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Abstract: The potential drug target choline acetyltransferase (ChAT)
catalyzes the production of the neurotransmitter acetylcholine in
cholinergic neurons, T-cells, and B-cells. Herein, we show that
arylvinylpyridiniums (AVPs), the most widely studied class of ChAT
inhibitors, act as substrate in an unusual coenzyme A-dependent
hydrothiolation reaction. This in-situ synthesis yields an adduct that is
the actual enzyme inhibitor. The adduct is deeply buried in the active
site tunnel of ChAT and interactions with a hydrophobic pocket near
the choline binding site have major implications for the molecular
recognition of inhibitors. Our findings clarify the inhibition mechanism
of AVPs, establish a drug modality that exploits a target-catalysed
reaction between exogenous and endogenous precursors, and
provide new directions for the development of ChAT inhibitors with
improved potency and bioactivity.

Introduction

Choline acetyltransferase (ChAT) is a ubiquitous enzyme in the
animal kingdom and the central upstream actor in acetylcholine
(ACh) metabolism in cholinergic neurons!", T-cells®?, and B-
cells®l. Alterations in ChAT expression or activity have been
linked to conditions including Alzheimer's  disease!,
schizophrenia®, congenital myasthenic syndromes (CMS)!", and
chronic viral infections!®. ChAT is also a potential target for
pharmacotherapy for a range of medical conditions, including
blood pressure disorders’! and cholinergic overstimulation
caused by organophosphorus nerve agents®®; however, validation
of ChAT s utility as a drug target has not been possible due to the
lack of useful inhibitors. Arylvinylpyridiniums (AVPs, e.g. the
prototypical compound 1, Figure 1) are the most widely studied
ChAT inhibitors, with reported half maximal inhibitory
concentrations (ICso) in the low micromolar rangel®. While AVPs
are reasonably potent in vitro, their confounding pharmacological
profilel'®"l their = propensity to photoisomerizel'd, their
electrophilic scaffold, and their permanent charge limits their
usefulness in many applications. Furthermore, the mechanism of
ChAT inhibition by AVPs is hitherto unknown!'®-'®l and the
structure-activity relationships (SAR) of these compounds have
yielded few clues as to how they could be improved!'l. In addition
to AVPs, aryl-3-oxopropanaminium compounds (e.g alfa-NETA)
are known inhibitors of ChAT 'l and a recent work by Darreh-Shori

and co-workers have identified commercially avalible compounds by
virtual screening that show inhibitory activity in in vitro assays!'®'9,
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Figure 1. Ligands of ChAT. Chemical structures of compounds used in this
study.

ChAT catalyses the synthesis of ACh from choline, using
acetylcoenzyme A (AcCoA, Figure 1) as the acyl donor. Crystal
structures of the apo- and holoenzyme show that ChAT has
binding and catalytic domains within a narrow active site tunnel
that extends through the enzyme (Figure 2)?°. The choline and
AcCoA binding sites are located on opposite sides of the tunnel.
The choline hydroxyl group is activated by His324 and
subsequently attacks the carbonyl carbon of the AcCoA
thioester?”l. AcCoA and CoA have similar affinity for ChAT and
in the absence of choline, ChAT catalyses the rapid hydrolysis of
AcCoA to CoAP,
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Catalytic
domain

Figure 2. Molecular architecture of ChAT. Molecular architecture of ChAT
with choline (pink) and CoA (orange) shown using stick representations. The
active site His324 and the choline-binding Tyr552 are shown in yellow. The
catalytic domain is shown in cyan and the binding domain is shown in grey. The
figure was generated by a superposition of pdb entry codes 2FY3 and 2FY4.

Results and Discussion

To understand the molecular recognition of AVPs by ChAT, and
the binding mode of this compound class, we determined the
crystal structure of Homo sapiens ChAT modified with surface
entropy reducing mutations (ChAT-SERM)?"! in complex with 1
and CoA (Supporting Information Table S1). The resulting 2.3 A
resolution X-ray crystal structure revealed the presence of a
covalent bond between the thiol of CoA and the B-carbon of the
vinyl linker of 1, suggesting that a hydrothiolation reaction had
occurred in close proximity to the catalytic His324 of ChAT,
forming the adduct 1-CoA (Figure 3 A, B). The pyridinium and
naphthyl rings are not coplanar, indicating that 1-CoA has a
saturated linker (Figure 3A), consistent with a Michael-type
addition facilitated by the electron-withdrawing pyridinium ring.
The conformation of the His324 sidechain differs from that in the
apo- and holoenzymel®, and the structure suggests that the
imidazole activates the thiol of CoA towards nucleophilic attack
on the alkene moiety of 1. Accordingly, the site of His324-assisted
activation in the enzymatic synthesis of 1-CoA differs from that in
the natural reaction of ChAT, where the imidazole instead
activates choline. The in situ assembled ligand exhibits excellent
shape complementarity towards the interfacial active-site tunnel
formed between the binding and catalytic domains of ChAT. Over
160 different AVPs and some analogous compounds with
inhibitory activity against ChAT have been reported®??>-271 but no
structural information about their interaction with ChAT is
available. Our crystal structure shows that 1-CoA spans the
choline and AcCoA binding sites of ChAT, with the electron-
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deficient pyridinium ring of 1-CoA forming an edge-to-face
interaction with the arene of Tyr552 and additional contacts to
His324, Tyr436 and Ser438 (Figure 3 A). The naphthyl moiety of
1-CoA is accommodated in a hydrophobic pocket with contacts to
residues Pro98, Cys322, Leu332, Val542, Cys550, Tyr552, and
Cys563 (Figure 3 B). The CoA moiety binds in a pose closely
resembling that observed for the ChAT holoenzymel??l. While the
use of ChAT-SERM was necessary for these structural studies,
subsequent experiments were performed using the 69 kDa R form
of wild-type ChAT.

To verify that the hydrothiolation reaction observed in the crystal
structure also occurred in solution, we studied the reaction using
Ultra High Performance Liquid Chromatography - High Resolution
Mass Spectrometry (UHPLC-HRMS). A reaction mixture
containing ChAT, 1, and CoA was filtered using a 10 kDa cut off
filter to remove the protein fraction, and analysis of the
supernatant showed the presence of 1-CoA in the solution (Figure
4, Supporting Information Figure S1). Importantly, no reaction
product was detected in a control sample without enzyme,
confirming that the reaction is catalysed by ChAT. Enzyme
catalysed hydrothiolation is known to occur in natural product
biosynthesis®, but to the best of our knowledge, this is the first
observation of such a reaction in vitro.

To confirm the structure of the inhibitor adduct suggested by X-
ray crystallography and UHPLC-HRMS, we prepared 1-CoA as a
mixture of diastereomers by organic synthesis. The reaction
between CoAe3 Li and 1 progressed slowly at room temperature
and required no catalyst or base when performed in
dimethylformamide. A more practical reaction rate was achieved
by using an excess of CoA at 40 °C. The only detectable side
product formed under these conditions was the disulfide-linked
CoA-CoA homodimer. The non-enzymatic synthesis of 1-CoA is
an unusual example of a Michael-type hydrothiolation that
proceeds at mild conditions and involves a highly functionalised
substrate. The HRMS spectrum of the product was identical to
that of 1-CoA produced in the ChAT-catalysed reaction, and the
structure was further confirmed by a full Nuclear Magnetic
Resonance (NMR) characterization (Supporting Information
Materials and Methods).

Michael adducts that are formed reversibly may undergo retro-
reaction, resulting in an equilibrium between reactants and
product. By using NMR to assess the stability of 1-CoA in
phosphate buffered saline (PBS) at pH 7.4, we found that an
equilibrium molar ratio of 9:1:1 between 1-CoA, 1, and CoA was
rapidly reached upon dissolution (Supporting Information Figure
S2 A, B). The stability of the adduct in aqueous buffer was further
corroborated by UHPLC-HRMS, which showed that the
concentration of 1-CoA in ammonium acetate buffer (pH 6.8) was
constant during 7 hours at 10 °C (Supporting Information Figure
S2 C). Although the specific experimental conditions may
influence the Michael - retro - Michael equilibrium and thereby
determine the effective concentrations of 1-CoA, 1 and CoA,
these experiments show that the inhibitor adduct was sufficiently
stable in aqueous buffer for further experiments.

To determine whether the in situ formation of CoA-adducts is a
common inhibitory mechanism for all AVPs, we reviewed the
chemical structures of previously reported compounds in this
classl®?>27 and found that all active compounds possess a
Michael-acceptor moiety (i.e. a vinyl linker and an electron-
withdrawing heteroarene) and could therefore all be
hydrothiolation substrates. To test this hypothesis, we studied the
reaction in solution using ChAT, CoA and a representative subset
of AVPs (2-5, Figure 1). In all cases, the expected hydrothiolation
product (i.e. 2-5-CoA) was observed by UHPLC-HRMS
(Supporting Information Table S2). Conversely, no reaction
product was observed for the negative control 6 (Figure 1), which
lacks the Michael acceptor motif. A Principal Component
Analysisl  (PCA, Supporting Information Figure S3) of
parameters describing molecular size, electronic properties and
lipophilicity shows that the chosen subset is representative of
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active AVPs (i.e. reported apparent half maximal inhibition
concentration /Cso lower than 15 pM). We therefore suggest that
in-situ assembly of CoA-adducts is a common inhibition
mechanism for all AVP inhibitors. We also synthesised the aryl-3-
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oxopropanaminium compound a-NETAI'. In our hands, this
compound was not sufficiently stable to allow structural or
biochemical characterisation of its interaction with the enzyme.
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Figure 3. ChAT catalyses a hydrothiolation reaction between 1 and CoA. A) X-ray crystal structure of the hydrothiolation reaction product 1-CoA (green) in
complex with ChAT-SERM with the catalytic and binding domains shown in cyan and grey respectively. The Polder omit map is shown at a contour level of 4 sigma
(blue). B) The naphthyl moiety of 1-CoA is accommodated in a hydrophobic pocket.
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Figure 4. Confirmation of the chemical structure of 1-CoA by HRMS. The
fragmentation of the product formed in the reaction between 1 (40 yM) and CoA
(80 pM) catalysed by ChAT (4.6 pM) in HRMS analysis. Measured (bold) and
theoretical (bold italic) high resolution masses of fragments are indicated.

Ligand-induced shifts in the midpoint of a protein’s melting
temperature (Tm) correlate with the protein’s affinity for the ligands
in question®, We therefore used Circular Dichroism (CD)
spectroscopy to investigate the individual contributions of the
reactants and the in situ formed CoA adducts to the temperature

stability of ChAT. Compounds 1-6 had no effect on the T of ChAT,

but binding of CoA increased the Tr by approximately 3 °C (Table
1, Supporting Information Figure S4). When both 1-5 and CoA
were present, the Trm increased even further by up to 12 °C. For
comparative purposes, compound 6 (which can presumably
occupy the same binding site as 1-5 but lacks the Michael
acceptor motif) did not shift the Tm, even in the presence of CoA.
These results show that 1-5-CoA stabilize the folded state of the
enzyme considerably and that this effect is due to the formed
adducts and not to the binding of the individual components of the

reaction. Furthermore, the naphthyl containing inhibitors 1,2-CoA
provide a higher degree of stabilization than adducts that have a
substituted phenyl moiety (3-5-CoA). Interestingly, we see only
minor differences between the charged N-methylpyridinium 3-
CoA and the pyridine derivative 5-CoA, indicating that interaction
with Tyr552 only marginally contribute to their stabilization of
ChAT.

Assays used for measuring the inhibitory potency of AVPs
include CoA or AcCoAP%3334 which is rapidly hydrolysed to
CoA2% and do not account for the fact that AVPs and CoA are
co-substrates in the enzyme-catalysed hydrothiolation reaction.
The propensity for inhibitor adduct decomposition by retro-
Michael reaction for a given compound may also give confounding
results when determining the inhibitory potency. It is therefore
unsurprising that the SAR of AVPs remains poorly understood,
and that that there has been no development of improved
inhibitors based on the AVP scaffold. The chemically prepared 1-
CoA offers the opportunity to circumvent these problems by
studying a pre-assembled ChAT inhibitor.

The association kinetics was studied by following the time-
dependent decline in the enzymatic activity at various
concentrations of chemically prepared 1-CoA. Under the assay
conditions, where choline, CoA and 1-CoA compete for the same
binding sites, we found that the inhibition is slow and occurs on a
time scale of minutes, even at inhibitor concentrations as high as
100 pM (Figure 5). For comparative purposes, the Michaelis
constants (Kw) are 11.9 and 8.8 yM for AcCoA and CoA,
respectively®,
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Table 1. Thermal stabilization of ChAT by inhibitor adducts and their target residence time.
Compound? Tm(°C)P Kofr (min-")e T (min)°
-CoA + CoA + CoA
- 49.2 (48.0 - 50.4) 52.4 (51.9 - 52.9) -
1 48.3 (45.8 - 50.8) 63.8 (62.2 - 65.4) 0.080 (0.077 - 0.083) 12.5
2 49.4 (48.6 - 50.3) 64.5 (62.0 — 66.9) 0.097 (0.093 - 0.102) 10.3
3 50.0 (49.2 - 50.9) 59.0 (57.0 - 61.0) 0.342 (0.317 - 0.371) 2.9
4 49.2 (46.9 - 51.5) 57.5 (54.9 - 60.0) 0.135 (0.129 - 0.141) 74
5 48.9 (47.4 - 50.4) 57.3 (55.0 - 59.6) 0.156 (0.148 - 0.164) 6.4
6 49.6 (48.5-50.7) 52.5 (49.7 - 55.3) -
Choline 48.8 (46.6 — 51.2) 52.7 (51.0 - 53.9) -
aAll samples contained ChAT
Determined by temperature scanning CD experiments, mean, n=3-4, (95% Cl)
°Determined by jump dilution experiments, mean, n=3 independent experiments, each measured in quadruplicates, (95% CI)
A
100 " m = e
50 uM -2
10 uM E 4 1 AW
1uM = -
0uM § 7 == TAS
-8
-10 I 1
1-CoA CoA
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B

Figure 5. The inhibition kinetics of 1-CoA. The inhibition progress curve at
various concentrations of chemically prepared 1-CoA. The enzymatic activity
was determined using a fluorescence assay and the reaction mixture also
contained CoA (9.3 uM) and acetylthiocholine (9.5 mM). The data (n=3, mean
and SD plotted) was baseline corrected and the solid line represents the fit of
the experimental data of the control sample to a linear regression line
(R?=0.984).

The thermodynamics of binding was characterized by
isothermal calorimetry (ITC). The Gibbs free energy of binding
(4G°) of 1-CoA was mainly governed by entropic contributions (-
TAS 9, while the binding of CoA was dominated by enthalpic
terms (4H°) (Figure 6 A, Supporting Information Figure S4). Both
ligands have dissociation constants in the high nanomolar range
Kd(1-CoA) = 8.9 x 107 M (95% Cl 1.3 x 107 — 1.8 x 10°) and Kqy
(CoA) = 85 x 107 M (95% CI 8.1 x 107 — 8.9 x 107). A
comparison of the crystal structure of ChAT-SERM in complex
with CoA (pdb entry code 2FY4) and the complex between 1-CoA
and ChAT-SERM reveals that several water molecules are
displaced from a hydrophobic pocket by the naphthyl moiety of 1-
CoA, likely contributing to the difference in thermodynamic profile
(Figure 6 B).

Figure 6. The thermodynamics of 1-CoA. (A) The thermodynamic
parameters of 1-CoA and CoA (n=3-4, mean and 95% CI are plotted, the
isotherms are shown in Extended Data Figure 5). B) Water displacement upon
1-CoA binding to ChAT. The binding of 1-CoA displaces water molecules
from the arene-binding hydrophobic pocket and the choline binding site.
The figure was generated by a superpositioning of the crystal structure of
the complex between ChAT-SERM and CoA (pdb entry code 2FY4) and
the crystal structure of the complex between 1-CoA and ChAT-SERM.
Water molecules that are sterically incompatible with the AVP moiety of 1-
CoA are shown as red spheres. Potential hydrogen bonds are shown as
dashed lines, 1-CoA is shown in green and the active site tunnel is shown
as a surface representation.
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We next investigated the pre-steady-state kinetics of the in situ
assembly of 1-CoA by pre-incubating ChAT with CoA to generate
CoA*ChAT. The reaction was initiated by adding 1, and following
termination, UHPLC-HRMS was used to quantify the production
of 1-CoA. The process was too fast to be resolved at 25 °C by
discontinuous sampling, so the experiments were conducted at
0 °C. We found that the in-situ hydrothiolation reaction exhibited
a distinct burst phase during the first 20 minutes (Figure 7). A
second burst was observed upon adding a second equivalent of
ChAT apo enzyme after 25 min. Both burst phases could be fitted
to the same pseudo-first order association kinetics model. We
determined the rate constant for the pre-steady-state phase (kpss)
to be 0.05 min™' (95% CI 0.034 - 0.080) and the doubling time of
1-CoA synthesis to be 12.8 min (95% CI 8.68 - 20.12). The rate
constant during the steady state (kss, i.e. 55-105 min) was
reduced tenfold, to 0.005 min™' (95% CI 0.0018x - 0.0091). Taken
together, these results show that the hydrothiolation reaction is
fast and that it is the association of 1 to ChAT that limits the rate
of production of 1-CoA during the pre-steady-state phase. The
rate of 1-CoA assembly is reduced due to product inhibition once
a steady state is established.

1-CoA (uM)

0.0 L] I L] I L] l L] I L] I 1
0 20 40 60 80 100
Time (min)

Figure 7. The kinetics of in situ hydrothiolation. Kinetic analysis of 1-CoA
formation. The reaction was initiated by adding 1 (40 uM) to ChAT (0.9 pM)
preloaded with CoA (80 uM) at 0 °C. A second equivalent of ChAT apo enzyme
was added at 25 min (n = 3, mean and SD plotted, data fitted to a pseudo-first
order association kinetics model, R?= 0.884 and R?= 0.877 for the 0-25 min,
and 25-105 min periods, respectively).

To investigate the dissociation kinetics of in situ assembled
inhibitor adducts, we performed jump-dilution experiments in
which the reactants were mixed, incubated, and then diluted
4200-fold. The dissociation of the adduct was followed by
continuously monitoring the enzymatic activity. We found that the
dilution restored the catalytic activity of ChAT in a time-dependent
manner (Figure 8 A). Furthermore, a non-linear phase was
observed for samples containing in situ assembled 1-5-CoA due
to a slow dissociation of the adducts from ChAT. We determined
the first order rate constant for dissociation (ko#) and found that
the target residence time (t) varies between 2.9 and 12.5 minutes
(Table 1). As a reference, the catalytic turnover (kcat) of the natural
reaction is 99.6 s ['], showing that the exit of 1-5-CoA is several
orders of magnitude slower than the exit of CoA. We also note
that inhibitors that have a naphthyl moiety (1,2-CoA) have a
slower dissociation and a longer target residence time than
adducts with a substituted phenyl moiety (3-5-CoA, Table 1).

Entry of chemically prepared 1-CoA into the active site tunnel
of ChAT shown by the inhibition progress curves (Figure 5), as
well as the reversibility of binding of in situ assembled inhibitor
adducts shown by the jump dilute experiments (Figure 8 A) is
unexpected since the X-ray crystal structure shows that the tunnel
is constricted by an a-helix (residue 329-342) and two B-sheets
(residue 435-440 and 537-542, Figure 8 B) that form a clamp
around the propanamido linker of CoA. This suggests that
dynamics, likely involving a significant structural rearrangement
or domain movement of ChAT may be involved in the trafficking
of 1-CoA.
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Figure 8. The dissociation kinetics. A) Results from jump-dilution
experiments in which ChAT (2.7 uM), CoA (80 uM)and 1, 2, 3, 4 or 5 (100
puM) were mixed, incubated, and then diluted 4200-fold. Enzymatic activity
was determined using a fluorescence assay (n=3 independent reactions
each measured in quadruplicates, mean and SD plotted). The solid lines
represent fits of experimental data to the integrated rate equation (1) from
which the dissociation constants (ko#) are determined. (B) The narrow
binding site of 1-CoA. The X-ray crystal structure shows that 1-CoA binds
through a constriction of the active site tunnel formed by two B-sheets and
one a-helix.

Conclusion

We have shown that 1 and CoA are substrates of a ChAT-
catalysed hydrothiolation reaction, and that the inhibition of ChAT
attributed to 1 is actually due to the in situ synthesis of the adduct
1-CoA. This mechanism is common to a representative subset of
AVPs (1-5), suggesting that it is the main mechanism of ChAT
inhibition for this compound class and that thia-Michael acceptor
ability is a crucial component of the SAR of AVPs. Our results
show that the bioactive forms of AVPs are their adducts with CoA,
which thus constitute a new class of ChAT inhibitors. Given these
new insights into the mechanism of ChAT inhibition by AVPs and
the reversibility of adduct formation, we advocate a reassessment
of previous studies on AVPs. Our kinetic data show that the
association of chemically prepared 1-CoA as well as the
dissociation of in situ assembled 1-5-CoA is slow and may involve
a structural reorganisation of ChAT. The slow trafficking may
provide an opportunity to develop non-reactive, tunnel spanning
inhibitors with prolonged target residence time. The X-ray crystal
structure of 1-CoA in complex with ChAT-SERM establishes the
binding mode of a tunnel-spanning inhibitor and provides a
template for such development efforts. Analysis of the
dissociation kinetics, shifts in thermal stabilization,
thermodynamics and the X-ray crystal structure show that
interactions between the arene of the AVPs and a hydrophobic
pocket near the choline binding Tyr552 play an important role in
the molecular recognition of AVP-CoA adducts and is a significant
determinant of inhibitor potency. In conclusion, our results
establish the mechanism of ChAT inhibition by AVPs, provide
directions for the development of non-reactive ChAT inhibitors
and illustrate a novel drug modality concept based on in situ
inhibitor assembly from an exogenous precursor and an
endogenously produced co-substrate.
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We show that arylvinylpyridiniums (AVPs), the most widely studied class of inhibitors of the potential drug target choline
acetyltransferase (ChAT), act as substrate in an unusual coenzyme A-dependent hydrothiolation reaction. This in-situ synthesis
yields an adduct that is the actual enzyme inhibitor. Our findings clarify the inhibition mechanism of AVPs and establish a drug

modality that exploits a target-catalyzed reaction between exogenous and endogenous precursors.
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