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Abstract

Choline acetyltransferase catalyzes the synthesis of acetylcholine at cholinergic nerves. Mutations
in human CHAT cause a congenital myasthenic syndrome (CMS) due to impaired synthesis of
ACh; this severe variant of the disease is frequently associated with unexpected episodes of
potentially fatal apnea. The severity of this condition varies remarkably, and the molecular factors
determining this variability are poorly understood. Furthermore, genotype—phenotype correlations
have been difficult to establish in patients with biallelic mutations. We analyzed the protein
expression of seven ChAT mutations, p.Vall36Met, p.Arg207His, p.Arg186Trp, p.Vall94Leu,
p.Pro211Ala, p.Arg566Cys and p.Ser694Cys, in HEK-293 cells to phosphorylated ChAT,
determined their enzyme kinetics and thermal instability, and examined their structural changes.
Three mutations, p.Arg207His, p.Arg186Trp and p.Arg566Cys, are novel, and p.Val136Met and
p.Arg207His are homozygous in three families and associated with severe disease. The
characterization of mutants showed a decrease in the overall catalytic efficiency of ChAT; in
particular, those located near the active-site tunnel produced the most seriously disruptive
phenotypic effects. On the other hand, p.Val136Met is located far from both active and substrate-
binding sites produced the most drastic reduction of ChAT expression. Overall, CHAT mutations
producing low enzyme expression and severe kinetic effects are associated with the most severe
phenotypes.

"To whom correspondence should be addressed: Ricardo A. Maselli and Juan Arredondo, Department of Neurology, University of
California Davis, 1515 Newton Court, Room 510, Davis, CA 95618, USA, Tel: +1 5307545019; Fax: +1 5307545036;
ramaselli@ucdavis.edu and juaarredondo@ucdavis.edu..
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INTRODUCTION

Deficiency of acetylcholine (ACh) synthesis is a variant of congenital myasthenic syndrome
(CMS) caused by mutations in choline acetyltransferase (CHAT; MIM# 118490). This
ChAT deficiency is also referred to as CMS associated with episodic apnea (Ohno et al.,
2001; Barisic et al., 2005), and is one of the described types of CMS caused by a defect of
an enzyme located in the nerve terminal (Engel et al., 2012). Other enzymes causing CMS
are GFPT-1 (Senderek et al., 2011), DPAGT1 (Marek et al. 2015), ALG2 and ALG14
(Cossins et al., 2015), and PREPL (Régal et al., 2014); these enzymes are involved in the
glycosylation pathways.

ChAT catalyzes the transfer of an acetyl group from acetyl coenzyme A (AcCoA) to choline
to form the neurotransmitter ACh in cholinergic neurons (Nachmansohn and Machado,
1943). Synaptic transmission between cholinergic neurons and their target cells is dependent
on functional ChAT, and although reduction of ChAT expression and activity has been
found in several neurological and psychiatric disorders, such as Alzheimer disease
(Whitehouse, 1998) and schizophrenia (Holt et al., 2005), the majority of CHAT mutations
reported to date have manifested as CMS (Engel, 2012); however, sequence variants of
CHAT have been described in association with Alzheimer disease (Mubumbila et al., 2002),
and recurrent large-scale deletions have been reported in developmental delay (Stankiewicz
etal., 2012).

The pathogenic mechanism responsible for failure of neuromuscular transmission in
deficiency of ACh synthesis differs substantially from that of other variants of CMS,
because in this syndrome neither the endplate neither potential quantal content nor the
postsynaptic response to a single quantum of ACh is significantly diminished (Ohno et al.,
2001; Maselli et al., 2003). Instead, there is a use-dependent reduction of the quantal size
due to a decrease in the number of ACh molecules per synaptic vesicle (Engel and Lambert,
1987; Mora et al., 1987) with normal ultrastructure of the neuromuscular junction (NMJ)
(Maselli et al., 2003).

ChAT consists of a binding domain and a catalytic domain with an interfacial active-site
tunnel and a key histidine for catalytic activity at the center of the tunnel (Cai et al., 2004;
Kim et al., 2006), as shown in Fig. 1. The essential histidine residue, corresponding to
His442 in human ChAT (Carbini and Hersh, 1993), is thought to act as a general base
catalyst in the reaction. The activity of ChAT is decreased under oxidizing conditions and by
modification with sulfhydryl-reactive agents (Hersh et al., 1979), indicating the presence of
cysteines in the vicinity of the active site.

Reaction of ChAT with butanedione, an arginine-modifying reagent, affects the activity of
the enzyme (Carbini et al., 1990), and two arginine residues, Arg452 and Arg453, which
correspond to human Arg560 and Arg561 respectively, that have been shown to be involved
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in CoA binding in rat ChAT (Wu and Hersh, 1995). In addition to these arginine residues,
the binding of AcCoA and CoA is strongly affected by the enzyme location: the dissociation
of CoA is the rate-limiting step at low ionic strength, but other steps become rate limiting at
high ionic strength (Hersh et al., 1978; Hersh, 1979). The ChAT binding and catalytic
domains have a six-stranded -sheet surrounded by a-helices (Jogl and Tong, 2003; Cai et
al., 2004).

The affinity for AcCoA is much higher than the affinity for choline, and the two-substrate
reaction follows sequential kinetics with AcCoA as the leading substrate of the forward
reaction (Hersh, 1979; Carbini and Hersh, 1993). His442 is proposed to function as a general
base, enhancing the nucleophilicity of the choline hydroxyl for attack on the thioester bond
in the forward reaction (Roskoski, 1974; Hersh, 1982).

ChAT is a member of the CoA-dependent acyltransferase superfamily, which also includes
carnitine acetyltransferase, chloramphenicol acetyltransferase, dihydrolipoyl transacetylase,
VibH, and carnitine palmitoyltransferase, enzymes involved in fatty acid metabolism and
maintenance of acyl-CoA pools (Murzin et al., 1995; Ramsay et al., 2001). ChAT isa
complex protein with alternative splicing that can produce six different MRNA isoforms,
termed H, M, N1, N2, R, and S. Two of these transcripts, M and S, also encode 83- and 74-
kDa isoforms of the protein through alternative translation start sites.

Previously, other CHAT mutations have been reported to cause CMS symptoms (Barisic et
al., 2005; Maselli et al., 2006; Mallory et al., 2009). A first study by Ohno et al (2001) and a
more recent study by Shen et al. (2011) describe CHAT mutations causing CMS and
examine the biochemical effects of the mutant enzymes. However, genotype—phenotype
correlations in these previous reports were difficult to establish due to the lack of
homozygous patients. We describe here the result of expression studies analyzing the level
of phosphorylated ChAT, kinetic properties, thermal instability and predicted H-bonding
structural changes of seven CHAT mutants causing CMS. Three of these mutants are novel
and two are unique because they are homozygous in three independent families.

MATERIALS AND METHODS

Cells and Reagents

Constructs

HEK?293 cells were grown in Dulbecco’s modified medium supplemented with 10% fetal
bovine serum, L-glutamine, and penicillin/streptomycin, while being incubated at 37°C with
5% CO,.

Mammalian expression vector—The full-length CHAT cDNA clone was obtained from
Dr. David Rogers (Molecular and Cellular Biochemistry, University of Kentucky); we then
subcloned the cDNA into a mammalian expression vector (pcDNA4/HisMax TOPO TA,
Invitrogen). This wild-type CHAT cDNA was subjected to site-directed mutagenesis in order
to create the CHAT p.Val136Met, p.Argl86Trp, p.Vall94Leu, p.Pro211Ala, p.Arg207His,
p.Arg566Cys and p.Ser694Cys mutations (QuikChange 11, Agilent), and then transformed
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into XL1-Blue competent cells (Maselli et al., 2010). Presence of desired mutations and
absence of unwanted mutations was confirmed using sequencing.

Mutational Analysis

The blood from 5 patients was used to extract genomic DNA using the QIAmp DNA Blood
Kit (Qiagen). The genomic DNA was amplified by PCR and sequenced for all 20 expressed
exons of the human CHAT gene. PCR products were sequenced on an ABI 3730 DNA
Analyzer (Applied Biosystems). The sequences were analyzed with BioEdit software to find
possible mutations, and the CHAT gene (NC_000010 and NM_020549.2) sequences were
used as wild-type control. All DNA sequences showing differences from the control,
whether pathogenic or not, were documented for later analysis. When possible, unaffected
family members were genotyped as well. Our institutional review board approved the study.
Patients were informed of their rights and the details of the research, and they all signed an
informed consent form.

Expression Studies of Phosphorylated ChAT in HEK Cells

Expression in HEK293 cells—Since the ChAT S transcript transcribes all possible
transcripts, it was used for the expression studies. It also contains all identified mutations,
previously cloned from a spinal cord cDNA library (Ohno et al., 2001), and it is the
predicted transcript used by motor neurons. Human CHAT wild-type and the p.Val136Met,
p.Argl86Trp, p.Vall94Leu, p.Pro21Ala, p.Arg207His, p.Arg566Cys and p.Ser694Cys
CHAT mutant cDNAs, 19 pg per 75-cm? flask were used to transfect HEK293 cells using
DharmFECT1 transfection reagent as described previously (Arredondo et al., 2006, 2008),
according to the manufacturer’s protocol. The cells were collected 48 h post-transfection and
lysed with M-PER Mammalian Protein Extraction Reagent, including 10 pl Halt Protease
Inhibitor per 1 ml of buffer; the extracts were used for determination of ChAT enzymatic
activity (Ray et al., 2009) and affinity chromatography for purification of ChAT. Cells were
also transfected with GFP to estimate transfection efficiency. HEK293 cells were used
instead of bacteria cells to overexpress ChAT enzymes because we wanted the enzyme to
undergo all post-translation modifications, such as phosphorylation, which is important for
ChAT catalytic activity (Dobransky et al., 2000); (Dobransky and Rylett, 2005).

Purification of Phosphorylated ChAT by Affinity Chromatography

The HEK?293 cells were transfected with human wild-type ChAT and mutant cDNASs as
described above, and the cell lysates were used for enzyme purification. Briefly, NHS-
activated Sepharose 4 Fast Flow (GE Healthcare) is a pre-activated agarose matrix that
increases the capacity of coupling antigens, like ChAT antibody. Before coupling, the matrix
was washed with 10-15 volumes of cold 1 mM HCI. A concentration of 10 mg/ml of ChAT
antibodies was dissolved in the coupling buffer (0.2 M NaHCQO3, 0.5 M NaCl pH 8.3), to
achieve maximum efficiency; the coupling of matrix and ligand was at 4°C overnight. After
coupling, the matrix-ligand complex was washed with 0.1 M Tris-HCI buffer pH 8-9, and
0.1 M acetate buffer, 0.5 M NaCl pH 4-5. The procedure was 3 x 1 medium volumes of Tris
buffer followed by 3 x 1 medium volumes of acetate buffer. This cycle was repeated 3-6
times.
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After the affinity column equilibration, the cell lysates were loaded on to the NHS-activated
Sepharose column for absorption; the column was washed with equilibration buffer (0.5 M
ethanolamine, 0.1 M Tris-HCI, pH 8.5) followed by 0.2 M NaCl in equilibration buffer. The
ChAT protein was eluted with 10 mM Tris-HCI buffer, pH 9.0, containing 2 mM p-
mercaptoethanol, 2 nM EDTA, 10% glycerol, 0.3 M NaCl and 0.1 M choline chloride (Peng
et al., 1983; Bruce et al., 1985). The purified ChAT enzyme was concentrated with Amicon
filters.

SDS-PAGE and Western Blot Analysis—The purified wild-type and mutant ChAT
proteins were quantified using a NanoDrop spectrophotometer (NanoDrop Technologies).
The proteins were resuspended with a sample application buffer (1.0 mL of 0.5 M Tris-HCI
pH 6.8, 1.9 g ultrapure urea, and 10% SDS), separated on a 4-20% SDS-PAGE gradient gel
(Bio-Rad), and electroblotted as previously described (Arredondo et al., 2005). The
polyclonal primary antibody, goat anti-ChAT (Millipore), was diluted 1:1000 in LI-COR
Odyssey Blocking Buffer and incubated overnight at 4°C. The secondary antibody, donkey
anti-goat IRDye800cw (LI-COR Biosciences), was diluted 1:5000. To normalize for protein
content, the housekeeping protein B-actin was visualized in each sample with anti-B-actin
monoclonal antibody (1:1000, Santa Cruz Biotechnology) and with a secondary antibody,
goat anti-mouse IRDye800cw (1:5000, LI-COR Biosciences). The protein expression was
then quantitated using the Odyssey Imaging System (LI-COR Biosciences).

Enzymatic Activity in Phosphorylated ChAT

ChAT activity was measured under steady-state conditions by the radioactive method of
Fonnum (1969). The initial reaction velocities were determined at 37°C in a 40-pl reaction
containing a range of 0.1-3.5 mM choline and 5-1000 pM [14C]Jacetyl-CoA concentrations,
0.2-10 ng ChAT protein, 50 mM sodium phosphate (pH 7.4), 250 mM NaCl, 1 mM EDTA
and 0.5 mg/ml bovine serum albumin (BSA) (Ohno et al., 2001), in a 36-point assay.

The kinetic mechanism of the ChAT reaction followed a random Theorell-Chance
mechanism in which a low but finite amount of ternary complex exists (Hersh and Peet,
1977). We first analyzed the two-substrate ChAT reaction by assuming an ordered random
bi—bi mechanism described by the steady-state equation (Segel, 1975). The initial velocity of
the reaction is defined in the equation below:

v = kew [ChAT] [AcCoA] [Choline] / (KL.AK;;?"”"E +  Kcholine  [AcCoA] + KcCoA
[Choline] + [AcCoA] [Choline] )

Where v is the initial reaction velocity, kgt represents the turnover number (Viax/[ChAT]),
Kia is the dissociation constant for the [ChAT] [Choline] complex, and

KAcCoA  and  Keheline are the Michaelis-Menten constants. The initial steps of the
reaction are schematically represented by the scheme below, and according to the law of

equilibrium, where f"ne is the dissociation constant for the [ChAT] [Choline] complex.
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K;?CCOA KTcri"boline — tholine K;?LCCOA

The catalytic efficiencies (k. /KA1 and ko, /KCMU"€) were calculated by nonlinear
regression using SIGMAPLOT ver. 12.

ChAT Structural Analysis

The Swiss-PdbViewer (Geneva, Switzerland) VV4.1.0 graphics program (Guex and Peitsch,
1997) was used for analyzing the position of the identified human mutations in ChAT.
Swiss-PdbViewer is an application that provides an interface allowing the analysis of
several proteins at the same time (Schwede et al., 2003). The ChAT protein amino acid
changes, p.Vall36Met, p.Arg186Trp, p.Vall94Leu, p.Pro211Ala, p.Arg207His,
p.Arg566Cys and p.Ser694Cys, were superimposed in order to verify structural alignments
and to identify H-bond changes resulting from the mutant residues in comparison with wild
type. The amino acid mutations were introduced, and hydrogen-bonds and distance changes
between atoms were measured for each mutation. Since the crystal structure of human
ChAT is available (PDB 2FY2) (Kim et al., 2006); therefore, it is possible to predict the
structural changes that occur when the mutations are introduced (protein sequence:
NP_065574.1), which corresponds to the 82-83 kDa ChAT isoform 2. The best computed
rotamer was selected for each mutation.

ChAT Thermal Inactivation Analysis

A different way to study the kinetic stability of ChAT mutant enzyme is to compare it with
wild type by using the Fonnum method. Briefly, the enzymatic reactions were determined at
5°C, 15°C and 25°C in a 40-pl reaction containing 3.5 mM choline and 1000 pM
[14Cacetyl-CoA concentrations, 10 ng ChAT protein, 50 mM sodium phosphate (pH 7.4),
250 mM NaCl, 1 mM EDTA and 0.5 mg/ml BSA. During the assays, enzyme mutants were
incubated at different temperatures and different times, and the samples were diluted into the
assay medium, or into ice-cold buffer to halt further inactivation; the activity of each sample
was then measured at saturating substrate concentrations.

Quantification of ChAT Proteins Phosphorylation Residues by Tandem LC-MS/MS

The LC-MS method to identify ChAT phosphorylated residues is found in the Supp.
Methods. Briefly, the proteins were digested into peptides to identify proteins with post-
translation modifications. The peptides were analyzed by using tandem mass spectrometry
(LC-MS/MS), and then searching for modifications using X!tandem. Scaffold Proteome
Software was used to validate LC-MS/MS based peptide and protein identifications.

Statistical Analysis

All experiments were performed in triplicate and the results were expressed as mean +
standard deviation. Statistical significance was determined using Student’s t-test.
Differences were deemed significant if the calculated p value was <0.05.
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Clinical Material and Mutational Analysis

The expression studies were based on seven CHAT mutations identified in nine patients
from seven independent families. The clinical presentation and severity of symptoms in
these patients was markedly heterogeneous. Families 1-3 had been previously reported
(Maselli et al., 2003).

Family 1—The two affected siblings of a non-consanguineous Caucasian family, a boy and
a girl who were 14 and 16 respectively at the time of assessment, had a history of mild to
moderate symptoms consisting of fatigable muscle weakness and repeated falls precipitated
by exercise. In the girl, the symptoms were often triggered by contact with cold water. Both
patients had transient respiratory difficulties that were attributed to asthma. The neurologic
examination was normal in both patients. Repetitive stimulation showed decrement of
compound muscle action potential (CMAP) amplitudes immediately after 5-minute
stimulation at 10 Hz (Maselli et al., 2003). Anticholinesterase medication was not beneficial.
Both patients had CHAT mutations p.Leu210Pro and p.Pro211Leu, each one inherited from
each parent (Supp. Figure S1).

Family 2—Two sibling girls in a non-consanguineous Caucasian family experienced only
mild to moderate symptoms. In the most affected patient, the first indication of fatiguing
weakness was at age 18 months, when she was observed to lose leg control after physical
activity or after exposure to cold water. She had two episodes of severe respiratory apnea.
Examination of this patient at age 14 was normal, except for ptosis precipitated by sustained
upward gaze. Repetitive nerve stimulation at 2 Hz showed no decrement, but stimulated
single-fiber electromyography showed increased jitter (Maselli et al., 2003). The patients did
not respond to either anticholinesterase medication or 3,4-diaminopyridine (DAP).
Mutational analysis revealed that both patients carried CHAT mutations p.Val194Leu and
p.Val506Leu, each one inherited from each parent (Supp. Figure S2).

Family 3—The only one affected of three siblings in this non-consanguineous Caucasian
family was a girl age 4 at the time of clinical assessment. She had had recurrent episodes of
respiratory distress and ptosis since birth. Her two older brothers were asymptomatic. Her
neurological examination showed bilateral ptosis and mild proximal weakness.
Anticholinesterase medication improved her weakness and fatigability. DNA analysis
revealed CHAT mutations p.Arg548Ter and p.Ser694Cys, each one transmitted from each of
her unaffected parents (Supp. Figure S3).

Family 4—The only one affected of three siblings in a non-consanguineous Caucasian
family was a female aged 18 at the time of the consultation. The first indication of weakness
noted by the parents was at the age of 18 months when she became weak after exposure to
cold water. She had limited physical endurance and mild developmental delay. Later on she
developed ptosis, diplopia, chewing difficulties and limb weakness. Neurologic examination
revealed fatigable ptosis to upward gaze and mild proximal weakness. Repetitive stimulation
at 2 Hz preceded by stimulation at 10 Hz elicited decrement of CMAP amplitudes. DNA
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testing revealed that she carried CHAT mutations p.Arg186Trp and p.Arg566Cys (Supp.
Figure S4).

Family 5—The only one affected of three siblings in a non-consanguineous Native
American family was a 4-year-old boy with severe hypotonia, limb and bulbar weakness,
and respiratory insufficiency from birth. The patient had developmental delay and required a
gastric tube, tracheotomy and mechanical ventilation. The examination showed ptosis,
absent external ocular movements, severe facial and limb weakness and intact reflexes.
Repetitive nerve stimulation at 2 Hz showed about 50% decrement of CMAP amplitudes,
and a muscle biopsy was normal (Supp. Figure S5). Patient partially responded to combined
treatment with an anticholinesterase drug and DAP. Mutational analysis demonstrated that
the patient was homozygous and his parents heterozygous for CHAT mutation p.Arg207His.

Family 6—The only one affected of two siblings in a non-consanguineous Native
American family was a 5-year-old girl with severe bulbar and limb weakness from birth.
The patient required a gastric tube, tracheotomy and mechanical ventilation. She was
nonverbal and had profound developmental delay. The examination showed ptosis, impaired
external ocular movements and facial weakness, and she was unable to overcome gravity
with the proximal muscles of the upper extremities. Repetitive stimulation showed moderate
decrement of CMAP amplitudes, and the patient partially responded to anticholinesterase
medication. Muscle biopsy, including electron microscopy of the NMJ, was normal (Supp.
Figure S5). The patient was in the hospital for most of her life, and passed away from
respiratory complications a few months after she was discharged home. Mutational analysis
showed that she was homozygous and her parents heterozygous for CHAT mutation
p.Arg207His (Supp. Figure S6).

Family 7—The only one affected of two siblings in a non-consanguineous Vietnamese
American family was an 8-year-old girl who had had severe weakness as well as bulbar and
respiratory deficit since birth. The examination showed ptosis, impaired external ocular
movements and severe proximal limb weakness. She required a feeding gastrostomy tube,
tracheotomy and continuous mechanical ventilation. Repetitive nerve stimulation showed
severe decrement of CMAP amplitudes. Muscle biopsy, including electron microscopy of
the NMJ, was normal. The patient, who responded partially to combined treatment with an
anticholinesterase drug and DAP, died at age 8 of respiratory complications. Mutational
analysis showed that she was homozygous and her parents heterozygous for CHAT mutation
p.Vall36Met (Supp. Figure S7). The electromyography findings are summarized in Supp.
Table S1.

Expression Studies

The phosphorylated ChAT expression levels of p.Val136Met, p.Arg186Trp, p.Val194Leu,
p.Pro211Ala, p.Arg207His, p.Arg566Cys and p.Ser694Cys mutants were examined in
HEK-293 cells (Table 1). Mutation p.Leu210Pro had been previously reported and studied
by another group (Ohno et al., 2001); p.Val506Leu was not biochemically characterized, as
it is associated with a mild phenotype in the patient, and p.Arg548Ter expresses a truncated
protein.
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The wild-type and mutant CHAT cDNAs were transfected into HEK cells, and after 48 h
post-transfection, the cell lysates were analyzed by Western blot (Fig. 2a). The CHAT S
transcript has two alternative start sites that yield 70-kDa and 74-kDa proteins at a constant
ratio (Ohno et al., 2001). Two mutants, p.Val136Met and p.Arg207His, were expressed at
significantly lower levels than wild type, 61% and 81% respectively, and three mutants,
p.Argl86Trp, p.Vall94Leu and p.Arg566Cys, had a protein expression similar to that of
wild type, as shown in Figure 2c and Table 1. Finally, p.Pro211Ala and p.Ser694Cys had an
expression slightly higher than that of wild type, with 1.12% and 1.16% respectively.
Although based on the immunoblots some mutants appear to express lower levels of protein
at steady-state levels, an alternative explanation is that these mutant proteins degrade more
readily or are less stable in HEK cells than the wild-type.

Phosphorylated ChAT Protein

To determine how ChAT mutants affect the enzymatic activity of ChAT, the wild type and
mutant were expressed in HEK cells by using the S transcript that yields the 70-kDa ChAT.
The advantage of expressing the enzymes in mammalian cells, rather than bacteria, was to
produce the enzymes in their native forms. The benefit of purifying the enzyme from
mammalian HEK cells is that all post-translational modifications occur, including ChAT
phosphorylation (Dobransky and Rylett, 2005), and the phosphorylation of the enzyme is
important to regulate its catalytic activity (Dobransky et al., 2000). The SDS-PAGE of
purified phosphorylated ChAT enzymes is shown in Figure 2B. Even though HEK cells
undergo protein phosphorylation, it is not clear whether the phosphorylation patterns in
HEK cells are the same as the ones that occur in neurons.

ChAT Structural and Kinetic Analysis

To understand how each of the mutations affected ChAT enzymatic activity, we analyzed
how each mutation residue altered the electrostatic dipole—dipole interaction of the hydrogen
bonds (H-bonds) in the catalytic and binding domains. In Figures 3-6, we describe in more
detail how the mutations affect normal Hydrogen-bonding interactions at the catalytic
active-site and substrate binding sites. Because the residue side chain mutations usually
affect the conformation of neighbor side chain residues, Table 2 lists the H-bonds before and
after the residue mutation based on ChAT structure (PDB 2FY2). Figure 1 shows the
location of each mutation, and a summary of the hydrogen-bonding interaction changes is
described in Table 2, where the number of hydrogen-bonds changes for each mutation is
shown. When a residue is mutated, the Swiss-Pdb software scans a backbone-dependent
rotamer library and selects the conformation that minimizes the number of clashes with
surrounding residues, as well as maximizes the H-bonding potential. Figures 3-6 show the
best possible rotamer conformation for each of the mutations, which were computed to have
the lowest energy. The summary of CMS ChAT mutations is shown in Table 3. Supp.
Figures S8-S13 show all other possible conformations for each one of the mutations.

Additional computational chemistry analysis was performed to confirm the results from the
Swiss-Pdb algorithm. UCSF chimera software was performed in each of the mutations; the
results are shown in Supp. Figures S14-S19.
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Mutations Predicting Large Structural Changes

Arg207His—The mutation that was predicted to cause the largest structural changes, and
consequently the highest decrease, in the enzyme activity is p.Arg207His. The Arg207
residue is located at the surface of coil 5 between a-helix 4 and B-sheet 1, and it is 15A from
the His442 catalytic residue, as shown in Figure 1 and the summary in Table 3. This
mutation has a very low Kz and K, for AcCoA, having a catalytic efficiency and overall
catalytic efficiency less than 3% (Table 4); kinetic maps of wild-type and mutant enzyme
are shown in Figure 3c and d. The Arg207 side chain donates five hydrogen-bonds: The
Arg207 amine group interacts with Gly284 carboxyl group to form a 2.52 A H-bond, and
two interactions between its NH, and NH groups and Ser359 carboxy!l group create a 3.30A
and a 3.10A bond. Two additional hydrogen-bonds are donated between the NH, group of
Arg207 and the carboxyl groups of Leu204 (3.25 A) and Asn206 (3.32 A). Also, the Arg207
backbone amino group forms two H-bonds with the carboxyl groups of Asn205 and Asn206
with distances of 3.22 A and 2.92 A respectively. Finally, another 2.92 A hydrogen-bond
interaction takes place between the carboxyl group of Arg207 and the amino group of
Asn206, Fig. 3a. The mutated residue changes from a basic hydrophilic large residue (174
Da) to a smaller bulky basic hydrophilic His207 residue (155 Da) with an imidazole ring.
Rotamer #2 was the best structural conformation computed for this mutation (Fig. 3b), and it
shows the following changes: His207 side chain cannot donated all five hydrogen-bonds like
Arg207, but forms a new hydrogen-bond interaction between its imidazole side chain NE»
group and the Glu360 carboxy! group (3.01&). Two new H -bonds are donated between the
His207 ND1 group and the Ser359 amino group, 2.69 and 3.0A respectively. All of these
predicted hydrogen-bonding interaction changes would affect the ChAT structure during
catalysis. The Arg207 residue is also close to the Tyr203 residue, which is 16 A from
His442.

Arg566Cys—Since p.Arg566Cys is exposed on the B-sheet 12 surface at the binding
domain, next to His442, at the active-site tunnel, any structural changes in this region are
expected to affect the enzymatic activity. The positively charged Arg566 NE and NH
groups donate two H-bonds, both 2.90 A, with the Asp446 OD2 and OD1 groups. A third
H-bond interaction is donated between the Arg566 NH2 group and the carboxy! group of
His442, 3.13 A, and the fourth hydrogen -bond interaction forms a 2.65 A bond between the
Arg566 amine group and the Ser443 carboxyl group. Two more H-bonds are formed
between the Arg566 carboxyl group and the 11559 amino group, 3.24 A, and the Arg566
amino group and the Glu564 carboxyl group, 3.32 A, Fig. 4a. The mutated residue changes
from a hydrophilic positively charged residue to Cys566, which is a smaller (121 Da)
nucleophilic non-polar residue with a thiol group. Rotamer #1 was the best conformation
computed for the mutation structural changes, Fig. 4b. All four hydrogen-bonds interacting
with the Arg566 side chain are changed, and a new 2.71 A H-bond is formed between the
Cysb66 thiol group and the side chain of Asp446. This mutation produces an increase of Ky,
for AcCoA and choline, as well as reducing ChAT enzymatic efficiency by 77% and overall
catalytic efficiency by 55% (Table 4); the kinetic map of the mutant enzyme is shown in
Figure 4e. p.Arg566Cys is one of the three mutations that are predicted to cause severe
structural changes; furthermore, it produces a 2.7-fold decrease of the enzyme Kgg.
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Arg186Trp—Even though the p.Arg186Trp mutation is partially surface exposed on a-
helix 3 of the binding domain at the NH5 terminal domain, far from the active-site tunnel
and binding substrate site (Fig. 1), it still produces large structural changes, as shown in
Table 2. As a result of the mutation, Arg186, a polar hydrophilic residue with a positive
charge side chain, changes to Trp186, a larger hydrophobic residue (204 Da) with an
aromatic side chain. The Arg186 NE1 group has a 2.92 A H-bond with the Trp193 carboxyl
group, and Arg186 carboxyl groups form two more H-bonds: one with the Thr190 amino
group, 2.95 A, and one with the Lys189 amino group, 3.29 A. In addition, two H-bonds are
donated between the Arg186 amino group and the carboxyl groups of Leul182 and Leu183,
2.74and 3.07 A respectively, Fig. 4c. Lastly, one H-bond is formed between the Arg186
carboxyl group and the Thr190 OG1 group, 2.81 A (Table 2). Rotamer #2 was the best
computed conformation for the mutation structural changes. The Trp186 mutation predicts
modification of an important H-bond with Trp193, and since the Trp183 side chain is
incapable of participating in hydrogen-bonding, only clash interactions (pink dotted lines)
are created between the phenolic ring of Trp186 and Tyr197 (1.3-2.09 A), Lys183 (1-1.69
A) and Trp193 (1-1.69 A). The clashes are a result of the fact that Trp186 is quite large and
may not fit in the pocket assigned for Arg186 without forcing the rearrangement of
surrounding neighbor residues, Fig. 4d. This mutation reduces the catalytic efficiency and
overall efficiency by 85% and 90%, respectively (Table 4); the kinetic map is shown in
Figure 4f. Thus, p.Arg186Trp is an example of an NH, terminal domain mutation that can
cause severe structural changes affecting ChAT normal enzymatic activity.

Mutations affecting substrate binding conformation

Ser694Cys—The p.Ser694Cys mutation is buried on p-strand 16, far from the catalytic
active tunnel but close to the choline binding site (Fig. 1). Ser694 residue produces three H-
bonds: one is between the Ser694 amino group and the Gly679 carboxyl group, 2.74 A:a
second is between the Ser694 carboxyl group and the Gly679 amino group, 2.65 A;anda
third results from the interaction of the S694 hydroxyl group with the carboxyl group of
Tyr670, which is important for choline binding, 2.71 A (Table 2). Ser694 is a polar
nucleophilic residue (105 Da) with a hydroxyl side chain (Fig. 5a), and changes to Cys694,
which also has a nucleophilic side chain, but with a thiol group. Rotamer #3 was the best
structural conformation computed for this mutation. The mutation forms two H-bonds,
between the Cys694 thiol group and both the Pro672 amino group and the Tyr670 carboxyl
group, 3.24 and 2.41 A respectively (Fig. 5b). This mutation produces an increase in Ky,
choline, and reduces ChAT enzymatic efficiency by 65% and overall catalytic efficiency by
27% (Table 4).

Val194Leu—The p.Vall94Leu mutation is close to the binding site on a surface of coil 3
next to a-helix 4, as shown in Figure 1. The Val194 backbone creates three H-bonds: the
first is between the Val194 carboxyl group and the Trp198 amino group, 2.72 A; the second
is with the Tyr197 amino group, 3.15 A; and the third is between the Val194 amino group
and the Asn192 OD1 group, 2.87 A (Fig. 5¢c, Table 2). Because of this mutation, the Val194
is a medium residue (140 Da) with an aliphatic side chain changes to Leu194, which is a
larger residue (166 Da), also with an aliphatic side chain and also incapable of donating H-
bonds. The Leul94 mutation creates clash interactions (pink dotted lines): one with Asp192
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(2.16 A), and two with the Trp193 phenolic ring (1.30 and 1.18 A). Rotamer #3 was the best
structural conformation computed for this mutation, Fig. 5d. This mutation increases the Ky,
of AcCoA and choline, and consequently, the catalytic efficiency and overall efficiencies are
reduced by 45% and 21% respectively (Table 4); the kinetic maps of p.Val194Leu and
p.Ser694Cys enzymes are shown in Figure 5e and f.

Mutations causing small structural changes

Val136Met—The p.Val136Met mutation is located at the NH, terminal domain on the first
coil before a-helix 1 (Fig. 1). The p.Vall36Met mutation changes from a smaller
hydrophaobic residue with an aliphatic side chain to a larger hydrophobic residue (149 Da)
with a long alkyl side chain with a sulfur atom (Fig. 6a and b). The mutation Met136 forms
a1.27 A clash between its sulfur atom and the Leu184 side chain (Table 2). This NH,
terminal domain mutation is capable of inducing structural changes that not only affect its
overall efficiency, which is reduced by 29% (Table 4), but may also affect the enzyme
stability. This mutant expressed the lowest protein levels of the seven mutants, and less than
39% of that of wild type. Although the p.VVal136Met mutation is found far from substrate
binding and catalytic sites, it still is able to produce a mild effect on enzyme efficiency. A
possible energetic interaction between Val136 and Trp193-Asn622-Val567-Ser558 residues
has been reported, which contributes to the acetyl-CoA binding site (Shen, et al., 2011).
Trp193is 3.4 A from Val136; furthermore, Ser558 residue is involved in the choline and
acetyl-CoA binding, as well as contributing to the negative charge on the binding tunnel at
the P-loop. Rotamer #4 was predicted the best structural conformation computed for this
mutation.

Pro211Ala—The only mutation in the catalytic domain is p.Pro211Ala, which is on coil 5
between B-helix 4 close to B-sheet 1 (Table 3). The side chain of aliphatic Pro211 (115 Da)
does not donate any H-bonds, but its backbone forms one H-bond with Asn213, 2.58 A. The
p.Pro211Ala mutation changes from an aliphatic cyclic amino acid to a smaller aliphatic
residue (89 Da), and neither side chain create any H-bonds with surrounding neighbor
residues (Fig. 6¢). The Ala211 residue is only 9.7 A from catalytic His442 (Fig. 1). This
mutation produces 59% and 56% reductions of catalytic efficiency and overall catalytic
efficiency respectively (Table 4). This mutation produces only one rotamer, as shown in Fig.
6d.

Thermal Inactivation

The calculated thermal inactivation showed that none of the mutations altered the stability of
the mutant enzymes, (data in Supp. Table S2).

Identification of ChAT Phosphorylation

The following phosphorylated residues were identified in ChAT protein: Threonine 225 and
456, and Serine 346, 347, 440 and 476 residues (data in Supp. Table S3). The reported
ChAT phosphorylated residues have been identified previously by another group
(Dobransky and Rylett, 2005), and showed that CaM and MAP phosphorylate the threonine
residues and PKC phosphorylates the serine and threonine resides.
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DISCUSSION

In our study, we identify and functionally characterize seven missense mutations in CHAT
as the cause of a highly fatal CMS in humans (Table 1). Three mutations, p.Arg186Trp,
p.Arg207His and p.Arg566Cys, are novel. Two others, p.Val136Met and p.Pro211Ala, were
previously reported and functionally characterized by Shen et al. (2011) and Ohno et al.
(2001) respectively; however, neither enzyme was phosphorylated because they were
expressed in bacteria. Mutations p.Val194Leu and p.Ser694Cys were first reported by our
lab (Maselli et al., 2003), but had never been biochemically characterized. None of the novel
mutations were detected in the 1000 Genomes database. The mutated residues are all highly
conserved in rat, mouse, chicken and dog (data not shown).

Structural and Genotype—Phenotype Correlations

The identification of homozygous carriers of mutations p.Arg207His and p.Val136Met is
helpful to establish a correlation between the biochemical and structural changes caused by
these mutations and the phenotypes of the patients in whom these mutations were found.

Both mutations, p.Arg207His and p.Val136Met, are associated with the most severe
phenotypes and fatal outcome, yet the kinetics and the structural changes are remarkably
different. The p.Arg207His is located close to His442 in the active catalytic tunnel and
reduces catalytic and overall efficiencies by 100-fold; even though Arg207 polar residue is
located on the surface, it still donates multiple hydrogen-bonds with neighboring residues
that were changed with the mutation, and consequently the highest reduction in enzymatic
activity. In contrast, p.Val136Met is located at the beginning of the NH, terminal domain,
far from the substrate binding and catalytic sites, and yet still produces a negative effect on
enzyme activity by reducing 29% of the overall catalytic efficiency. The negative effect is
probably a result of an energy interaction with residues contributing to the acetyl-CoA
binding site, like Trp193 (Shen et al., 2011). While both mutations cause a decrease in the
protein expression, the reduction is more severe for p.Val136Met than for p.Arg207His. It is
evident that patients with homozygous mutations produce a very damaging phenotype
because of the lack of normal alleles to express a functional enzyme.

The other two mutations causing large structural and kinetic changes are p.Arg566Cys and
p.Arg186Trp. On the one hand, p.Arg566Cys is on the surface and very close to His442 at
the active-site tunnel, which not only causes major disruption of hydrogen-bond interactions,
because Arg566 has multiple hydrogen-bonding with surrounding neighbors, but also results
in more than 50% reduction of the overall catalytic efficiency. Because of the mutation, four
hydrogen-bond interactions are changed, including the most important one with catalytic
residue His442. Notably, p.Arg566Cys is close to Ser558 and Arg560, which are both
important for the P-loop, and Ser558 is important for acetyl-CoA binding. Arg560 acts as an
active site residue, whose function is to stabilize coenzyme binding by interacting with the
3’-phosphate of the acetyl-CoA (Wu and Hersh, 1995).

Arg186 is partially surface exposed in the NH, terminal domain, far from the substrate
binding or catalytic sites. However, the p.Arg186Trp affects a key hydrogen-bond
interaction with Trp193, and the mutated residue Trp186 has a large hydrophobic aromatic
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ring, which may contribute to the enzyme structural instability by making clash interactions
with neighbor residues. The mutation p.Arg186Trp reduces the overall enzymatic activity by
90%. In comparison with p.Val136Met, p.Arg186Trp is closer to Trp193 than Val136, and
consequently has a more damaging effect on the enzymatic activity.

The phenotype of the patient in whom we found these mutations is moderate to severe, and
associated with both motor and cognitive deficits. However, since the patient is compound
heterozygous for both p.Arg566Cys and p.Arg186Trp mutations, it may not be possible to
state to which extent each of the mutations contributed to the severity of the phenotype.

The mutation p.Ser694Cys is buried and far from the catalytic site, but close to the substrate
binding site, and involve a hydrogen-bond interaction with Tyr670, which is important for
choline binding. The mild structural changes are correlated with 27% reduction of the
overall catalytic efficiency. The phenotype of the patient carrying heterozygous mutations,
p.Ser694Cys and p.Ser548Ter, were moderate and defined by p.Ser694Cys, because
p.Ser548Ter, a null allele, produced a truncated enzyme.

Although p.Val194Leu is on a surface loop and closer to the substrate binding site than
p.Argl86Trp, it does not cause the severe catalytic impairment caused by p.Arg186Trp. In
fact, p.Val194Leu reduces the overall catalytic efficiency by only 21%, in part because the
mutation changes from an aliphatic residue to a larger aliphatic residue. Furthermore,
p.Vall94Leu is predicted to be tolerated by SIFT analysis. The relatively mild phenotype of
the two siblings who are compound heterozygous for p.VVal194Leu and p.Val507Leu
correlates with the results.

Finally, the mutation p.Pro211Ala is located in the catalytic domain and produces a 56%
reduction of the overall catalytic efficiency. Proline to alanine mutations tends to be slightly
destabilizing of stability and function. The mutation produces not only the least structural
changes, but also no hydrogen-bond changes, which correlates well with the SIFT score
prediction as tolerated, indicating that this mutated residue may not affect ChAT enzymatic
activity. Consistent with these findings was the mild phenotype of the two siblings, who
were biallelic for p.Pro211Ala and the adjacent mutation p.Leu210Pro, previously identified
and biochemically characterized by another group (Ohno et al., 2001). These two patients
did not experience episodes of apnea, and the CMAP amplitudes in response to RNS showed
no decrement at rest, but only after 5 minutes of nerve stimulation at 10 Hz (Maselli et al.,
2003).

The importance of ChAT phosphorylation in cholinergic neurons has been demonstrated by
two groups (Bruce and Hersh, 1989; Schmidt and Rylett, 1993); furthermore, it has been
shown that ChAT phosphorylation can alter its enzymatic activity (Dobransky et al., 2000).
We found that the wild-type ChAT purified from mammalian cells showed a higher turnover
number (kegt) than the wild-type ChAT isolated from bacteria. Our results are in agreement
with the results reported by another group (Dobransky et al. 2000), demonstrating that
phosphorylated ChAT has a higher enzymatic activity than nonphosphorylated.
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There is a striking variability in the severity of phenotypes resulting from mutations in
CHAT, which is the only gene so far known to be linked with congenital deficiency of ACh
synthesis. This variability is remarkable, even in members of the same family carrying
similar genotypes. The identified ChAT mutations have different degrees of decreasing the
synthesis of ACh in cholinergic neurons, which is correlated with the variability of the
severity of phenotypes resulting from these mutations. The most damaging mutations have a
trend in common: they affect residues that are important for the binding of acetyl-CoA and
choline substrates at the active tunnel, so the substrates can properly bind to the catalytic
residue His442. Thus, both substrates need to be properly bound at the enzyme for the
synthesis of ACh neurotransmitter to occur at a normal rate. However, when the mutations
modify the binding of any of the substrates, the ACh synthesis is diminished at varied
degrees, depending on the position and the significance of the mutated residues in ChAT
tertiary structure.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1.

HSman ChAT structure. The tertiary structure of human ChAT is divided into two domains:
a substrate binding domain comprising residues 118-207 and 510-733, and a catalytic
domain with residues 208-509, based on the structure PDB 2FY2. This structure is missing
the first 118 residues from the NH, terminal domain, and the crystal coordinates start at
residue 8. The analyzed tertiary structure corresponds to the 83-kDa ChAT isoform 2. The
catalytic histidine, His442 (red), is located at f-sheet 8 at the active-site tunnel, which runs
through the enzyme and is located at the domain interface. The structure is represented in
ribbon diagram; the a-helices are in blue, the 3-sheets in green and the coils in orange. The
mutated residues in magenta are located as follows: p.Val136Met at coil 1, p.Arg186Trp at
a-helix 3, p.Vall94Leu at a-helix 4, p.Arg207His at coil 5, p.Pro211Ala at coil 5,
p.Arg566Cys at B-sheet 12 and p.Ser694Cys at f-sheet 16. When the mutations are
introduced, the Swiss-PdbViewer algorithm selects side chain rotamer from a backbone-
dependent rotamer library, consequently introducing minimal steric violations and with the
most favorable hydrogen-bond interactions.
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Fig 2.

Pr%tein expression of phosphorylated ChAT. ChAT expression of wild type and mutants in
HEK293 cells. a Overexpression of ChAT proteins on HEK cells transfected with wild-type
and mutant cDNA. Crude cell lysates were immunoblotted with ChAT antibody. Western
blot variations of transfection efficiency were corrected by monitoring the expression of -
actin in the immunoblots (data not shown). The housekeeping -actin protein was also used
as a control to verify that all the samples had the same amount of loaded protein. b Western
blot shows the affinity purified phosphorylated ChAT protein from HEK293 cells. ¢ Bar
graph showing the quantification of ChAT protein shown on Western blots (*p < 0.05).
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Fig 3.

Kignetic maps and position of p.Arg207His mutation at the active-site tunnel. The structure
displays only hydrogen-bond interactions with neighbor residues that are close to Arg207
residue, and the hydrogen-bonding interactions are shown with green dotted lines. Hydrogen
atoms are in blue, oxygen atoms in red, and Arg207 backbone in yellow. a Arg207 side
chain (magenta) interacts with Gly284 backbone, Ser359, Asp206 and Asp288 to donate
five H-bonds. Also, Arg207 backbone forms three hydrogen-bonds between Asn205,
Arg358, and Asn206. b The mutated residue was best accommodated by rotamer #2. The
mutation changes from the most hydrophilic polar residue (174 Da) to another, less
hydrophilic polar, but smaller, His207 residue (155 Da) and changes all five H-bonds, but it
forms three new H-bonds between its imidazole ring and Glu360 and Ser359. ¢ 3D Kinetic
graph for the wild-type enzyme. d 3D Kinetic graph for the mutant enzyme. This mutation
produces the highest reduction in enzyme activity: the enzyme is basically inactive. Rotamer
#2 has a score of -5 and p= 25%.
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Fig 4.

Mitation p.Arg566Cys close to His442 and p.Arg186Trp disrupts enzyme structure. The
structure displays only hydrogen-bond interactions with neighbor residues that are close to
Arg566 or Argl86. a Arg566 interacts with Asp446 backbone, His442 (red), Ser443,
Arg566 backbone, 11e559 and Glu564, forming H-bonds. b The mutated residue was best
accommodated by rotamer #1. The mutated residue changes from a large hydrophilic
positive charge to Cys566, a smaller uncharged hydrophobic residue (121 Da). All four
hydrogen-bonds interacting with Arg566 side chain are modified, and a hydrogen-bond is
formed between Cys566 and Asp446. ¢ Arg186, a polar very hydrophilic residue, changes to
a Trp186 hydrophobic larger residue (205 Da). The Arg186 side chain donates hydrogen-
bonds with Trp193 backbone, Thr190, Leul182, Leul83 and Lys189. d The mutated residue
was best accommaodated by rotamer #2. The Trp186 mutation changes the H-bond with
Trp193, but forms many clash interactions (pink dotted lines) between the phenolic ring of
Trp186 and Lys630, Lys183 and Tyr193. e 3D kinetic graph for p.Arg186Trp mutant
enzyme. The mutation reduces the K¢z by 95% and the K, for both substrates. f 3D kinetic
graph for p.Arg566Cys mutant enzyme shows a decrease of Kq4 by 48% and an increase in
Km for both substrates. Cys566 has rotamer #1 with a score of -3 and p = 45%. For Trp186
is rotamer #2 with a score of -3 and p = 32%
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Fig 5.

Mitations p.Ser694Cys and p.Vall194L eu affect substrate binding site. The structure shows
interactions with residues that are close to Ser694 or Val194. a Ser694 forms H-bonds with
Ser694 backbone, Gly679 amino group, Gly679 and Tyr670 (red) backbone. b The mutated
residue was best accommodated by rotamer #3. The Ser694 (105 Da) with a small polar
hydroxyl side chain changes to Cys694 (121 Da), which has a larger hydrophobic side chain.
The mutation forms a new H-bond between the Cys694 side chain NH, group and the
Pro672 amino group. ¢ The p.Val194Leu mutation is close to the acetyl-CoA binding site at
a-helix 4. Val194 forms three H-bonds, with 11559, Tyr197 and Asn192. The Val194
aliphatic side chain changes to Leu194 with a larger aliphatic side chain. d The mutated
residue was best accommodated by rotamer #3. The Leul94 mutation creates clash
interactions (pink dotted lines) with the Thr193 phenolic ring and with Asn192. e This
mutation produces an increase of K, for choline by 1.4-fold, for AcCoA by 3.8-fold, and for
Kcat by 2-fold. f The 3D kinetic graph shows a decrease of 48% for K4 and a 2-fold
increase in K, for choline. Cys694 has rotamer #3 with score of —4 and p= 22%. For
Leul94 is rotamer #3 with a score of =4 and p = 40%
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Fig 6.

M?Jtations p.Vall136Met and p.Pro211Ala produce small structural changes. The structure
shows hydrogen-bonding interactions with residues that are close to VVal136 and Pro211. a
p.Vall36Met mutation changes from a smaller branched-chain residue (117 Da) with an
aliphatic side chain to a larger hydrophobic residue (149 Da) with long alky! side chain. b
The mutated residue was best accommodated by rotamer #4. The mutation Met136, which is
a sulfur-containing residue, creates a clash (pink dotted lines) between its sulfur atoms with
the aliphatic residue Leu184 side chain. Val136 and Met136 side chains do not produce any
hydrogen-bonding with neighbor residues. ¢ Pro211 cyclic amino residue creates one
hydrogen-bond with Asn213. Pro211 side chain does not produce any H-bonds. d The
Ala211 residue is very close to His442. Ala211 also does not produce any hydrogen-bonds.
This mutation has 59% and 56% reduction of catalytic efficiency and overall catalytic
efficiency respectively. Met136 has rotamer #4 with a score of =1 and p=10%.
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Identified ChAT mutations

Table 1

Family  Patient Nucleotige Amino Acid Protein Expression Levels®
change change
7 7 c.406G>A  p.Vall36Met 0.61+0.04
4 4 ¢.556C>T  p.Argl86Trp 0.94 + 0.05
2 2 c580G>T  p.Vall94Leu 0.99 +0.02
5 5 c.620G>A  p.Arg207His 0.81+0.02
6 6 c.620G>A  p.Arg207His 0.81+0.02
1 1 c.631C>G  p.Pro211Ala 1.12+0.04
4 4 .1696C>T  p.Arg566Cys 0.99 +0.03
3 3 €.2081C>G  p.Ser694Cys 1.16 £0.05

a . . .
Nucleotide numbers according to reference sequence NM_ 020549.2 for isoform 2.
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Codon numbers start from the translation initiation codon according to the reference sequence NP_065574.1, for the ChAT M variant encoding

83-kDa protein.

CChAT protein expression levels relative to wild type, which is equal to 1.
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Hydrogen-bond interactions of ChAT mutations® predicted by Swiss-PdbViewer

Table 2

Mutation

H-bonds (4)
before mutation

H-bonds (&)
lost after mutation®

H-bonds (&)
gained after mutation

V136M

M136-L184 (1.27)°

R186W

R186-T190 (2.95)
R186-T190 (2.81)
R186-K189 (3.29)
R186-L182 (2.74)
R186-L183 (3.07)
R186-W193 (2.92)

R186-W193 (2.92)

W186-W193°
1.3-2.09 (K)®
W186-W193°
1.0-1.69 (A)©
w186-1183°
1.0-1.69 (A)®

V194L

V194-W198 (2.72)
V194-Y197 (3.15)
V194-N192 (2.87)

L194-W193®
1.30and 1.18°

1194-N192%
(2.16)

R207H

R207-S359 (3.30)
R207-S359 (3.10)
R207-G284 (2.52)
R207-L204 (3.25)
R207-N206 (3.32)
R207-N205 (3.22)
R207-N206 (2.92)
R207-R358 (2.92)

R207-S359 (3.30)
R207-5359 (3.10)
R207-G284 (2.52)
R207-L204 (3.25)
R207-N206 (3.32)

H207-E360 (3.05)
H207-5359 (2,69)
H207-5359 (3.01)

P211A

P211-N213 (2.58)

R566C

R566-S443 (2.65)
R566-H442 (3.13)
R566-D446 (2.90)
R566-D446 (2.90)
R566-116559 (3.24)
R-566-E564 (3.32)

R566-5443 (2.65)
R566-H442 (3.13)
R566-D446 (2.90)
R566-D446 (2.90)

C566-D446 (2.71)

S694C

$694-Y670 (2.71)
S694-G679 (2.74)
$694-G679 (2.65)

$694-Y670 (2.71)

C694-P672 (3.24)
C694-Y670 (2.41)

a . . . . .
Because the mutated residues affect the conformation of the residues in the neighborhood.

bThe interacting amino acids and the Hydrogen-bond distances found before the mutation.

CThe number of Hydrogen-bonds lost after introducing the mutation.

dNew Hydrogen-bonds formed by the mutation.
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e . ’ . . .
Mutated residues creating clashes. The clashes are not Hydrogen-bonds, because clashes involve distances that are much smaller than those in
Hydrogen-bond interactions.
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Table 3
. . a
Summary of congenital ChAT mutations
Mutation Damaging® ChAT activity Location on Mutation probable structural effect
SIET gco?’e affected Sec. structure
p.Vall36Met yes K AcCoA Coil 1 before Possible energetic interaction with AcCoA
0 + m a-helix 1
Lowest enzyme binding domain
expression
p.Argl86Trp yes K AcCoA a-helix 3 Destabilize enzyme folding
0 Hkean Ky binding domain
p.Vall94Leu tolerated AcCoA  Coil 3 before a- Alter AcCoA binding site
ke, 11K i
1 m helix 4
choline binding domain
Ko ’
p.Arg207His yes K AcCoA  Coil 5 between Modify active site, close to His424
0 Hkcar, H m a-helix 4 and
Low ChAT f3-sheet 1
expression binding domain
p.Pro211Ala tolerated K AcCoA Coil 5 before Change active site and choline-binding site
0.39 Thear TTK p-sheet 1
catalytic domain
p.Arg566Cys tolerated K AcCoA B-sheet 12 Disrupt H-bond with His424 at active site
1 +Kea T m binding domain
choline
Km
p.Ser694Cys Yes K choline B-sheet 16 Disrupt H-bond with Tyr670 involved in
0 +kear, 11 m binding domain choline binding

T, increase in the Km value; 11, large increase in the Km value; |, decrease in the Km value; |, large decrease in the Km value.
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a . . . - . . . . .
SIFT score predicts whether an amino acid substitution affects protein function based on sequence homology and the physical properties of amino

acids.
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ChAT Kinetic parameters of wild type and mutant ChAT enzymesa

Keat, st

Table 4

K rﬁCCOA“M K nc1holinewvI kea! K r,;]\cCoA kel K rﬁCCOA .
K r(T:]hollne
Wild-type 281.9+3.5 22718 396 + 24 1.00 1.00
p.Vall36Met  223.0 + 2.6 27413 432 +31 0.65 0.71
p.Argl86Trp  13.7+1.1 73+13 224 + 27 0.15 0.10
p.Vall94Leu 608.2 + 16 88+74 565.8 + 32 0.55 0.79
p.Arg207His 0.80 + 0.05 453+8.7 442 +21 0.02 0.03
p.Pro211Ala  488.7+124 96.1+53 425+ 11 0.41 0.44
p.Arg566Cys  103.7 +6.9 37.1+£57 721+23 0.23 0.45
p.Ser694Cys 135.8+95 31.0+23 831+18 0.35 0.73
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a\/alues indicate estimate + standard error. Catalytic efficiency (kcat//< flCCOA) is normalized with respect to wild type. The overall catalytic

efficiency [kcat/K,‘?LCCOA-nglme] is normalized with respect to wild type.
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