT) deficiency

We have investigated 18 unrelated patients with this CMS. The first 5 were seen before
20011 and 13 others in the past decade; 11 of 13 patients harboring one nonsense and 12
missense mutation were further investigated? (Fig. 1A). Abrupt episodes of apnea or severe
dyspnea against a variable background of myasthenic symptoms remains a hallmark of the
disease. Five patients presented with apnea and with or without other myasthenic symptoms
at birth and 5 had similar presentation during the first 5 months of life. Three patients never
breathed spontaneously; one died and 2 others are ventilator dependent at 4 and 10 years of
age. One patient was born with multiple joint contractures. Eight affected siblings of 4
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patients died in infancy. Pyridostigmine treatment improved but did not remove the
symptoms in 9 patients and had no effect in 4 severely affected patients.

To better understand the phenotypic variability of the disease, we determined expression of
the recombinant mutants in heterologous cells, analyzed their kinetic properties and thermal
stability, and interpreted their functional effects in the context of the atomic structural model
of human ChAT at 2.2 A resolution.34 We examined expression of missense mutants at the
protein level by genetically engineering mutant and wild-type CHAT cDNAs into Bosc 23
cells and analyzed immunoblots of cell lysates. Eight mutants expressed at significantly
lower levels than wild-type, and five of these (W421S, S498P, T553N, p.A557T, p.S572W)
expressed at <50% of wild-type.

To evaluate the kinetic parameters and thermal stability of wild-type and mutant ChATSs, we
transformed £. coli with histidine-tagged CHAT cDNAs and purified the enzymes recovered
from the bacterial cell lysates on a Ni-NTA column followed by fast protein liquid
chromatography. Ten mutations alter one or more rate constants of ChAT activation and
hence the catalytic efficiency of the enzyme. Two mutations that introduce a Pro residue into
an alpha helix (S498P and S704P) have little effect on enzyme kinetics but compromise the
thermal stability of the mutant protein. The most severely affected patients harbored at least
one mutation near the active site tunnel (M202R, T553N, and A557T) (Fig. 1B) or the
agonist binding site (S572W) (Fig. 1C) of the enzyme and some of these also curtailed
enzyme expression.

Novel fast-channel mutations in AChR

Fast-channel CMS are caused by recessive loss-of-function mutations of the AChR. The
mutations become pathogenic when accompanied by a low-expressor or null mutation in the
second allele or if they occur at homozygosity. The mutations exert their effect by
decreasing agonist affinity or by impeding isomerization of the receptor from the closed to
the open state.

Homozygous e€W55R mutation at the a/e binding site interface

This mutation was observed in an 8-year-old boy born to consanguineous parents with
severe myasthenic symptoms that responded poorly to pyridostigmine.® Three similarly
affected siblings died in infancy. The mutated Trp55 is one of several negatively charged
aromatic residues at the a/e binding site required to stabilize cationic ACh by electrostatic
forces (Fig. 2A B, and C). Thus replacement of the electron-rich Trp by a cationic Arg was
expected to hinder binding of ACh to the a/e binding site. Single-channel recordings from
eW55R-AChR expressed in HEK cells at low ACh concentration (50 nM) revealed that the
length of the dominant component of channel opening bursts was reduced to 10% of wild
type (Fig. 2E). Analysis of channel openings over a range of ACh concentrations
demonstrated that the eW55R mutation reduces apparent agonist affinity at the a/e binding
site by 30-fold and decreases apparent gating efficiency by 75-fold. The mutation also
curtails the opening probability of the receptor (Popen) Over a wide range of ACh
concentration (Fig. 2D). In the presence of 1 mM ACh, which corresponds to the estimated
peak ACh concentration in the synaptic space after quantal release, the Pgpen Of the mutant
receptor is only 10% of wild-type, which explains the patient’s refractoriness to clinically
attainable doses of pyridostigmine.

aV188M mutation in the AChR C-loop hinders initiation of channel gating

According to current knowledge, the C-loop alters its conformation during agonist binding.
Without agonist, it adopts a range of open conformations that allow the agonist to enter the
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binding pocket. When the agonist binds, the C-loop moves inward, traps the agonist, and
thereby initiates the chain of events that culminate in opening of the ion channel .69

An aV188M mutation in the C-loop (Fig. 3A) was observed in a 42-year-old woman with
severe myasthenic symptoms since birth.10 She also carries a heteroallelic low-expressor
aG74C mutation in the main immunogenic region; hence aVV188M determines the
phenotype. Light and electron microscopy studies of intercostal muscle endplates (EPs)
demonstrated no structural abnormality.

When wild-type and mutant receptors were expressed in HEK cells and their openings
monitored by patch-clamp, the length of the predominant burst duration of the mutant
receptor was only 20% of the wild-type. Detailed kinetic analysis of single channel
recordings obtained over a range of ACh concentrations revealed that the most significant
effect of aVV188M is a ~70-fold decrease of the apparent channel gating efficiency 6,
defined by the ratio of the channel opening rate a to the channel closing rate p. The derived
rate constants of activation allowed calculation of Popen as a function of ACh concentration.
A plot of Popen over 3 orders of magnitude of ACh concentrations revealed a marked right-
shift of Popen of the mutant compared to the wild-type receptor. Substitution for Val188 with
residues of larger or smaller side-chain volume again reduced the channel opening rate.

To elucidate how a'V188M hinders channel opening, we employed thermodynamic mutant
cycle analysis® to test whether a\V188 is energetically coupled to nearby a Y190, a D200,
and a K145, and whether a these residues contribute jointly to closure of the C-loop after
agonist binding (Fig. 3A).12 The principle of mutant cycle analysis is that the free energy
change caused by mutation of residue A depends on other residues in the protein. If
mutation of a second residue B alters the free energy change caused by mutation of A, then
Aand Bare energetically coupled. If mutation of a third residue Calters the interactive free
energy of the coupling residues A and B, then Calso contributes to the interaction between
Aand B.

We cast the results of the mutant cycle experiments into two 3-dimensional cubic mutant
cycles. This analysis revealed that a\VV188 is strongly coupled with aY190 (Figure 3B, top
face) and also with aD200 (Figure 3C, top face), but not with a K145 (front faces in in Fig.
3B and 3C). We also found that a K145 contributes to energetic coupling between a\V188
and a'Y190 (Figure 6B, top and bottom faces) and between aVV188 and a.D200 (top and
bottom faces in Fig. 3C). Further studies revealed that energetic coupling between a K145/
a Y190 also depends on a' V188 (left and right faces in Fig. 3B). Moreover, a\V188 also
contributes to the energetic coupling between a K145 and aD200 (left and right faces in
Figure 3C). Thus aVV188 emerges as a key residue that orchestrates rearrangement of the C-
loop during initial coupling of binding to gating.

CMS caused by plectin deficiency

Plectin, encoded by PLEC, is a 499-533 kDa dumbbell-shaped intermediate filament
cytolinker with multiple isoforms due to exon 1 splice variants. Muscle isoforms link the
intermediate filament cytoskeleton to myofibrils, sarcolemma, mitochondria, and nuclear
envelope proteins. A skin isoform links epidermal keratin filaments to dermal integrin
filaments. The predictable consequences of plectin deficiency in muscle are dislocation of
myofiber organelles, gaps in the sarcolemma, and degenerating junctional folds. In skin,
plectin deficiency results in epidermolysis bullosa simplex (EBS) due to dermoepidermal
disjunction.

The two patients observed by us respectively carry a Q2057X and p.R2319X and a shared c.
12043dupG mutation13-14 Both patients had EBS since infancy and later developed a
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progressive myopathy and myasthenic syndrome refractory to pyridostigmine. Both had a
decremental EMG response on repetitive nerve stimulation, and half-normal amplitude
miniature EP potentials (MEPPs). One patient became motionless at age 37 years and died at
age 42. The second patient is severely disabled in her thirties. Morphologic studies of both
patients revealed dislocated and degenerating muscle fiber organelles (Fig. 4A-D), and
plasma membrane defects (Fig. 4E) resulting in Ca2* overloading of the muscle fibers as in
Duchenne dystrophy, and extensive degeneration of the junctional folds (Fig. 4F), all
attributable to lack of cytoskeletal support.14

CMS in centronuclear myopathy

Centronuclear myopathy (CNM) is a clinically and genetically heterogeneous congenital
disorder diagnosed by presence of central nuclei in the majority of muscle fibers with only
few or no necrotic or regenerating fibers. The disease genes identified to date are
myotubularin (MTMI), dynamin 2 (DNMZ2), amphiphysin 2 (B/N1) and skeletal muscle
ryanodine receptor (R YRI) but several patients diagnosed by pathologic criteria have no
identified mutations. Apart from limb weakness, ptosis and ophthalmoparesis often occur in
all genetically-identified CNM subtypes and some CNM patients fatigue abnormally. One
CNM patient with myasthenic features had a homozygous missense mutation in B/NV1.1°
Four CNM patients with myasthenic features responding to pyridostigmine with no known
mutation were also reported but EP structure and parameters of neuromuscular transmission
were not evaluated.16

We investigated an adult CNM patient with myasthenic features.1” His early motor
development was normal but he never ran well. At age 13 years, he had fatigable limb-
muscle weakness and mild eyelid ptosis.. At age 39 years, he had a 19-35% EMG
decrement. He responded well to pyridostigmine. Mutation analysis revealed no mutations
in currently identified CNM disease genes.

EP studies revealed pre- and postsynaptic abnormalities. Synaptic contacts visualized by the
cholinesterase reaction showed multiple EP regions on single fibers suggesting remodeling.
Quantitative EM revealed simplified postsynaptic regions, normal nerve terminal size,
normal synaptic vesicle density, and mild AChR deficiency. The amplitude of the miniature
EP potential (MEPP) was reduced to 60% of normal. The MEPP decay time was 1.5+-fold
prolonged pointing to presence of fetal AChR at the EPs. Quantal release by nerve impulse
(m) was reduced to 40% of normal due to decreased number of quanta available for release.
The decreased MEPP amplitude could be due to a combination of factors: simplification of
the postsynaptic region reduces the input resistance of the muscle fiber and hence the MEPP
amplitude; the decreased number of AChRs per EP; and presence of immature AChRs at the
EP that generate lower amplitude MEEPs than adult AChRs. The decreased quantal release
by nerve impulse could be due to decreased synaptic contacts per muscle fiber or to a defect
in the synaptic vesicle cycle. Because the cholinesterase reactive synaptic contact areas of
the fibers were not appreciably reduced, the decrease in /7 likely signals a defect in the
synaptic vesicle cycle.

CMS caused congenital defect in glycosylation

Glycosylation of nascent peptides increases their solubility, folding, assembly, and
intracellular transport.18.19.20 Two enzymes involved in glycosylation, glutamine fructose-6-
phosphate transaminase (GFPT1) and dolichol phospate-GlycNac-1-phosphotransferase
(DPAGTL) are now known to be associated with CMS. GFPT1 controls the flux of glucose
into the hexosamine pathway, and hence the biosynthesis of N-acetylglucosamine, a key
component of glycosyl residues for A- and O-linked glycosylation of proteins. DPAGT1
catalyzes the first committed step in the path of A~glycosylation.

Ann N'Y Acad Sci. Author manuscript; available in PMC 2013 December 01.
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CMS caused by defects in GFPT1

This CMS was identified in 2011 by Senderek and co-workers 21 by linkage and
homozygosity analysis studies of multiplex kinships with limb-girdle CMS associated with
tubular aggregates in skeletal muscle. GFPT1 is expressed in many tissues and has a long
muscle-specific isoform (GFPTL1). We investigate 11 CMS patients with GFPT1
deficiency. Ten had a childhood onset, slowly progressive limb-girdle weakness responsive
to pyridostigmine. In contrast, one (Patient 6) did not move in utero and was apneic and
floppy at birth with multiple joint contractures. At age 9 years, she has marked weakness of
all except the ocular muscles, requires ventilatory support and gastrostomy feedings, and
responds only slightly to pyridostigmine and 3,4-diaminopyridine. Interestingly, her mother
has dermatomyositis and a high titer of AChR antibodies but no clinical myasthenia. The
patient never had antibodies against adult AChR and tests by Angela Vincent detected no
antibodies against fetal AChR in the patient or her mother.

Mutation analysis of each patient revealed two heteroallelic mutations in GFPT1 in each
patient and 12 of these are novel. The most severely affected Patient 6 harbors a nonsense
mutation and an intronic deletion that causes skipping of the muscle specific exon of
GFPTL1.

Conventional histochemical studies revealed tubular aggregates in type 2 fibers in 6 of 7
patients, and rimmed vacuoles in 3 patients. The vacuoles in Patient 6 had autophagic
features. Six patients had abnormal EM studies; 5 had abnormally small nerve terminals and
simplified postsynaptic regions; Patient 6 had numerous fibers harboring dilated and
degenerating vesicular profiles, multiple autophagic vacuoles, and bizarre apoptotic nuclei.

Parameters of neuromuscular transmission were evaluated by microelectrode studies in 5
patients. In 3, the MEPP amplitude was significantly reduced and this was most marked in
Patient 6. Quantal release by nerve impulse was normal in 4 patients, but was markedly
reduced in one patient.

CMS caused by defects in DPAGT1

We recently identified two CMS patients harboring mutations in DPAGT1.22 While our
work was in progress, this CMS was reported by Belaya and co-workers.23 One of our
patients is a 16-year-old mentally retarded girl with severe generalized CMS since infancy.
One similarly affected sibling also has autistic features. The second patient is a 14-year-old
girl with mild cognitive deficits and progressive limb-girdle CMS since infancy. Both
responded poorly to anti-AChE therapy. Intercostal muscle specimens in both show small
tubular aggregates in type 2 fibers, typel fiber atrophy, and a vacuolar myopathy with
autophagic features. Endplate studies revealed that quantal release, postsynaptic response to
acetylcholine quanta, and EP AChR content are reduced to ~50% of normal. Quantitative
EM of 65 EP regions shows hypoplastic endplates, very small nerve terminals, and poorly
differentiated postsynaptic regions. Neither patient harbors mutations in currently
recognized CMS disease genes but exome sequencing in each identified two heteroallelic
mutations in DPAGT1. Immunoblots of muscle extracts probed by two different antibodies
demonstrated reduced to absent glycosylation of ~70 kDa proteins. We hypothesize that
hypoglycosylation of synapse-specific proteins causes defects in motor as well as central
synapses.

Ann N'Y Acad Sci. Author manuscript; available in PMC 2013 December 01.
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Figure 1.

Recently identified mutations in ChAT. (A) Human ChAT showing the identified mutations
and the catalytic His442 at the active site. Asterisk indicates the active-site tunnel. (B)
Positions of mutated residues in the active site tunnel and kinetic landscapes of wild-type
and mutant enzymes. The p.M202R mutant is essentially inactive. T553N and A557T
mutants fail to saturate within the indicated range of substrate concentrations. (C) Position
of S572 and kinetic landscape of the S572W-ChAT. S572 is close to the AcCoA and choline

binding sites. This mutation markedly reduces k.,-and K, for both substrates. (PDB 2FY?2).
(Reprinted from Reference 2, by permission.)
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Figure 2.

The eW55R mutation at the AChR a/e binding site. (A): Structural model of extracellular
domains of human AChR viewed from the synaptic space indicating positions of Trp
residues at the a/6 and a/e binding sites. (PDB 1 9B) (B) Side-view of the a and e subunits
showing position of loops E, D, G, and F in the e subunit, and loops A, B, and C in the a
subunit. (C) Stereo view of the binding site showing positions of aromatic residues
shrouding the binding pocket. In each panel, the mutated eTrp55 at the a/e binding site is
highlighted in red. (Based on the crystal structure of the ACh binding protein (PDB 19B)
and lysine scanning mutagenesis delineating the structure of the human AChR binding
domain. (D). Channel open probability (Popen) of e W55R-AChR as function of ACh
concentration. Symbols and vertical lines indicate means and standard deviations. Smooth
curves are Popen predicted by the fitted rate constants. (E) Single-channel currents elicited
from HEK cells transfected with wild-type- and eW55R-AChR. Left: Representative
channel openings elicited by 50 nM ACh. Right: Logarithmically binned burst duration
histograms fitted to the sum of exponentials. Arrows indicate mean duration of burst
components. (Reprinted from Reference 5, by permission.)
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Figure 3.

The a;AChR subunit binding site and mutant cycle analysis of potentially interacting
residues. (A) Stereo view of the binding site at 1.9 AA resolution (PDB 2QC1) shows
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spatial disposition of the potentially interacting residues. (B) Cubic mutant cycle analysis of
energetic interactions betweenaVV188, a' Y190 and a K145. (C) Cubic mutant cycle analysis
of energetic interactions between aVV188, aD200 and aK145. In (B) and (C), numbers on
arrows show difference in free energy change (A AG) between 2 different AChRs in kcal/
mol. The indicated diagonal lines in planes show first-order coupling free energy (AAGin)
for a given pair of mutants except for the front planes of B and C, where it is AAG;j,=-0.78
kcal/mol, and for the back planes of B and C where it is AAG;=0.13 and 0.78 kcal/mol,

respectively.( Reprinted from Reference 10, by permission.)
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Figure4.

Ultrastructural findings in plectin deficient muscle fiber. (A) Note subsarcolemmal rows of
large nuclei harboring multiple prominent chromatin bodies. (B) and (C) Subsarcolemmal
and intrafiber clusters of mitochondria surrounded by fiber regions devoid of mitochondria.
(D) Aberrant and disrupted myofibrils surrounded by clusters of mitochondria intermingled
with glycogen, ribosomes, and dilated vesicles (x). Note pre-apoptotic nucleus at upper
right. (E) Focal sarcolemma defects due to gaps in the plasma membrane. Where the plasma
membrane is absent, the overlying basal lamina is thickened (x). Small vesicles underlie the
thickened basal lamina. Asterisks indicate segments of the preserved plasma membrane. (F)
Degenerating EP in plectin deficiency. On the left, the postsynaptic region is only partially
occupied by the nerve terminal (nt). The center of the panel shows a nerve sprout (ns) and a
nerve terminal are separated by a widened synaptic space from the underlying junctional
folds. Many folds are atrophic and degenerating. Streaks of collapsed basal lamina and small
globular residues represent remnants of preexisting folds (asterisks). Bars = 4 um in (A), 3
pmin (B), (C), 1.4 pmin (D), 1 pm in (E) and (F). (Reprinted from Reference 14, by
permission.)
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