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A computation docking study of the highly potent, non-nitrogen containing, acetylcholinesterase inhibitor
(+)-arisugacin A is presented. The model suggests that (+)-arisugacin A is a dual binding site covalent inhib-
itor of AChE. These findings are examined in the context of Alzheimer’s disease-modifying therapeutic
design. (+)-Arisugacin A’s revealed mode of action is unique, and may serve as a basis for the development

of AD therapeutics capable of treating the symptomatic aspects of AD, while being neuroprotective with

long term efficacy.
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Alzheimer’s disease [AD]' affects well over 24 million people
worldwide.?? It is one of the most degenerative and devastating syn-
dromes affecting mostly the geriatric population, causing loss of
memory and cognitive abilities. The exact pathogenic mechanism
of AD still remains unknown, however tremendous progress has
been made in understanding the biochemical events involved.
Through this understanding, targets and theories have emerged as
to how to best combat this disease. The current leading theory in
disease-modifying therapeutic research is the amyloid cascade
hypothesis focusing on B-amyloid peptide (AB), a primary compo-
nent of the neurotoxic senile plaques that are a major hallmark of
AD.* These efforts focus on inhibiting Ap production, preventing
AP aggregation, or altering A metabolism and clearance.’ The long
standing cholinergic deficiency hypothesis*® has served almost
exclusively as the rational basis in the development of known drugs
(Fig. 1). This hypothesis links the loss of acetylcholine, a neurotrans-
mitter responsible for memory and cognitive functions, to AD. To
maintain concentrations of acetylcholine in AD patients, current
treatment involves the use of reversible and competitive inhibitors
of acetylcholinesterase [AChE], a classical serine protease that
catalyzes the hydrolysis of acetylcholine.® Treatments using cholin-
esterase [ChE] inhibitors have been deemed symptomatic, and
found to result in statistically significant but clinically marginal
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improvement in measures of cognition.” However there have been
a number of reports stemming from clinical trials that differential
efficacies of therapeutics are not solely accounted for by differences
in ChE inhibitory activities, suggestive of secondary modes of action
of these therapeutics.®>8-1°

Recent findings show the cholinergic and amyloid hypotheses are
not independent of one another. Namely, acetylcholine activation of
the muscarinic receptors leads indirectly to increases in the non-
amyloidogenic o-secretase processing of AB precursor protein
(APP),'! thus linking AChE inhibition with the diversion of APP away
from Ap formation. Another key connection has been the identifica-
tion and mechanistic elucidation of the pro-aggregating action of
AChE on AB.'2 This secondary activity of AChE involves the enzyme’s
peripheral anionic site (PAS) located at the entrance of the catalytic
gorge. AChE inhibitors able to bind to the PAS have been found to in-
hibit this pro-aggregating activity.!?* These connections point to the
disease-modifying potential of AChE inhibitors.

In light of these findings there has been a re-emerging interest
in AChE inhibitor-based drug development, and their extension to
molecules that serve to modulate both the cholinergic and amyloid
targets. Many efforts have focused on designing dual binding site
inhibitors that maintain or improve ACh-hydrolysis inhibition
while adding or improving PAS binding, leading to improved inhi-
bition of AB pro-aggregating activity of AChE.’>'* Dual binding site
inhibitors of AChE have also been designed to concomitantly inhi-
bit B-secretase (BACE-1), the enzyme involved in the rate-limiting
step of APP processing into Ap.'> Furthermore, the understanding
that AChE colocalizes with AB has lead to the design of AChE
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Figure 1. Five AChE inhibitors approved as therapeutic drugs for combating

dementia, and (+)-arisugacin A.

inhibitors with the added ability to chelate or release metal ion
chelators, ions also implicated in AR aggregation and neurotox-
icity.’® The development of these multi-target-directed ligands
holds great promise in development of AD therapeutics capable
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Figure 2. The binding and active site of AChE.

of targeting early stages of the neurotoxic cascade as well as miti-
gating the cholinergic deficit.

With the value of AChE modulation clearly established, we were
inspired to continue pursuing the understanding of the biological
activity of the natural product (+)-arisugacin A. (+)-Arisugacin A
(box in Fig. 1), isolated from Penicillium Sp. Fo-4259 by Omura, is
a highly potent inhibitor of AChE with an ICso of 1 nM.!” The inhib-
itory activity of (+)-arisugacin A is also highly selective for AChE
since >18,000 nM is required to achieve the desired inhibition of
a structurally related serine protease, butyrylcholinesterase
[BuChE]. What is most intriguing about (+)-arisugacin A’s AChE
inhibition is that the molecule lacks a quaternizable nitrogen atom.
Of the five inhibitors of AChE approved as therapeutic drugs for
combating dementia (Fig. 1): Tacrine, donepezil, huperzine A, riv-
astigimine, and galanthamine all contain at least one quaternizable
nitrogen atom.'® We recognized that this structural distinction of
(+)-arisugacin A could lead to the potential discovery of a different
mode of inhibitory action against AChE.

Effective AChE inhibitors should contain a nitrogen atom to mi-
mic the quaternized nitrogen atom of acetylcholine in the binding
to AChE (Fig. 2). At the active site of AChE, this quaternizable nitro-
gen atom interacts with the w-electrons of the indole ring of Trp84
electrostatically (residue numbering from the Torpedo Californica
sequence will be used throughout).’® This cation-7 interaction'®
is the most significant factor for the binding of acetylcholine or
other known inhibitors to AChE.

We made this unique structural observation and connection to
the requisite cation-7 interaction.?® This recognition is novel and
has led to the initiation of a significant medicinal chemistry pro-
gram in our group for therapeutic development of anti-Alzheimer’s
disease and related dementias with (+)-arisugacin A as a center-
piece. We have succeeded in our total synthesis?!~2* of (+)-arisug-
acin A via oxa-[3+3]** annulation (Fig. 3). Our convergent approach
provides a facile and practical entry to (+)-arisugacin A and a di-
verse array of its structural analogs enabling key SAR studies to
elucidate the mode of action as well as discover new leads. We
have undertaken efforts in elucidation and comprehensive under-
standing of the mode of action through unprecedented computa-
tional docking. We communicate here our preliminary finding of
computational evidence that (+)-arisugacin A is a dual binding site
covalent inhibitor of AChE.

A proposed mode of action: Although there are only limited
structural activity relationship [SAR] studies,?>® the structural sig-
nificance of the a-pyrone D-ring of territrem B [a structural relative
of (+)-arisugacin A] in anti-cholinesterase activity has been re-
ported by Peng?® (Fig. 4). While reduction of the enone motif in
the A-ring produced some loss of activity, reductive ring-opening
of the a-pyrone D-ring led to a complete loss of activity.

Based on these limited SAR data, while it appears that the A-ring
could also be significant, we propose that the CDE portion of (+)-ari-
sugacin A (Fig. 5) is responsible for its binding to AChE. That is, the
flat CDE-ring can potentially m-stack with Trp84 and Phe330

A Convergent Approach to (+)-Arisugacin A and Its Family Members
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Figure 3. Total synthesis of (+)-arisugacin A.
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Figure 5. Potential for m-stacking by the CDE portion of (+)-arisugacin A.

analogous to inhibitors such as tacrine, and the carbonyl oxygen of
the a-pyrone [D-ring] is capable of H-bonding with surrounding
amino acids at the active site. In addition, the para-methoxy group
on the E-ring can push electron density toward the o-pyrone car-
bonyl in the D-ring, thereby enhancing the H-bonding ability of
the a-pyrone carbonyl. The electron-deficiency of the E-ring can also
improve its m-stacking ability and could elicit potential cation—m
interactions.'® Hence, the D-ring along with the E-ring substituents
could be critical for the binding of (+)-arisugacin A to AChE.

a

Docking of (+)-arisugacin A: This study was powered by autopock
v4.2 and the more recent version in AutoDock Vina,?” made avail-
able by The Scripps Research Institute under a General Public Li-
cense. To ensure the accuracy of our docking experiments, we
first compared several known crystal structures of ligand-bound
AChE with their respective minimized docking structures using
AutoDock. These successful trial runs involved Protein Data Bank’s
data®® (www.pdb.org) obtained from co-crystallizations of AChE
with known ligands donepezil, galanthamine, huperzine A, huper-
zine B, tacrine, and huprine X. Through these efforts it was identi-
fied that accurate prediction of receptor-ligand complexes were
best obtained by allowing flexibility in residues Phe330, Trp279,
and Asp72, holding the remainder of the enzyme rigid (see Supple-
mentary data).

Consequently, computational docking studies of (+)-arisugacin
A with AChE yielded three major binding modes at the enzyme’s
binding/active site given that (+)-arisugacin A is a competitive
inhibitor. As shown in Figure 6, the three most favored binding
modes are presented along with the first shell of residues sur-
rounding (+)-arisugacin A. Mode-I and Mode-II (a and b) place
the A-ring enone moiety near the opening of the binding pocket.
Mode-III places the enone deep into the binding pocket (c and d),
next to the residues known to be involved in catalysis. The classical
catalytic triad of serine proteases is shaded in orange in all four
panels. Although Mode-I and Mode-II remain distinct possibilities,
we chose to focus on binding Mode-III because of the following
observations:

Firstly, close examinations of the first shell of residues surround-
ing (+)-arisugacin A in Mode-IIl reveal a subset of residues concluded
to share in non-covalent interactions (Fig. 6d). The signature interac-
tions leading to high binding affinity of (+)-arisugacin A for AChE may
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Figure 6. Three major binding modes of (+)-arisugacin A at the active site of AChE: Mode-I [a]: 1st of 100 binding modes. Binding affinity = —11.8 kcal mol~!; Mode-II [b]:
2nd of 100 binding modes. Binding affinity = —10.7 kcal mol~'; Mode-III [c and d]: 3rd of 100 binding modes. Binding affinity = —10.4 kcal mol .
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Figure 7. (+)-Arisugacin A-AChE interactions seen in docking Mode-III.

include: (i) H-bonding between the D-ring a-pyrone carbonyl and
the Phe288-NH (for clarity see Fig. 7a). (ii) H-bonding between
Tyr70 and the 4-OMe group of E-ring (b). (iii) A key m-stacking inter-
action between the E-ring and Trp279 (c). (iv) Potential H-bonding
between residue Asp72 and the C-ring pyranyl oxygen (d). (v)
Ser122,Tyr121, and C120-OH group may be involved in a H-bonding
network bridged by water (e).

All of these key interactions in Mode-III are consistent with the
only SAR data available from Peng?® (Fig. 4). Furthermore, it is
noteworthy that although Mode-IIl supports our preliminary
assertion regarding the importance of the CDE-ring of (+)-arisuga-
cin A, the m-stacking interaction is not with Trp84 and Phe330 as
proposed or often seen in smaller molecules such as tacrine bind-
ing to AChE, but with Trp279.

Secondly, and more significantly, a close up of Mode-III in the
vicinity of the catalytic triad, His440, Ser200, and Glu327, uncovers
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Figure 8. Close ups of Mode-IIl examining the vicinity of the catalytic triad (His440,
Ser200, and Glu327) and Glu199 highlighted in orange.

a new and likely critical interaction also consistent with Peng’s
observation that the enone in the A-ring is significant.?

Based on the two perspectives of (+)-arisugacin A bound in the
active site (Mode-III, Fig. 8), there is potential for the engagement
of Ser200 with the A-ring enone through either 1,2-addition of
Ser200-OH to the C1-carbonyl or 1,4-addition to C3, thereby strongly
suggesting the mode of action involves reversible covalent inhibition
(Fig. 7f). This possibility may be dependent on the ability of (+)-ari-
sugacin A to move within the binding pocket leading to C1 or C3
being closer to Ser200. Another interaction involving the A-ring to
consider would be between the nitrogen lone pair on His440 with
the C1-carbonyl with possible formation of the hemi-aminal.

Lastly, we examined overlays of Mode-III of (+)-arisugacin A [in
green] with crystal structures of inhibitor-bound AChE, an example
of which comparing donepezil [in yellow] is shown here (Fig. 9).282
The overlay reveals similarities between these docking events. They
share an H-bond interaction between the Phe288 amide proton and
the respective ligand carbonyls, a m-stack interaction between
Trp279 and aromaticity in the respective ligands, and an H-bonding
interaction between Tyr70 and the respective methoxy-aryl groups.
These comparisons further support the choice of Mode-III being
worthy of consideration in the understanding of (+)-arisugacin A’s
ability to inhibit AChE.

The possibility that (+)-arisugacin A is a covalent modulator of
AChE may have some important ramifications regarding the long-
term efficacy of such a therapeutic. Reports emerging from clinical
trials have identified a significant difference between AChE inhibi-
tors that are rapidly reversible versus slowly reversible. Rapidly
reversible inhibitors such as donepezil, tacrine, and galanthamine
induce marked elevation in AChE activity and protein levels over
time, whereas the slowly reversible inhibitor rivastigmine signifi-
cantly decreases activity with no upregulation in protein levels.®!°
The clinical relevance of these findings is yet to be determined, how-
ever it is arguable that an escalation of AChE levels and therefore
activity would lead to loss of therapeutic efficacy with regards to
ameliorating the cholinergic deficit. Designs of long term neuropro-
tective therapies involving AChE should take this into account.

Binding Mode-III of (+)-arisugacin A strongly suggests that this
entity is a dual binding site inhibitor of AChE. In the model, (+)-ari-
sugacin A’s dimethoxyaryl group is clearly in the PAS of AChE. The
key interaction with Trp279 is known to lead to the inhibition of
the Ap pro-aggregating activity of AChE."® Furthermore, position-
ing of the dimethoxyaryl group at the opening of the catalytic
gorge presents the opportunity to tether functionality that would
add metal chelating or p-secretase (BACE-1) inhibitory activity.!>1®

{

- PHE288
\

TRP279

Figure 9. Overlay of binding Mode-III of (+)-arisugacin A (green) and donepezil
(yellow) bound to AChE.
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The combination of dual binding site modulation, and covalent
inhibition by (+)-arisugacin A would be unique.'* A therapeutic de-
signed in this way has the potential of treating the symptomatic
aspects of AD, while being neuroprotective with long term efficacy.
The wealth of information surrounding AChE, its biological
activities, and its inhibitors presents new opportunities at tailoring
molecules to satisfy both cholinergic and amyloid hypotheses. (+)-
Arisugacin A has the potential of being a multi-target-directed
ligand, and through our oxa-[3+3]** annulation we hope to fully
elucidate these modes of action as well as discover new therapeu-
tic leads for Alzheimer’s disease and related dementias.
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