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ABSTRACT: Botulium neurotoxins (BoNTs) are among the most lethal
toxins known to man. They are comprised of seven serotypes with
BoNT/A being the most deadly; yet, there is no approved therapeutic for
their intoxication or one that has even advanced to clinical trials.
Botulinum neurotoxicity is ultimately governed through light chain (LC)
protease SNARE protein cleavage leading to a loss of neurotransmitter
release. Pharmacological attempts to ablate BoNT/A intoxication have
sought to either nullify cellular toxin entry or critical biochemical
junctions found within its intricate mechanism of action. In these regards,
reports have surfaced of nonpeptidic small molecule inhibitors, but few
have demonstrated efficacy in neutralizing cellular toxicity, a key
prerequisite before rodent lethality studies can be initiated. On the
basis of a lead discovered in our BoNT/A cellular assay campaign, we
investigated a family of N-hydroxysuccinimide inhibitors grounded upon structure activity relationship (SAR) fundamentals.
Molecules stemming from this SAR exercise were theorized to be protease inhibitors. However, this proposition was overturned
on the basis of extensive kinetic analysis. Unexpectedly, inhibitor data pointed to thioredoxin reductase (TrxR), an essential
component required for BoNT protease translocation. Also unforeseen was the inhibitors’ mechanism of action against TrxR,
which was found to be brokered through a suicide-mechanism utilizing quinone methide as the inactivating element. This new
series of TrxR inhibitors provides an alternative means to negate the etiological agent responsible for BoNT intoxication, the LC
protease.

■ INTRODUCTION

Botulinum neurotoxins are a family of neurotoxins produced by
C. botulinum, which upon intoxication of neurons may result in
a potentially fatal disease called botulism. The neurotoxin is
comprised of a 150 kDa single chain peptide composed of 100
kDa heavy chain (HC) and 50 kDa light chain (LC).1 The HC
and LC are linked by a disulfide bond (S−S) and are essential
components for BoNT’s mechanism of action.2 On the whole,
BoNT’s toxicity has been evolutionarily honed exploiting a
series of unique steps initiated through neuronal cellular entry.
Thus, toxin’s selective entrance occurs at the peripheral
neuromuscular junction via HC recognition of the ganglioside
and synaptic vesicle glycoproteins,3 leading to internalization of
the toxin via receptor-mediated endocytosis. The HC within
the endosome, upon acidification of the lumen, facilitates
translocation of the LC into the neuronal cytosol by generating
a channel inside the endosomal membrane.4 Once released, the
LC is now armed for SNARE protein cleavage, thereby
blocking synaptic vesicle exocytosis and ultimately release of
acetylcholine.4 As a result, neurotransmissions are ceased
causing a neuromuscular blocking effect, which depending on

the severity can be fatal. There are seven BoNT serotypes (A−
G), wherein A, B, and E are toxic to humans.1 Notably, SNARE
protein-toxin targeting differs between serotypes; thus, BoNT/
A and E cleave synaptosome-associated protein 25 (SNAP-25),
whereas BoNT/B utilizes synaptobrevin as its substrate of
choice.1

As stated, vide supra, botulinum neurotoxin acts by halting
the release of acetylcholine, which ultimately causes neuro-
muscular blockade.5 At the clinical level, this mechanism of
action has laid the foundation for the development of the toxin
as a highly sought after therapeutic for treatment of such
maladies as chronic pain, focal dystonias, spasticity, and
hyperkinetic facial lines to name a few,6 and while BoNT is
of substantial clinical value it is this very same mechanism of
action that has raised concerns of its use as a weapon of mass
destruction.7

In the past two decades, acts of terrorism continue to remind
us of the very real and direct impact of this scourge on civil
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society.1 Moreover, the Center for Disease Control and
Prevention (CDC) considers botulinum neurotoxin as one of
six category A agents.8 Ultimately, to address a BoNT threat,
both fundamental as well as therapeutic studies are needed. In
terms of the latter, present treatments for BoNT/A intoxication
rely on antitoxin administration and vaccination, which can
prevent cellular internalization of toxin during its circulation.9

However, this approach loses traction once the toxin is
internalized within a cell. Currently, there are no approved
pharmacological antagonists once BoNT/A cellular intoxication
takes place.
A growing number of studies have been conducted with the

goal of precluding BoNT/A SNAP-25 destruction, and these
have been mainly focused upon the inhibition of the LC
protease.10 BoNT/LC is a 50 kDa zinc-dependent metal-
loprotease whose sole purpose is the cellular crippling of
acetylcholine release. Pharmacologically then, it is logical to
develop inhibitors against this protease, given that LC is the
etiological agent responsible for botulism.11 Over the past
decade, our laboratory has devoted tremendous efforts to
discover various LC inhibitors as represented by the active-site
prototype zinc chelator, 2,4-dichlorocinnamic hydroxamic acid
(1), which is competitive with the SNAP-25 substrate (Figure
1).12 We have also communicated various allosteric modulators,

α/β-exosite inhibitors such as chicoric acid, lomofungin, and
dyngo-4a.13 Dyngo-4a serves both as a dynamin inhibitor,
blocking BoNT/A’s cellular entry, and as a LC protease
inhibitor, demonstrating the first polypharmacological molecule
against BoNT/A.13c

One of the significant challenges in targeting the BoNT/A
LC has been an unanticipated disconnection between the
enzyme and cellular assays. Briefly stated, it has been
formidable to inhibit the cellular LC even though sufficient
inhibitor potency has been confirmed in LC enzyme assays. We
believe this to be in part due to the exceptionally large
interacting surface area between the protease and its substrate,
SNAP-25. Traditionally, modulation of such protein−protein
interactions with a small molecule has proven to be no trivial
task.11 Furthermore, it has been suggested that the biologically
relevant form of the LC enzyme is distinct from recombinant
LCs used in current assays, due to cellular modifications by host
proteins.14

■ RESULTS AND DISCUSSION
Cellular Assay Screen for BoNT/A Inhibitors and SAR

Investigations. Despite the undeniable challenges, the
enormous value of an effective BoNT/A inhibitor urged us to
look for new chemical scaffolding. Although we previously
obtained some success using a prodrug approach, leveraged
through carbamate-protected hydroxamic acids, to counteract

BoNT/A LC in the cell, we also noted that this design strategy
still needed improvement.15 As an alternative means to enhance
the potency of LC inhibitors, we turned our attention to
Cys165, which is embedded within the active site of the BoNT/
LC (highlighted with yellow in the crystal structure, Figure
1).16 Moreover, Dive and co-workers reported that when this
Cys residue was covalently modified, catalysis was stopped and
the enzyme was inactivated.17 This observation prompted us to
prepare a series of compounds based upon our inhibitor 1 that
could extend into the space that Cys165 occupies. However,
due to the aforementioned enzyme-cellular disconnect, we
decided to initiate these efforts at the cell-based level.
Using a cellular screen, we were guided to 2, a protected

succinimide derivative of 1 (Figures 1 and 2; see the Supporting

Information for synthesis and characterization). This succini-
mide demonstrated SNAP-25 protection with an EC50 value of
63 μM, and while the potency of 2 is modest, we considered
this N-hydroxysuccinimide as a lead to further develop more
efficacious inhibitors.
The protecting group embedded within 2, a 4-acetoxybenzyl,

is known to liberate a quinone methide species via enzymatic
cleavage of the acetyl group and subsequent 1,4-elimination
(Figure 3). On the basis of this knowledge, we examined 2 in

our SNAPtide assay to determine its inhibitory activity.
Surprisingly, however, 2 was found to be inactive against
BoNT/A LC. Although we were initially confident that 2 would
be an active site inhibitor, we also examined 2 in our LCMS 66-
mer assay. In contrast to the SNAPtide assay, this assay is also
able to delineate exosite binding and thus a potential allosteric
inhibition mechanism. Again, 2 was found to be inactive.
Because 2 presented inhibition in our cellular assay, we
assumed that the 4-acetoxybenzyl group was necessary for the
membrane permeation, and its liberation to 3 (Figure 2) was
occurring via simple acid/base or enzymatic hydrolysis. Either
event would produce 3, which we assumed would be
responsible for the LC inhibition observed. However, we

Figure 1. Structure of inhibitor 1 and its crystal structure within
BoNT/A’s LC active site.

Figure 2. Inhibitor 2 selected from cellular screen and analogues (3
and 4) examined in enzymatic and cellular assay.

Figure 3. Mechanism of quinone methide formation.
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were surprised to find that 3 was inactive in either enzyme
assay. In a final attempt to reconcile our observations, we
looked to 4, the hydrolyzed form of 3. This compound also
showed poor BoNT/A LC inhibitory activity (IC50 = 30 μM)
in the 66-mer assay. Additionally, the compound posed
instability issues in solution, which also made us doubt its
veracity as the molecule responsible for cellular BoNT/A
inhibition.
Although compounds 2, 3, and 4 were originally expected to

target the active site of BoNT/A’s LC, such scaffolding
possessing two hydrophobic arenes would clearly impact future
development from a solubility standpoint. As a part of our SAR
studies, succinimides 5 and 6 (Table 1), 3 devoid of two aryl

appendages, were synthesized and tested in the cellular assay.
Unexpectedly, both molecules showed low micromolar
potency, which is virtually a 10-fold increase in potency from 2.
The N-hydroxysuccinimide appendage embedded within 6

presented a very simple chemical architecture, yet as shown in
Table 1, displayed significant potency, which was clearly
unforeseen. As a means to begin to delineate a possible
inhibitory mechanism, we first surveyed N-hydroxysuccinimide
(NHS) and its open-form, 4-(hydroxyamino)-4-oxobutanoic
acid, in the LC enzyme assay. As anticipated, the two
compounds did not demonstrate any inhibition. Again, we
decided to reconsider a BoNT/A substrate hypothesis where
now 5 and 6 might be serving as suicide substrates for the
BoNT/A protease. Thus, 6 was tested in the enzyme assay

against BoNT/A LC as well as holotoxin (LC+HC).
Unfortunately, however, we were unable to detect any activity.
While the mechanism of inhibition by 6 remained shrouded,

we continued our SAR studies to define essential functionalities
in 6, which we hoped might lead to mechanistic underpinnings
for the inhibitory activity seen. As a starting point, O-benzyl N-
hydroxysuccinimide 7 was prepared to examine the importance
of acetyl group. This compound showed no inhibition in the
cellular assay, indicating that the fragmentation of the 4-
acetoxybenzyl moiety is crucial. Next, we synthesized a series of
compounds where the N-hydroxysuccinimide structure was
altered as seen in 8, 9, and 10 (Table 1), and evaluated their
cellular activity. Succinimide 8 showed no activity, suggesting
that the oxygen atom at the benzylic position is required.
Moreover, 9 now possessing the piperidine-2,6-dione scaffold-
ing was found to be about 10-fold less active, while
unconstrained 10 (N-acetyl-N-(benzyloxy)acetamide) was
also inactive. Last, we examined the importance of the
substitution pattern on the aryl ring through the preparation
of ortho-quinone methide precursor 11 (Table 1). Again, this
compound showed no activity, indicating that para substitution
and the resulting para-quinone methide are vital for inhibition.
On the whole, seeing an order of magnitude difference in

potency between 6 and 9, and considering the structures of
inactive compounds 7 and 8, we hypothesized that potency
differences might reside in the leaving group. To probe this
proposition, we looked for alternative leaving groups to the
NHS moiety (Table 2). In search of replacements, we

recognized that the NHS appendage has been widely employed
in amide ligation reactions as it is an excellent activating group
of carboxyl functionalities. On the basis of this, additional
activating groups engaged in amide couplings were installed. To
our delight, structures having strained succinimides (12 and
13), 1-hydroxylbenzotriazole (HOBt, 14), and 1-hydroxy-7-
azabenzotriazole (HOAt, 15) all demonstrated virtually equal
potency in the cellular assay (Table 2). In an effort to look at a

Table 1. Structures Derived from 2 and Their Cellular
Activitya

aSee the Supporting Information for detailed syntheses.

Table 2. SAR Studies for Alternative Leaving Groups Other
than the NHSa

aSee the Supporting Information for detailed syntheses.
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more biologically relevant leaving group, diethyl phosphate 16
was examined. Gratifyingly, the compound was active with an
EC50 value of 12 μM. We note that 16 has also been reported as
an anticancer agent against several human cancer cell lines.18

Interestingly, we did not observe any significant toxicity with
this compound in hiPSC-derived neurons.
In light of the NHS-congener findings, vide supra, we next

turned our focus to the ester functionality found within 6. This
particular phenolic ester not only presents a hydrolytic liability
issue, but it is also nondescript in structure, and therefore a
considerable number of esterases could readily hydrolyze this
functionality. We envisioned that finding a more durable ester
replacement might not only boost the inhibitor potency but
also provide additional selectivity toward the target protein(s).
The importance here is that if animal studies were to be
broached, metabolic stability would be essential as well.
First, ester congeners cyclohexyl ester (17) and i-Pr ester

(18) were synthesized (Chart 1). These were tested and

discovered to possess an inhibitory profile similar to that of 6,
indicating that ester steric bulk can be tolerated. Next, the
importance of the ester itself was evaluated; here we took
recourse to carbamate (19), thiocarbamate (20), carbonate
(21), and amide (22). Unfortunately, while these structures
provided a more stable linkage, they did not protect SNAP-25
from BoNT/A protease cleavage.
As our last endeavor to identify alternative functionalities to

the ester, we investigated replacing the ester carbonyl with
sulfur and phosphorus moieties. As shown in Chart 1, a total of
eight carbonyl replacements (23−30) were prepared. From this
series of compounds, only the t-butyl sulfinic ester 23 displayed

inhibitory activity with an EC50 value of 21 μM. Looking to the
literature, this result was not all that surprising as sulfinic esters
are known to be highly selective toward nucleophilic
substitution by thiols.19 Although this lends little information
on specific protein target(s), we still viewed this as valuable
knowledge where a thiol/cysteine could be involved in the ester
cleavage event, assuming that 6 and 23 share a common protein
target.
Placing these findings in context, we note quinone methide

precursor mastery seen in the seminal publications by Danzin,
Widlanski, and others.20 In an example of phosphatase
inhibition, Widlanski and co-workers demonstrated that the
rate of quinone methide formation significantly depends on the
nature of leaving group, that is, fluoride, chloride, bromide, and
acetate.20c Benzylic fluoride was found to be an excellent
leaving group, whereas benzylic acetate turned out to be a poor
leaving group resulting in slow inactivation of the enzyme.
These observations are consistent with our hypotheses put
forth and assay results found in Tables 1 and 2.

Target Identification of the Cellular Active Inhibitors.
The challenges of finding an inhibitor’s cellular target(s) are
undeniably forbidding. Yet, we were buoyed by strong SAR
data, which we hypothesized would assist and greatly enhance
this overall process. As a starting point, we carefully re-
examined our cellular assay. In our assay protocol, neuronal
cells are initially incubated with BoNT/A for several minutes,
followed by a change of culture medium to remove extracellular
toxin, culminating with the addition of the inhibitor to be
tested.15a Because of this protocol and the known fast toxin-
uptake by hiPSC-derived neurons,21 it was an unlikely scenario
that our inhibitors were blocking endocytosis of BoNT/A.
Furthermore, because our enzyme assay revealed that 6 was
inactive against BoNT/A LC, we surmise that our inhibitors are
likely to be perturbing the modification of LC by host cytosolic
enzymes or the translocation of LC from endosome.
It has been disclosed that BoNT/A is a substrate for Src

kinase, which upon phosphorylation drastically augments LC’s
catalytic activity and thermal stability.14 To probe whether or
not 6 prevents BoNT/A’s phosphorylation, we screened the
inhibitor against a panel of 50 kinases including Src at 20 μM
(see the Supporting Information). Unfortunately, 6 presented
no activity against all kinases examined. Although some
unbeknownst cytosolic modification of the BoNT’s protease
in the cellular milieu could still be evoked, we began to consider
that inhibition was linked to the translocation step in BoNT/
A’s intoxication process.
Upon cellular binding and subsequent endocytosis, BoNT/A

enters the neuron as a cargo of the endosome.22 The endosome
within a nerve terminal contains an ATP-dependent proton
pump that generates an acidic makeup in the lumen.4 It is this
resulting pH decrease that ultimately triggers a conformational
change in BoNT’s HC, exposing hydrophobic domains to
create a channel for LC release.22 Toosendanin, a triterpenoid
from traditional Chinese medicine, has been known to
neutralize BoNT intoxication.23 In 2009, we deciphered
toosendanin’s mechanism of inhibition for both BoNT/A
and/E. These studies demonstrated how toosendanin occludes
the translocation step via direct interaction with the membrane-
embedded HC channel, which ultimately blocks LC release.24

Parallel studies have also shown bafilomycin A1 to be a
selective inhibitor of endosomal ATPase, as it precludes the
acidification of the endosome lumen, thus preventing channel
formation by the HC in BoNT’s translocation step. Simpson

Chart 1. SAR Studies with Ester Congenersa

aSee the Supporting Information for detailed syntheses.
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and co-workers demonstrated that the efficacy of bafilomycin
A1 diminished with time in a mouse phrenic nerve hemi-
diaphrgam assay.25 Specifically, bafilomycin A1 presented
activity when added to tissue simultaneously or immediately
after the addition of BoNT/A, but it displayed reduced activity
when added 0.5 h after the toxin exposure. Similar results were
reported by Bavari and co-workers in chicken ventral spinal
cord cells.26 Importantly, these studies establish toosendanin
and bafilomycin A1 to inhibit BoNT/A’s translocation step.
However, once the LC is released into the cytosol, neither
compound is effective because translocation is complete.
On the basis of these findings, we designed a similar

experiment with 6, toosendanin, and bafilomycin A1 using our
hiPSC-derived neuron assay (see the Supporting Information
for assay details). Thus, after toxin exposure, each inhibitor was
added at increasing time points (0−8 h delay), and SNAP-25
cleavage was evaluated. As expected, both toosendanin and
bafilomycin A1 were initially effective. However, as inhibitor
addition was delayed, more SNAP-25 cleavage was detected.
Evaluation of 6 under these conditions presented an inhibition
profile similar to that of toosendanin and bafilomycin A1. This
was the first indication that 6’s mode of action could be
associated with toxin translocation.
Although these translocation studies are noteworthy, it

would be still challenging to identify potential targets simply by
examining proteins known to be involved in translocation.
Furthermore, while much is understood detailing BoNT’s
mechanism of action, it is still quite possible that not all
proteins involved in the toxins translocation have been
elucidated. BoNT’s translocation progression has been the
least studied as compared to other events leading to nerve
intoxication. Hence, we gravitated to a direct target
identification approach utilizing MS-based proteomics. On
the basis of the requirement that the inhibitor must possess an
ester linkage and knowledge that its cleavage would release a
reactive-covalent quinone methide “tag”, we envisioned
installation of a “pull-down handle” would be sufficient for
protein enrichment and MS/MS analysis. To this end, probe
31, an analogue of 17, was synthesized along with negative
control 32, an analogue of 19 (Figure 4). Both compounds

were tested in the cellular assay before proteomics was to be
enacted, and it was confirmed that 31 provided complete
SNAP-25 protection at 20 μM, and the control 32 showed no
inhibition at 100 μM (Figure S2.3).
The proteomics engaged was based on common literature

protocols.27 In short, the probe (100 μM) was incubated with
cultured neuronal cells for 1 h. Upon cell lysis, protein mixtures
were subjected to “click reaction” conditions for biotin
attachment to labeled proteins, which were then enriched on
streptavidin-agarose beads. Finally, the enriched proteins were
digested, and their peptide fragments were analyzed by LC/

MS/MS to obtain protein IDs. For this experiment, the mouse
neuroblastoma cell (neuro2a) was selected due to its ease of
culturing and scale up. As a result, probe 31 afforded dozens of
proteins, most of which were also present when probe 32 was
used, presumably due side reactions and/or nonspecific binding
to agarose beads. However, even with these caveats noted, we
were able to detect two proteins that were specific to probe 31:
thioredoxin reductase 1 isoform 2 and protein disulfide
isomerase ERp61 precursor.
The thioredoxin system can be viewed as a ubiquitous

cellular hierarchy capable of reducing protein disulfides from
archaea to man, consisting of thioredoxin (Trx), thioredoxin
reductase (TrxR), and NADPH.28 Mechanistically, a complex
shuttling of electrons allows NADPH and TrxR to reduce Trx,
which is responsible for maintaining proteins in their reduced
state. In the context of botulinum neurotoxin research, it has
been shown that BoNT hijacks the thioredoxin system to cleave
the disulfide bond between HC and LC during the trans-
location step.29 Moreover, Montecucco and co-workers have
demonstrated that inhibition of Trx and TrxR can lead to
SNAP-25 protection in neurons, which was further evaluated in
a mouse lethality model using a well-established thioredoxin
reductase inhibitor, ebselen.30

In contrast, protein disulfide isomerase ERp61 precursor is a
member of the protein disulfide isomerase (PDI) family. PDI is
an essential chaperon that has been shown to augment the
folding process of proteins via oxidation of sulfhydryl groups
and reduction/isomerization of disulfides.31 Intriguingly, the
sequence of ERp61 has high homology to that of TrxR,
comprising a similar active site.31 Thus, it is understandable that
a member of the PDI family was identified in the proteomics
experiment. It is of note that only a single report on PDI has
been disclosed in the context of interchain disulfide reduction
of BoNT/A, and in this study it was shown to be incapable of
its reduction.29b

With this sequence of protein discoveries, it is tempting to
conclude that our inhibitors specifically target TrxR and/or PDI
through covalent inactivation as suicide substrates. However,
caution must be taken because the proteomics experiment
merely represents the most abundant proteins that were labeled
by probe 31. It is easily imaginable that there are other proteins
labeled, but were not found due to the detection limits of MS/
MS. An additional sobering thought is that TrxR and PDI are
simply major cellular proteins, which could also be a factor
defining our proteomic results. Having exercised such caution,
however, it is still logical to conjecture that our inhibitors could
target thioredoxin reductase, and its inhibition is, at least in
part, likely to preclude BoNT/A LC release from HC in the
translocation step.

More Evidence Implicating TrxR as the Target of
Inhibitors 6 and 23. As a means to further refute or confirm
TrxR or PDI as our inhibitor(s) target(s), we evaluated two
representative inhibitors (6 and 23) in TrxR and PDI enzyme
assays. Both 6 and 23 demonstrated potent inhibition against
thioredoxin reductase, with IC50 values of 0.71 ± 0.03 and 5.39
± 0.35 μM, respectively (Figure 5A). However, only 23
demonstrated inhibition against PDI with an IC50 value of
41.41 ± 13.37 μM (Figure 5B). These results are consistent
with the cellular data and labeling experiments, and firmly
suggest that TrxR is the target of our inhibitors.
Mammalian thioredoxin reductase is a selenium-dependent

flavoprotein, and its active site consists of the characteristic
sequence motif GC“Sec”G (Sec = selenocysteine) at the C-

Figure 4. Structure of MS proteomic probes 31 and 32 (see the
Supporting Information for inhibitor profile).
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terminus and CVNVGC at the N-terminus.32 The experiment
we decided to pose was that under physiological conditions Sec
or Cys could act in a nucleophilic manner within the TrxR fold,
which would involve an acyl transfer of the carboxylic/sulfinic
ester moiety. To test the validity of such an inhibition pattern, a
pH-sensitive affinity reagent, BIAM (N-(biotinoyl)-N′-
(iodoacetyl)ethylenediamine), which is known to undergo
specific alkylation with Cys or Sec residues, was explored.
Because of the difference of reactivity between Sec (pKa = 5.2)
and Cys (pKa = 8.3),33 only Sec should be labeled at pH 6.5,
where both Sec and Cys would be labeled at pH 8.5. TrxR was
incubated with 6 or 23 at pH 7.2 at 37 °C for 2 h, and then
labeled with BIAM at pH 6.5 or 8.5.33 The BIAM labeling event
was viewed by Western blot with avidin-HRP (Figure 6).

Under these conditions at pH 6.5, BIAM labeling intensity was
diminished as the concentration of inhibitor increased. At pH
8.5, the overall labeling intensity remained relatively constant as
inhibitor concentration increased, although it should be noted
that 23 presented an overall clearer inhibition pattern than 6.
These findings suggest that both inhibitors have reactivity and
fidelity profiles toward selenocysteine and 6 has enhanced
selectivity to Sec than Cys because additional nonspecific
cysteines were modified by 23.
Additional logical steps for inhibitor−protein reactivity

profiling led us to look to mass spectrometry for 6-TrxR
labeling. However, because of the various mammalian isoforms
associated with TrxR (55 to 67 kDa)34 and the low inherent
molecular weight of our inhibitors, we were unable to obtain
definitive data from either digested fragments or whole protein.
This sequence of events led us to synthesize TrxR’s active site
sequence GCSecG and examine its reactivity toward 6. Thus, 6
was incubated with the peptide, and the reaction was analyzed
by LC/MS. Gratifyingly, new m/z peaks corresponding to
“GCSecG + Ac” and “GCSecG + Ac + quinone methide”
adduct were detected (Figure 7; see the Supporting
Information for assay details).
Having established TrxR as the protein of relevance for our

most potent inhibitors, we next sought to ascertain kinetic
parameters of 6 and 23 through Ellman’s reagent, DTNB (5,5′-
dithio-bis-[2-nitrobenzoic acid]) assay. Here, a series of

concentrations were tested for each of the two inhibitors
when TrxR and DTNB were added to the reaction milieu, while
the whole process was monitored at 412 nm. Initial velocity
analysis suggested the inhibitors underwent a two-step
mechanism, a noncovalent, reversible binding step that was
then followed by covalent killing of the enzyme’s activity (see
the Supporting Information). Further kinetic analysis was
conducted by DynaFit4 using a two-step model,35 granting a Ki
of 4.2 ± 0.3 and 51 ± 8 μM, and a kinact of (0.78 ± 0.09) × 10−3

and (3.2 ± 0.5) × 10−3 s−1 for 6 and 23, respectively.
From these metrics, what is clear is that 6’s acetyl ester has

greater affinity to TrxR than 23’s t-butyl sulfinic ester. However,
23 displayed a more potent kinact, indicating a greater reactivity
of the sulfinic ester, which in turn led to a less selective process
between the thiol- and selenol-residues found within TrxR. On
the basis of the summation of all analyses, a credible
mechanistic scheme that fits the data acquired is proposed in
Figure 8.

Having proposed an acyl transfer mechanistic scheme, we
make note that a comparable pathway was reported by Badet
and co-workers, where they presented the mechanism-based
inactivation of glucosamine 6-phosphate synthase via enzymatic
hydrolysis of an amide bond, ultimately liberating thioquino-
ne.20g Here, inhibition relied on the enzyme’s innate function to
hydrolyze glutamine to glutamate. This report led us to query
the specificity of our inhibitor, and as a stern test, 6 was
examined with glutathione peroxidase (GPx), which possesses a
selenocysteine motif within its active site, akin to TrxR. As
anticipated, 6 did not show inhibition against GPx at any of the
concentrations examined (Figure S8.1), emphasizing the point
that 6 does not engage all Sec-containing enzymes.
Although 6 did not engage GPx, promiscuous inhibitor

profiling between TrxR and GPx has been previously

Figure 5. Inhibition plots (IC50) of 6 and 23 with TrxR (A) or PDI
(B).

Figure 6. BIAM labeling of Sec (pH 6.5) and Sec and Cys residues
(pH 8.5) (see Figure S5.3 for quantification details).

Figure 7. LC−MS signal of predicted acylpeptide products (m/z =
471 (A) or 577 (B)). GCSecG was reduced with TCEP cleaving the
Se−S bond and then added to 6. After 1 h of incubation, acylated
peptides (A and B) were observed. Samples without 6 or peptide were
used as controls.

Figure 8. Cartoon presenting a plausible mechanistic scheme for TrxR
inhibition by inhibitors 6 and 23. Note, X = C or S representing 6 or
23, respectively.
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disclosed,20f,33 and has been attributed to active site accessibility
between these two enzymes. Thus, it has been established that
the selenocysteine motif leveraged within TrxR is C-terminal
bound32 and highly flexible, which provides a rationale for
TrxR’s broad substrate scope, whereas Sec of GPx is
sequestered inside of the enzyme’s active site.36 Considering
the small architecture of 6, however, it is also conceivable that
the initial interaction/binding of 6 to the protein plays a critical
role, as shown in our two-step model based on the kinetics
observed.
Finally, in light of the thiol-reactive nature of 23, vide supra,

the stability of these inhibitors in a thiol-rich concentric cellular
environment needed to be addressed. The sensitivity of the
sulfinic ester moiety toward glutathione (GSH), a universal
cellular component, has been reported.19 Hence, we conducted
MS-based stability studies on 6 and 23 in various medium using
deuterium-labeled compounds as standards. While both 6 and
23 displayed similar stability in PBS and culture medium (see
the Supporting Information), a significant difference was
observed in 5 mM GSH solution. Inhibitor 6 exhibited
approximately an 11 h half-life; in contrast, 23 was completely
depleted within 0.5 h. These results are readily interpreted as
neurons are known to possess an abundance of GSH inside the
cell, and 23’s sensitivity to GSH would justify the decreased
potency seen with 23.

■ CONCLUSION
In summary, we have disclosed a series of potent inhibitors that
protect SNAP-25 from cleavage by BoNT/A, using a cell-based
assay screen. Instead of using conventional enzymatic screen-
ing, we opted for a direct cellular phenotypic screen, based
upon the wisdom that more drug-like molecules would emerge
from such an endeavor. At the outset, our inhibitor plan was
designed to target the LC of BoNT/A, which was based upon
our previous hydroxamic acid research initiative. However, SAR
studies revealed that this new series of succinimides was not
capable of inhibiting the BoNT/A LC either in their prodrug
form or in their deprotected state.
We were thus led to ask whether in light of the

considerations discussed, vide supra, a protein other than the
BoNT/A LC was responsible for inhibitory activity seen. We
surmised inhibitory activity was due to either modification of
LC by the host or prohibiting translocation of the LC from the
endosome. To probe the latter hypothesis, a MS-based
proteomics approach was employed, and from these studies
thioredoxin reductase 1 was discerned as the likely target.
Thioredoxin reductase would seem to be an unsuspecting
candidate. However, it has been noted that during the
translocation step, BoNT requires thioredoxin reductase to
liberate the LC from HC, and we posit that this is the most
likely scenario of how our inhibitors protect cellular SNAP-25
from BoNT/A. Remarkably, the inhibition seen resides in a
suicide substrate mechanism.
A surfeit of studies have come to light in recent years solely

devoted to TrxR, especially in the field of oncology where there
are a plethora of reports detailing selective and potent
inhibitors of TrxR.37 However, a vast majority of these
inhibitors possess either an electrophilic center, for example,
a Michael acceptor (α,β-unsaturated system),38 or a metal ion
complex,39 both capable of trapping the catalytic selenocysteine
or cysteine residues. Surprisingly, our inhibitor’s profile uses an
acyl transfer mechanism, and to the best of our knowledge,
TrxR possessing a hydrolase-like function has not been

previously disclosed. This mechanistic underpinning requires
further comment as there are a number of activity-based
chemical probes that are homologus to the inhibitors we have
disclosed. These inhibitors were utilized for the sole purpose of
esterase profiling of the proteome.40 In light of TrxR’s newly-
found acyltransfer activity, it is worth mentioning that such
probes might have selected TrxR; however, TrxR’s selection
was dismissed because of its previously unknown hydrolase
properties.
Regardless of BoNT serotype, all botulinum neurotoxins

require translocation of the neurotoxin’s protease. We would
surmise that, based on our inhibitor’s mechanism of action,
these molecules will act as pan-inhibitors of all BoNT serotypes.
Admittedly, translocation inhibitors are not capable of counter-
acting BoNT once it takes residence inside of the cell, thus
limiting their use as a therapeutic. However, based on the
elimination half-life of BoNT/A, a 4−10 h window of
opportunity would be available, which at least would put
these inhibitors on ground similar to that of antibody
therapeutics,41 thus adding a small molecule pharmacological
antagonist to the arsenal of emergency treatment options.
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