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ABSTRACT

The molecular interactions between the enzyme acetylcholinesterase (AChE) and two compound
classes consisting of N-[2-(diethylamino)-ethyl]-benzenesulfonamides and N-[2-(diethylamino)-ethyl]-
benzenemethanesulfonamides have been investigated using organic synthesis, enzymatic assays, X-ray
crystallography, and thermodynamic profiling. The inhibitors’ aromatic properties were varied to
establish structure-activity relationships (SAR) between the inhibitors and the peripheral anionic site
(PAS) of AChE. The two structurally similar compound classes proved to have distinctly divergent
SARs in terms of their inhibition capacity of AChE. Eight X-ray structures revealed that the two sets
have different conformations in PAS. Furthermore, thermodynamic profiles of the binding between
compounds and AChE revealed class-dependent differences of the entropy/enthalpy contributions to the
free energy of binding. Further development of the entropy-favored compound class resulted in the
synthesis of the most potent inhibitor, and an extension beyond the established SARs. The divergent
SARs will be utilized to develop reversible inhibitors of AChE into reactivators of nerve agent inhibited

AChE.
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INTRODUCTION

The interaction between small organic molecules and proteins plays a key role in most biological
processes. To obtain a better understanding of this event, the fundamental mechanisms governing
molecular recognition need to be further clarified and generalized. In this medicinal chemistry program
we investigated the binding between the enzyme acetylcholinesterase (AChE) and a set of small organic
molecules by using a combination of organic synthesis, enzymatic assays, X-ray crystallography, and
thermodynamic profiling. The compounds were specifically designed to probe the non-covalent
interactions present between the inhibitors and the protein, while aiming to discover and develop
compounds for AChE inhibition as well as compounds acting as reactivators of nerve agent inhibited
AChE.

AChE is an essential enzyme that terminates cholinergic transmission by the hydrolysis of the
neurotransmitter acetylcholine (ACh)." Reversible AChE inhibitors are in use for symptomatic treatment
of e.g., Huntington’s disease,” and Alzheimer’s disease (AD),”* where increased ACh levels results in
reduced disease symptoms. AChE inhibitors may also act as toxins, e.g., organophosphorus-based nerve
agents, which block the enzymatic activity by covalently binding to the catalytic serine residue. The
lethal condition caused by these agents may be reversed by treatment with reactivators (antidotes) that
are capable of binding in the active site gorge and cleave the bond between the enzyme and the nerve
agent, thereby restoring the enzymatic activity. Both AChE inhibitors currently used in disease
treatment and reactivators used to treat nerve agent intoxication suffer from limited efficacy due to e.g.,
limited blood-brain barrier penetration capability,” and they are commonly associated with adverse
effects® making the search for new AChE inhibitors warranted. The discovery of compounds binding to
AChE may result in new therapeutics but can also be utilized in the development of new reactivators
that can be synthesized from reversible inhibitors by the introduction of a nucleophilic chemical group.”’
Additionally, a more thorough understanding of the mechanisms governing the molecular recognition in
AChE may assist in avoiding off-target effects of drugs aimed at other targets in the body.
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The active site of AChE forms a deep and sterically confined gorge that serves as the binding site for
both natural and synthetic ligands. The gorge structure is conserved among the extensively studied Mus
musculus AChE (mAChE),® Torpedo californica AChE,’ and the recently solved structure for human
AChE (hAChE)."’The binding site is composed of two sub-sites; the peripheral anionic site (PAS)
corresponds to the entrance of the active site gorge, and the catalytic site (CAS) is situated close to the
base of the active site gorge. Common features of compounds binding to AChE are basic- or
permanently charged nitrogens and aromatic systems that can form interactions to one, or both, of the
subsites. Galanthamine'' (half-maximal inhibitory concentration (ICsg) in A AChE of 2.01 uM)12 and
huperzine13 (ICsp 0 0.082 uM in mAChE)" are both examples of AD drugs that bind to the CAS, while
propidium iodide (/Csp in mAChE of 1.1 uM)15 binds in the PAS region.8 Examples of inhibitors that
bind to PAS and CAS simultaneously are some tetracycline-based compounds displaying an /Cs in the

nano-molar region (#AChE), tacrin analogues'®"

including the structurally symmetrical inhibitor bis-
tacrine'® *° and the non-symmetrical tacrine-containing TZ2PA6 (K in mAChE of 0.41 nM).*'** The
well-studied class of benzylamines e.g., donepezil, which is a low nano-molar binder for AChE also
used in symptomatic treatment of AD (Figure 1), binds with a basic nitrogen in the CAS and an
aromatic system in the PAS.>*?” HI-6 (Figure 1) is an example of a reactivator that binds to both the
CAS and the PAS with its two positively charged aromatic rings that has an /Csy for FAChE of 66
uM.??? This list of examples is by no means comprehensive and we also refer to reviews on AChE
inhibitors.>"?

Crystal structures of AChE+inhibitor complexes have shown that AChE inhibitors commonly interact
with the gorge residues via arene—arene interactions. Aromatic ring-stacking “face-to-face” interactions
are present in complexes with most tacrine analogues that bind to AChE, as well as in the complexes
with donepezil® ** and HI-6.%° “Edge-to-face” interactions are less common but have been observed in,
for example, the PAS region of the complex with the non-symmetrical compound TZ2PA6.%

Alterations in the aromatic systems of ligands may lead to significant changes in affinity and binding

mode in general,”* and have been shown for compounds binding to AChE.*?*2¢7-353% Changes can be
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introduced by varying arene—substituents resulting in a different overall electrostatic nature of the
aromatic ring by introducing dipole-moments as well as by altering the van der Waals surfaces.””*!

In this study, we have designed a set of compounds aimed at exploring the effects of modifying the
PAS-binding moiety of an inhibitor of AChE previously identified by us in a high-throughput screening
(HTS) campaign (compound 1, Figure 1).** The objective of the study was to investigate the structure-
activity relationships (SAR) and the potential to optimize the PAS-binding moiety for increased binding

affinity using extensive biochemical and structural characterizations; with the aim to use the results in

future research for new reactivators of nerve agent inhibited AChE.

Donepezil HI-6 1
Figure 1. The chemical structures of donepezil, HI-6, and the hit identified in the HTS campaign

targeting hAChE (1).

RESULTS AND DISCUSSION

Design of AChE Inhibitors with a focus on PAS binding. Starting from compound 1 (Figure 1),
structurally simplified first-generation analogues were designed for evaluation in mAChE using well
established experimental protocols for both kinetics and crystallography. Based on the hypothesis that
the para-chloro benzyl and the tertiary amine of 1 would bind in PAS and CAS, respectively, we
simplified the N,N-dibenzylamine of 1 to a N N-diethylamine and the substitution pattern on the
phenylmethanesulfonamide were varied resulting in different overall aromatic ring electrostatic

potential (e.g., electron donating and withdrawing substituents) and van der Waals volume (Table 1).
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Seven “benzylic* N-[2-(diethylamino)-ethyl]-benzenemethanesulfonamides and twelve “non-benzylic”
N-[2-(diethylamino)-ethyl]-benzenesulfonamides were synthesized in a one-step reaction forming the

sulfonamide from the corresponding sulfonyl chloride and N,N-diethylethylene-diamine (Scheme 1).

Scheme 1. General synthesis of the AChE inhibitors included in the study®

X
(0] a X o H
R—r \__Cl R N
Q\MS\\ LA YN
n O n O K

n=0,1 n=0,1

"Reagents and conditions: (a) CH,Cl,, N, N-diethylethylene-diamine, 0 °C — rt, 4 h.

The inhibitory effect of the benzene- and benzenemethane sulfonamides on AChE. The inhibitory
effect of the compounds were evaluated on two occasions (two bioreplicates) on independently
expressed and purified mAChE using the Ellman assay,” and the results are presented in Table 1
(details are given in the Supporting Information). The bioreplicates gave statistically coherent results,
and only the results from bioreplicate B will therefore be discussed henceforth. The inhibitors displayed
a range in potency between an /Csy of 7 uM and 139 puM. This is comparable to the potency of many
currently used reactivators, e.g., HI-6.”® Notably, representatives of both benzylic- and non-benzylic
compounds were among the most potent inhibitors (cf, 8 and 11). The SAR conclusions, however, are

different for the two compound classes.

Table 1. Inhibition of the enzymatic activity of mAChE for compounds in set 1.

O,
mé/“wN«
R, N

n o K

Rs Bioreplicate B
ID n R1 R2 R3  IC5(uM)  95% CI (uM)*
2 1 H H H 139 122 - 158
3 1 CH; H H 49 41 -58
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4 1 F H H 40 34 - 46
5 1 c H H 12 11-13
6 1 CF; H H 12 10-14
7 1  Br H H 10 9-11

8 1 cl H 7 6-8

9 0 H H H 31 27-36
10 0 H H F 41 36 - 46
1m0 H OCH; H 7 6-8
12 0 H CF; H 22 19 - 24
13 0 H cl H 18 15-20
14 0 OCH; H H 119 97 - 145
15 0 CH; H H 135 117 - 156
16 0 F H H 62 54-70
17 0 I H H 88 74 - 106
18 0 NO, H H 95 81-111
19 0 I H F 91 80 - 103
20 0 F F H 50 40 - 63

*95% confidence interval calculated from at least 4 replicates.

SAR analysis of benzylic and non-benzylic inhibitors. The SAR of the benzylic inhibitors (Table 1)
gave a clear indication that a substituent in the para-position was beneficial for the potency while the
unsubstituted compound 2 was the least potent. Regarding the electronic properties of the substituents
on the aromatic ring, the electron-withdrawing para-chloro or para- and meta-chloro (5 and 8,
respectively) proved to be more beneficial than the weakly electron-donating methyl-group (3). Para-
trifluoromethyl substituted inhibitor 6 displayed the same potency as the para-chloro compound 5,
indicating that increasing the electron-withdrawing capacity of the substituent might not be more

beneficial for potency. A trend in the para-halogenated inhibitors could be seen, where bromine (7)
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gave the most potent compound followed by chlorine (5) and fluorine (4) in decreasing potency order,
which may be an effect of decreasing the van der Waals volume of the substituent.

Different SAR conclusions were drawn from the analysis of the non-benzylic inhibitors (Table 1)
compared to the benzylic compounds. In contrast to the benzylic compounds, the electron donating or
withdrawing capabilities had little influence, although the position of the substituent on the aromatic
ring proved critical for the potency of the compounds. The presence of a meta-substituent was favorable
and the most potent inhibitor was meta-metoxy substituted compound 11, while a para-substituent
proved unfavorable (cf, para-metoxy in 14 and para-nitro in 18). There was an indication that a smaller
substituent, such as fluorine, was less disadvantageous since inhibitors with this substituent (16 and 20)
had slightly lower ICs) than the other para-substituted inhibitors. Ortho-fluoro substituted and
unsubstituted compounds were equipotent inhibitors (10 and 9, respectively), and were slightly more
potent than the most potent para-substituted inhibitor (20).

Previously, the potency of donepezil®® and donepezil-like compounds in AChE inhibition have been
examined via substituent replacements on the indanone™ or the corresponding PAS-binding moieties in

similar molecules. % - 35-3%

These studies showed, in agreement with ours, that altering the presumed
PAS-binding moiety has a great effect on the potency, and that electrostatics and van der Waals
surfaces, i.e., the lowest unoccupied molecular orbital energy,’® and Lennard-Jones potentials** may be

used to explain some of these effects. These conclusions were, however, not supported by X-ray

crystallography data.

The thermodynamic binding-profile of the inhibitors. The thermodynamic profiles of the binding
between mAChE and two benzylic (5; para-chloro and 6; para-trifluoromethyl) and two non-benzylic
(12; meta-trifluoromethyl, and 13; meta-chloro) inhibitors were determined using ITC (Figure 2). These
compounds were selected for further characterization since they have similar substitution patterns (and
thus presumably similar solvation properties) and a comparable inhibition potency for mAChE. ITC

heat-diagrams and titration curve-fitting are presented in the Supporting Information.
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Figure 2. Thermodynamic parameters and dissociation constants measured with ITC for two benzylic
(5; para-chloro and 6; para-trifluoromethyl) and two non-benzylic (12; meta-trifluoromethyl and 13;

meta-chloro) inhibitors of mAChE.

Inhibitors 5, 6 and 12 bound equally strong to mAChE, both in terms of the change in Gibbs free
energy (AG) and dissociation constant (Kg4), while 13 bound somewhat weaker (Figure 2). Benzylic
inhibitors 5 and 6 had a AG of -6.8 and -6.9 kcal/mol, respectively, while non-benzylic 12 and 13 had a
AG of -6.6 and -6.0 kcal/mol, respectively. Clear differences between the two inhibitor groups emerged
when the AG was decomposed into enthalpy (AH) and entropy (AS) components. The benzylic
compounds displayed a more favorable enthalpic component while the entropy component was
unfavorable. The non-benzylic compounds clearly had beneficial entropy components, where a large
proportion of the binding energy came from an entropy gain upon binding. This indicates that the
benzylic compounds have more direct and specific enthalpy-driven interactions with mAChE and may
be less flexible upon binding, while the non-benzylic inhibitors causes a gain in entropy through
increased flexibility and/or affecting water molecules via the hydrophobic effect.*” The fact that the four
compounds have different entropy/enthalpy contributions but roughly the same AG can be explained by
the entropy-enthalpy compensation phenomenon,’® which we have reported before for a pair of

enantiomeric inhibitors of AChE.*’
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X-ray crystallography of AChE inhibitors. The bioactive conformations of seven of the inhibitors
(3,4,5,10, 11, 12, and 17) were determined by X-ray crystallography at resolutions ranging from 2.1 to
2.8 A. The crystal structures showed that the inhibitors’ aromatic moieties bound to the PAS region of
mAChE, in accordance with our design hypothesis. Numerous face-to-face and edge-to-face aromatic
interactions were observed between the inhibitors and mAChE. Furthermore, all inhibitors formed an
internal hydrogen bond between one of the sulfonamide oxygens and the tertiary amine (Figure 3a and
b) with an average heavy atom distance of 3.1 A (SD 0.1 A)*®. The interaction patterns in the CAS were
similar in all seven structures, and consisted of electrostatic interactions, hydrogen bonds and van der
Waal contacts. The inhibitors’ diethyl-amine moieties presumably interact with Trp86 via hydrogen
bonds of the NC—H:--arene type, where the average distance of the closest carbon to the six-membered
ring centroid of Trp86 was 3.8 A (SD 0.1 A).*® Other interactions shared by the majority of the
inhibitors in the CAS included contacts between the inhibitors’ N-ethyl groups and Tyr337, Gly120,
Glyl21, Glu202 and His477. The following paragraphs will include a brief analysis of the inhibitors’

interactions with the PAS region of AChE.

a)

Tro286 b) 26 ©)

Tyr3a1 ||
‘ Phe338

Ph63387»

N? Phe338 ‘ d)
Tyr33>ﬁ Tyr33
His447 ¢ His447
% Glu202 %\(GIUZW
Trpss B Trpg6

Figure 3. Crystal structures of mAChEeinhibitor complexes with mAChE residues in gray and (a) the
benzylic inhibitor 3 (purple), and (b) the non-benzylic inhibitor 11 (green). (c) The PAS binding mode

of the non-benzylic inhibitors 17 (dark blue), 11 (green), and 10 (pink) and residue Phe338 from the
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respective complexes in the same coloring. (d) The multiple conformers with similar occupancy of
inhibitor 17 and Phe338 as seen in chain A (inhibitor conformers A and B marked in dark- and light

blue, respectively) and chain B (marked in orange).

Benzylic inhibitors display a conserved binding conformation. The benzylic inhibitors are
coordinated in the PAS in nearly identical conformations, which is exemplified by inhibitor 3 in Figure
3a. The inhibitors’ aromatic rings were located between Tyr341 and Tyr124 allowing parallel-displaced
face-to-face interactions with Tyr341 with an average phenyl centroid—centroid distance of 4.2 A (SD
0.1 A).** The para-substituent and benzyl carbon of the inhibitor and the hydroxyl of Tyr341 were
oriented in a 90° angle with respect to each other, which is a preferred orientation in these stacking
interactions.”’ In addition, the benzylic inhibitors interacted with Tyr124 via O—H--arene type bonds
(phenyl centroid—oxygen distance of 3.1 A (SD 0.1 A).® In comparison with other compounds binding
to AChE, the benzylic inhibitors form similar interactions with Tyr341 as the pyridinium oxime moiety
of HI-6. This interaction is, however, not observed in the complex with donepezil. Unlike our inhibitors,
both donepezil and HI-6 form aromatic interactions with Trp286, a residue in the PAS of AChE that
commonly participates in key interactions to many AChE inhibitors. For further details regarding key
protein-ligand interactions, and structural comparisons to HI-6 and donepezil, see the Supporting
Information. The most potent benzylic inhibitors included in this study all contain a para-substituent (5,
6, 7 and 8). The increased potency can, on a structural basis, be interpreted as an effect from a
combination of increased van der Waals interactions (halogen—arene interactions),” and beneficial
dipole—dipole interactions with Tyr341, and in particular with Trp286. A similar case involving para-
chloro-substituted ligands of the serine protease factor Xa revealed the same trend as observed here; a
chlorine substituent resulted in more potent inhibitors compared to fluorine and methyl, which was

shown to be due to interactions with a tryptophan.”'
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Divergent binding conformations of the non-benzylic inhibitors. The non-benzylic inhibitors
displayed three different binding modes depending on the arene substitution pattern, and these are
shown in Figures 3b and 3c. The meta-substituted compounds 11 and 12 (exemplified by 11 in Figure
3b) participated in edge-to-face aromatic interactions with Tyr341 and in face-to-face (parallel-
displaced) interactions with Phe338 (phenyl centroid—centroid distance 4.6 A, SD 0.3 A).*® Overall, the
most potent non-benzylic meta-substituted inhibitors 11 and 12 had a higher number of favorable
interactions with PAS compared to the para- and ortho-substituted ones. In comparison to the binding
mode of donepezil, 11 and 12 have ring conformations in a different plane compared to the dimethoxy-
indanone moiety of donepezil, thus interacting with other aromatic sites in PAS (e.g. Phe338). They also
lack the stacking interaction donepezil has with Trp286.

Interestingly, three different substituent-dependent conformations of the PAS-binding moieties of the
non-benzylic inhibitors were observed (Figure 3c). The meta-substituted 11 and 12 had the same phenyl
conformation, while two alternative conformations were observed for ortho-substituted 10 and the low
affinity para-substituted 17, respectively, where the ring was rotated 90° in the former and highly
mobile in the latter (Figure 3c and 3d). The ortho-substituted 10 only participated in edge-to-face
aromatic interactions with Tyr341. For compounds 11 and 12, however, the meta-substituents formed
contacts to Trp286 in addition to the edge-to-face interaction with Trp341. The pyridinium moiety of the
reactivator HI-6 that stacks with Tyr341 has a similar orientation as the ortho-substituted 10, and
consequently a different orientation compared to the meta- and para-substituted non-benzylic inhibitors.
The deviant binding mode of the ortho-substituted 10 was most likely a result of the rotational
restriction imposed by the fluorine atom due to its proximity to the sulfonamide oxygens. Notably, the
fluorine in its present position may form a hydrogen bond to the sulfonamide nitrogen with a heavy
atom distance of 2.45 A. This is most likely the preferred orientation over the significantly less occupied
conformation (visible in chain A in the mAChE+10 complex), where the ring is rotated 180 degrees

around the phenyl-sulfur bond.
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Para-chloro-substituted 17 displayed three different conformations in the PAS (two in chain A and
one in Chain B), and as a consequence Phe338 displayed an assembly of different conformations
(Figure 3d). Modeling of the dominating conformers of 17 and Phe338 suggests that the structural
changes result in a stacking interaction (chain A) or edge-to-face interaction (chain B) between the
inhibitor and mAChE. The conformational changes observed for 17 appear to be energetically
unfavorable, which might explain the lower potency. The loss of potency of para-substituted
compounds compared to the meta-substituted may be because a para-substituent, such as chlorine in 17,
would result in a clash with the side chain of Tyr341 if compound 17 would adopt the binding

conformation displayed by the meta-substituted compounds.

Investigation of a second generation non-benzylic inhibitors with bicyclic aromatic systems. The
binding of the non-benzylic compounds to AChE were shown to have beneficial entropies and the
compounds displayed a range of binding modes in the PAS region. Increasing the number of interaction
points between the inhibitor and AChE, and especially arene-stacking with Trp286, was deemed a
reasonable strategy in the development of new inhibitors and reactivators leads. Hence, a second
generation of non-benzylic compounds was synthesized to investigate the level of modifications needed
to increase potency and alter the binding mode to AChE, and thereby to go beyond the previously
established SAR. Four new molecules (set 2), all containing a bicyclic aromatic system in the PAS-
binding moiety, were therefore synthesized using the same strategy as the previous analogues (Scheme
1), and were evaluated for inhibition of mAChE enzymatic activity (Table 2) on two separate occasions
(see the Supporting Information). The naphthalene compound 21, extended with an additional ring in
positions corresponding to ortho-/meta to the sulfonamide, was clearly more potent than compound 22
with the additional phenyl in positions corresponding to para-/meta. Hence, these two compounds seem
to adhere to the previously established SAR, showing that a para-substituent is detrimental to potency.
Extending with para-chloro benzene (23) in the para-position also diminished the inhibition of AChE,

suggesting that the SAR holds for this class of compounds as well. Interestingly, extending the PAS-
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binding benzene with an additional phenyl (i.e., 2-chloro-6-nitro-benzene, 24) linked with an ether-
bridge proved to be the most potent compound with an /Csj of 2.5 uM, i.e., three times more potent that
the most potent non-benzylic compound 11 in set 1. Notably, the para-metoxy 14 displayed an /Csy of
only 119 uM, indicating that 24 does not seem to adhere to the SAR established for the non-benzylic

compounds, which might indicate a different binding mode of inhibitor 24.

Table 2. Inhibition of mAChE hydrolysis activity of compounds in set 2.

(

AN~

xS
o
Iz

Bioreplicate C,

D ICso (WM)  95% CI (M)*

R
7

21 g 44 32-58

22 g >700 :

23 o ) >700 -

</ i%m
24 C 2.5 2.3-2.8

* 95% confidence interval calculated from at least four replicates.

Crystallographic investigation of the most potent inhibitor. The crystal structure of mAChE in
complex with 24 was determined at 2.5 A resolution (for details, see the Supporting Information). The
crystal structure showed that aromatic moieties of 24 bound in the PAS region of AChE but with a
slightly different conformation, and that the diethyl amine bound in the CAS region with similar binding
mode, compared to the previous inhibitors, as exemplified by an overlay with the mefa-metoxy
substituted 11 (Figure 4a). Only one conformation was observed for the adjacent amino acids and
inhibitor 24, as opposed to the para-substituted non-benzylic compound 17 which displayed multiple

conformations (Figure 3d). Compared to compound 11, compound 24 also stack with Phe338 (Figure
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4b), but is shifted slightly deeper down in the gorge thereby allowing the 2-chloro-6-nitrophenol of 24
to form an additional face-to-face stacking interaction with Trp286 (benzene centroid—centroid distance
4.1 A,” Figure 4b) in a similar conformation as the one observed for the dimethoxy-indanone moiety of
donepezil. This key interaction with Trp286 most likely explains the higher potency of this inhibitor.
Another potential key interaction is formed between the nitro group of 24 and the backbone nitrogen of

Phe295 (Figure 4b), with a heavy atom distance of 3.3 A.* Hydrogen bonds to this residue have

25,29,42,47

previously been observed in several structures.

Figure 4. Crystal structures of (a) the superposed mAChE+inhibitor complexes with the non-benzylic

inhibitors 11 (green) and 24 (pink), and (b) inhibitor 24 and PAS residues of mAChE

CONCLUSIONS

We have investigated the molecular interactions between AChE and two structurally similar classes of
compounds and we could show that the two classes displayed different SARs, binding modes, and
thermodynamic profiles when binding to AChE. Variations of the compound arene-substituents affected
the compounds’ steric, electrostatic, and van der Waals properties, which in turn affected the
compounds’ potency, confirming the importance of aromatic interactions in PAS also shown by

others.?>2* 273538 Our data based on both biochemical and structural data revealed that the SARs in the
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PAS of AChE are intricate; relatively small changes in the aromatic rings of the inhibitors can have
striking effects on the binding modes, which implies that inhibitor design strategies based solely on
SAR-conclusions are insufficient. Our results indicate that larger van der Waals contacts have a greater
influence on aromatic interactions than different electronic distributions in the phenyl rings. For the
benzylic compounds, a larger electron-withdrawing substituent in the para-position of the benzylic
compounds was beneficial. For the non-benzylic compounds, a meta-substituent led to increased
potency, a para-substituent led to decreased potency, while an ortho-substituent led to decreased
potency and alternative binding modes. Analysis of ITC data showed that the two structurally similar
series of inhibitors displayed a difference in the thermodynamic profiles, where the binding of the
benzylic inhibitors to AChE was more enthalpy-driven compared to the non-benzylic inhibitors. The
more entropy-driven non-benzylic compound class was investigated with a second generation of
compounds. Inhibitor 24 in the second set proved to be the most potent inhibitor, and extended beyond
the previously established SAR for the non-benzylic compounds. An additional ether-linked aromatic
ring in the para-position increased the potency, which again is a reminder of the intricacy of SAR in
AChE.

Taken together, we have utilized information from kinetic, crystallographic and thermodynamic data
to establish detailed SARs specific for two structurally similar compound classes. The established SARs
can be utilized in both inhibitor and reactivator design, focusing on fine-tuning the aromatic interactions
in the PAS of AChE. We intend to extend the established divergent SARs of the compound classes
investigated here to also include nerve agent inhibited AAChE,” and use the results to develop new
reactivators. We believe that a good understanding of the intricate SARs of the PAS-binding moiety is
critical in order to optimize the efficacy of reactivators while reducing the inhibition of the active
AChE. Our design strategy will be to combine PAS-binding moieties with divergent SARs with sets of
flexible CAS-binding moiety with reactivating properties to generate a tailored set of compounds for

biochemically and structurally evaluation of free and nerve agent inhibited #ZAChE.
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EXPERIMENTAL SECTION

Chemistry. Thin layer chromatography was performed on Merck precoated Silica-gel 60F254 plates
with detection by ultra violet (UV)-light and staining with ninhydrin (0.75 g ninhydrin, 250 mL 95%
EtOH, 2.5 mL glacial acetic acid) for detection of amines. Flash column chromatography was
performed on silica gel (grade 9385, pore size 60 A, 230-400 mesh) and eluent ethyl acetate/methanol
3:1. Preparative reversed-phased HPLC was performed on a prep-scale HPLC pump (flowrate 20
mL/min), a 151 UV/VIS detector (detection at 214 nm), and a VP 250/21 Nucleodor (C;s HTec, 5 pum)
column using a water/acetonitrile eluent system. Analytical reversed-phased HPLC for compounds 2-20
was performed on a Gilson® 322 HPLC pump (flowrate 1 mL/min), a Gilson® 172 diode array detector
(detection at 210-360 nm), a Sedere Sedex 85 low-temperature evaporative light-scattering detector
(ELSD), and an EC 150/4.6 Nucleodor (C18 HTec, 5 um) column using a water/acetonitrile/formic acid
(0.005%) eluent system. Analytical reversed-phased HPLC for 21-24 was performed on a Shimadzu®
LC-30AD pump (flowrate 1 mL/min) a Shimadzu SPD-M20A diode array detector (detection at 210-
360nm) an EC 150/4.6 Nucleodor (C18 HTec, 5 um) column using a water/acetonitrile/formic acid
(0.005%) eluent system. 'H and °C NMR spectra were recorded on a Bruker DRX-400 instrument in
CDCl; [residual CHCI; (8H 7.26 ppm, 6C 77.16 ppm)], CD3;OD [residual CH3;0H (6H 3.31 ppm, 6C
49.00 ppm)] or (CD3),SO [residual (CH3),SO (6H 2.50 ppm, 06C 39.52 ppm)]. NMR spectra and HPLC
chromatograms for all compounds are given in the Supporting Information. Purities of the biologically
evaluated compounds were >95% determined by analytical HPLC.

General procedure for the synthesis of /V-[2-(diethylamino)-ethyl]-benzenemethanesulfonamides
and N-[2-(diethylamino)-ethyl]-benzenesulfonamides exemplified by N-[2-(diethylamino)ethyl]-3-
methoxy-benzenesulfonamide (11). 3-Metoxybenzenesulfonyl chloride (0.103 g, 0.5 mmol) was
suspended in CH,Cl, (2.5 mL). The suspension was cooled to 0 °C, N, N-diethylethylenediamine
(0.07g, 0.6 mmol) was added slowly over 10 min and the mixture was stirred at rt until the starting

material was consumed (4 h). CH,Cl, (2.5 mL) was added to the reaction flask and the organic phase
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was washed once with NaHCO; (aq, satd, 2.0 mL). The organic phase was dried over anhydrous
Na,;S0O4 and removed under reduced pressure. Purified by flash chromatography (ethyl acetate/methanol
3:1) gave the product in 89% yield. HPLC purity: > 95%.

N-[2-(Diethylamino)ethyl]-1-phenyl-methanesulfonamide (2). Yield 55%. Purified by preparative
HPLC. "H NMR (CD;0D): § 1.02 (t, 6H, J=7.3 Hz), 2.46-2.57 (m, 6H), 2.95-3.01 (m, 2H), 4.34 (s, 2H),
7.30-7.46 (m, 5H). >C NMR (CD;OD): & 11.54, 41.76, 48.10, 53.97, 59.33, 129.48, 129.62, 131.49,
131.98.

N-[2-(Diethylamino)ethyl]-1-(4-methylphenyl)methanesulfonamide (3). Yield 35%. 'H NMR
(CD;0D): 6 1.02 (t, 6H, J=7.2 Hz), 2.34 (s, 3H), 2.48-2.57 (m, 6H), 2.93-2.99 (m, 2H), 4.29 (s, 2H),
7.16-7.22 (m, 2H), 7.27-7.34 (m, 2H). °C NMR (CD;0D): § 11.50, 21.20, 41.76, 48.13, 53.94, 59.09,
128.35, 130.25, 131.85, 139.53.

N-[2-(Diethylamino)ethyl]-1-(4-fluorophenyl)-methanesulfonamide (4). Yield 69%. Purified by
flash chromatography. '"H NMR (CDCl5): 6 0.92 (t, 6H, J=7.1 Hz), 2.40-2.49 (m, 6H), 2.93 (t, 2H, J=5.9
Hz), 4.20 (s, 2H), 5.01 (br s, 1H), 6.99-7.06 (m, 2H), 7.33-7.39 (m, 2H). °*C NMR (CDCls): 5 11.59,
40.90, 46.37, 51.98, 57.78, 115.71 (d, 2C, J=21.8 Hz), 125.57 (d, 1C, J=2.9 Hz), 132.38 (d, 2C, J=8.0
Hz), 162.91 (d, 1C, J=248.0 Hz).

1-(4-Chlorophenyl)-N-[2-(diethylamino)ethyl|methanesulfonamide (5). Yield 61%. 'H NMR
(CD;0D): 6 1.03 (t, 6H, J=7.1 Hz), 2.49-2.58 (m, 6H), 2.99-3.04 (m, 2H), 4.34 (s, 2H), 7.37-7.45 (m,
4H). >C NMR (CD;OD): § 11.53, 41.75, 48.12, 53.98, 58.46, 129.70, 130.39, 133.53, 135.55.

N-(2-Diethylamino-ethyl)-C-(4-trifluoromethyl-phenyl)-methanesulfonamide (6). Yield 82%.
Purified by flash chromatography. 'H NMR (CDCl): 8 0.92 (t, 6H, J=7.1 Hz), 7.37-7.50 (m, 6H), 2.97
(t, 2H, J=5.9 Hz), 4.29 (s, 2H), 5.10 (br s, 1H), 7.46-7.63 (m, 4H). °C NMR (CDCl3): 5 11.54, 40.88,
46.41, 51.95, 58.16, 123.96 (q, 1C, J=272.0 Hz), 125.39-125.76 (m, 2C), 130.70 (q, 1C, J=32.4 Hz),
131.07, 133.77.

C-(4-Bromo-phenyl)-NV-(2-diethylamino-ethyl)-methanesulfonamide (7). Yield 94%. Purified by

flash chromatography. '"H NMR (CDCl5): 6 0.97 (t, 6H, J=7.1 Hz), 2.44-2.53 (m, 6H), 2.98 (t, 2H, J=5.9
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Hz), 4.22 (s, 2H), 5.15 (br s, 1H), 7.27-7.53 (m, 4H). °*C NMR (CDCl;): & 11.57, 40.84, 46.39, 51.95,
57.93,122.84, 128.66, 131.81, 132.22.

1-(3,4-Dichlorophenyl)-/V-[2-(diethylamino)ethyl]-methanesulfonamide (8). Yield 59%. 'H NMR
(CD;0D): 6 1.04 (t, 6H, J=7.2 Hz), 2.50-2.60 (m, 6H), 3.02-3.08 (m, 2H), 4.36 (s, 2H), 7.34-7.40 (m,
1H), 7.52-7.57 (m, 1H), 7.60-7.65 (m, 1H). °C NMR (CD;OD): & 11.51, 41.76, 48.11, 53.97, 57.90,
131.65, 131.78, 132.44, 133.36, 133.54, 133.87.

N-[2-(Diethylamino)ethyl]-benzenesulfonamide (9). Yield 95%. Purified by flash chromatography.
'H NMR (CDCl3): 8 0.89 (t, 6H, J=7.1 Hz), 2.35 (q, 4H, J=7.0 Hz), 2.45 (t, 2H, J=5.7 Hz), 2.94 (t, 2H,
J=5.8 Hz), 7.49-7.60 (m, 3H), 7.85-7.89 (m, 2H). >C NMR (CDCls): & 11.77, 40.32, 46.34, 51.02,
127.23, 129.15, 132.66, 139.82.

N-[2-(Diethylamino)ethyl]-2-fluoranyl-benzenesulfonamide (10). Yield 42%. 'H NMR (CDs;0D):
0 0.98 (t, 6H, J=7.2 Hz), 2.45-2.58 (m, 6H), 3.00-3.06 (m, 2H), 7.28-7.39 (m, 2H), 7.63-7.70 (m, 1H),
7.85-7.91 (m, 1H). >C NMR (CD;OD): & 11.52, 41.33, 48.02, 53.04, 118.10 (d, 1C, J=21.7 Hz), 125.70
(d, 1C, J=3.7 Hz), 129.80 (d, 1C, J=13.8 Hz), 131.22, 136.27 (d, 1C, J=8.4 Hz), 160.24 (d, 1C, J=254.0
Hz).

N-[2-(Diethylamino)ethyl]-3-methoxy-benzenesulfonamide (11). Yield 89%. Purified by flash
chromatography. '"H NMR (CDCl): 6 0.86 (t, 6H, J=7.1 Hz), 2.32 (q, 4H, J=7.1 Hz), 2.42 (t, 2H, J=5.9
Hz), 2.91 (t, 2H, J=5.9 Hz), 3.80 (s, 3H), 5.38 (br s, 1H), 7.02-7.08 (m, 1H), 7.32-7.43 (m, 3H). °C
NMR (CDCls): 6 11.61, 40.27, 46.26, 50.94, 55.65, 111.84, 118.88, 119.19, 130.09, 140.79, 159.94.

N-[2-(Diethylamino)ethyl]-3-(trifluoromethyl)benzenesulfonamide (12). Yield 96%. Purified by
flash chromatography. 'H NMR (CDCl): 6 0.86 (t, 6H, J=7.1 Hz), 2.34 (q, 4H, J=7.1 Hz), 2.46 (t, 2H,
J=5.8 Hz), 2.94 (t, 2H, J=5.8 Hz), 5.54 (br s, 1H), 7.65 (t, 1H, J=7.8 Hz), 7.81 (d, 1H, J=7.6 Hz), 8.05
(d, 1H, J=7.8 Hz), 8.11 (s, 1H). C NMR (CDCls): & 11.57, 40.30, 46.32, 50.93, 123.29 (q, 1C, J=272.4
Hz), 124.12 (d, 1C, J=3.6 Hz), 129.21 (d, 1C, J=3.3 Hz), 129.95, 130.43, 131.77 (q, 1C, J=33.3 Hz),

141.20.
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3-Chloro-N-(2-diethylamino-ethyl)-benzenesulfonamide (13). Yield 23%. '"H NMR (CD;OD): &
1.01 (t, 6H, J=7.0 Hz), 2.51-2.61 (m, 6H), 2.95-3.01 (m, 1H), 7.54-7.61 (m, 1H), 7.62-7.68 (m, 1H),
7.76-7.82 (m, 1H), 7.84-7.88 (m, 1H). °C NMR (CD;OD): & 11.31, 41.38, 48.11, 52.95, 126.39,
127.91, 131.96, 133.65, 136.19, 143.85.

N-[2-(Diethylamino)ethyl]-4-methoxy-benzenesulfonamide (14). Yield 51%. Purified by
preparative HPLC. 'H NMR (CDs;0D): 6 0.99 (t, 6H, J=7.2 Hz), 2.46-2.58 (m, 6H), 2.87-2.97 (m, 2H),
3.87 (s, 3H), 7.08 (d, 2H, J=8.9 Hz), 7.79 (d, 2H, J=8.9 Hz). ’C NMR (CD;OD): 5 11.40, 41.32, 48.08,
52.90, 56.20, 115.34, 130.19, 133.15, 164.48.

N-[2-(Diethylamino)ethyl]-4-methyl-benzenesulfonamide (15). Yield 80%. 'H NMR (CD;OD): §
0.98 (t, 6H, J=7.2 Hz), 2.43 (s, 3H), 2.45-2.55 (m, 6H), 2.92 (m, 2H), 7.38 (d, 2H, J=7.9 Hz), 7.74 (d,
2H, J=7.9 Hz). °C NMR (CD;OD): & 11.49, 21.43, 41.42, 48.03, 52.93, 128.07, 130.74, 138.80,
144.72.

N-[2-(Diethylamino)ethyl]-4-fluoranyl-benzenesulfonamide (16). Yield 81%. 'H NMR (CDs;0D):
0 0.98 (t, 6H, J=7.2 Hz), 2.45-2.57 (m, 6H), 2.92-2.98 (m, 2H), 7.28-7.25 (m, 2H), 7.88-7.95 (m, 2H).
>C NMR (CD;0D): & 11.50, 41.49, 48.04, 53.00, 117.23 (d, 2C, J=22.8 Hz), 130.94 (d, 2C, J=9.4 Hz),
138.16 (d, 1C J=3.0 Hz ), 166.38 (d, 1C, J=251.6 Hz).

4-Chloranyl-N-[2-(diethylamino)ethyl]benzenesulfonamide (17). Yield 59%. "H NMR (CD;OD): &
0.99 (t, 6H, J=7.2 Hz), 2.46-2.58 (m, 6H), 2.92-2.99 (m, 2H), 7.56-7.61 (m, 2H), 7.80-7.87 (m, 2H). °C
NMR (CD;OD): 6 11.46, 41.46, 48.05, 53.01, 129.75, 130.45, 139.82, 140.69.

N-[2-(Diethylamino)ethyl]-4-nitro-benzenesulfonamide (18). Yield 80%. 'H NMR (CD;OD): §
1.01 (t, 6H, J=7.2 Hz), 2.50-2.61 (m, 6H), 3.00-3.06 (m, 2H), 8.08-8.14 (m, 2H), 8.40-8.46 (m, 2H). "*C
NMR (CD;OD): 6 11.49, 41.59, 48.04, 53.18, 125.42, 129.41, 147.85, 151.45.

4-Chloranyl-N-[2-(diethylamino)ethyl]-2-fluoranyl-benzenesulfonamide (19). Yield 50%. 'H
NMR (CDs;OD): § 1.02 (t, 6H, J=7.2 Hz), 2.49-2.63 (m, 6H), 3.03-3.10 (m, 2H), 7.39-7.45 (m, 1H),

7.46-7.52 (m, 1H), 7.88 (t, 1H, J=8.3 Hz). °C NMR (CD;OD): 5 11.48, 41.33, 48.05, 53.14, 118.86 (d,
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1C, J=25.0 Hz), 126.13 (d, 1C, J=3.6 Hz), 128.98 (d, 1C, J=14.5 Hz), 132.37, 141.21 (d, 1C, J=9.6 Hz),
160.14 (d, 1C, J=257.8 Hz).

N-[2-(Diethylamino)ethyl]-3,4-difluoranyl-benzenesulfonamide (20). Yield 60%. 'H NMR
(CDs;0D): 6 1.01 (t, 6H, J=7.2 Hz), 2.50-2.60 (m, 6H), 2.96-3.01 (m, 2H), 7.45-7.54 (m, 1H), 7.67-7.74
(m, 1H), 7.75-7.83 (m, 1H). *C NMR (CD;0OD): § 11.38, 41.44, 48.06, 53.01, 117.86 (d, 1C, J=20.00
Hz), 119.43 (d, 1C, J=18.80 Hz), 125.40-125.80 (m, 1C), 139.02-139.37 (m, 1C), 151.48 (dd, 1C,
J=13.9, 271.90 Hz), 154.00 (dd, 13.9, 276.5 Hz).

Naphtalene-1-sulfonic acid (2-diethylamino-ethyl)-amide (21) Yield 64%. Purified by flash
chromatography. '"H NMR (CDCI3): 8 0.75 (t, 6H, J=7.2 Hz), 2.19 (q, 4H, J=7.1 Hz), 2.34 (t, 2H, J=5.9
Hz), 2.85 (t, 2H, J=5.8 Hz), 7.54 (t, 1H, J=7.7 Hz), 7.57-7.62 (m, 1H), 7.65-7.70 (m, 1H), 7.94 (d, 1H,
J=8.4 Hz), 7.94 (d, 1H, J=8.4 Hz), 8.27 (d, 1H, J=7.4 Hz), 8.67 (d, 1H, J=8.6 Hz). *C NMR (CDCI3): §
11.34, 40.27, 45.85, 50.88, 124.06, 124.43, 126.80, 128.20, 128.26, 129.03, 129.71, 134.05, 134.22.

Naphtalene-2-sulfonic acid (2-diethylamino-ethyl)-amide (22). Yield 25%. Purified by Flash
chromatography. 'H NMR (CDCls): § 0.89 (t, 6H J=7.1 Hz), 2.35 (q, 4H, J=7.1 Hz), 2.47 (t, 2H, J=5.7
Hz), 2.94-3.00 (m, 2H), 7.58-7.68 (m, 2H), 7.82-7.86 (m, 1H), 7.89-7.93 (m, 1H), 7.94-7.99 (m, 2H),
8.41-8.46 (m, 1H). ’C NMR (CDCly): & 11.68, 40.26, 46.33, 51.10, 122.53, 127.66, 128.04, 128.63,
128.83, 129.34, 129.54, 132.27, 134.90, 136.56.

4’-Chloro-biphenyl-4-sulfonic acid (2-diethylamino-ethyl)-amide (23) Yield 9%. Purified by flash
chromatography. 'H NMR (CDCI3): 6 1.02 (t, 6H J=7.1 Hz), 2.56 (q, 4H, J=7.2 Hz), 2.63-2.69 (m, 2H),
3.06-3.12 (m, 2H), 7.41-7.48 (m, 2H), 7.50-7.56 (m, 2H), 7.64-7.71 (m, 2H), 7.91-7.98 (m, 2H)."*C
NMR (CDCI13): 6 11.06, 39.94, 46.85, 51.74, 127.65, 127.85, 128.67, 129.37, 134.86, 137.88, 138.80,
144.34.

4-(2-Chloro-6-nitro-phenoxy)-N-(2-diethylamino-ethyl)-benzenesulfonamide (24). Yield 87%.
Purified by HPLC. '"H NMR ((CD3),SO): & 0.87 (t, 6H, J=7.2 Hz), 2.34-2.45 (m, 6H), 2.76-2.86 (m,

2H), 7.06-7.14 (m, 2H), 7.47 (bs, 1H), 7.64 (t, 1H, J=8.3 Hz), 7.76-7.82 (m, 2H), 8.05-8.12 (m, 1H),
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8.15-8.21 (m, 2H). °C NMR ((CD3),SO): & 11.41, 40.71, 46.49, 51.45, 115.59, 125.05, 127.97, 129.02,
129.13, 135.22, 136.05, 142.23, 144.27, 159.09, 163.33.

Determinination of the half-maximal inhibitory concentration (/Csy). Compound stock solutions
were prepared by dissolving compounds (1-6 mg) in dimethyl sulfoxide (DMSO) to a final
concentration of 0.1 M, and stocks were prepared fresh prior to each /Csyp-determination. Two batches of
recombinant mAChE were independently expressed and purified as previously described.’® Batch A was
immediately used for determination of /Cso-values (bioreplicate A), whereas batch B was stored on ice
for three years prior to use (bioreplicate B).>> A third stock of AChE was used for /Cs, determinations of
compounds 21-24 termed bioreplicate C. All stock solutions and buffers were independently prepared
for determination of the two bioreplicates. The enzymatic activity was measured using the Ellman
assay” at a wavelength of 412 nm and a temperature of 30 °C. The ICs)-values were obtained by
determining the enzymatic activity in the presence of various concentrations of the inhibitors using a
buffer composed of 0.2 mM 5,5’-dithiobis-(2-nitrobenzoic acid), 1 mM acetylthiocholine iodide and 0.1
M phosphate buffer pH 8.0. The final assay volume was 200 pL and the enzymatic reaction was
followed during 120 seconds using a BioTek Power Wave plate reader. At least four replicate /Cs
determinations were performed for each experiment. The obtained dose-response curve was analyzed
using the Enzyme Kinetics module of Graph Pad Prism version 5.03. The dose-response curves was
fitted using the log(inhibitor) vs. response variable slope (four parameters) equation.

Isothermal titration calorimetry. All buffers were degassed and sterile filtered prior to use.
Compound- and mAChE concentrations were prepared in phosphate buffer 0.1 M, pH 7.4 as follows: §
1.60 mM, mAChE 0.12 mM; 6, 2.50 mM, mAChE 0.17 mM; 12, 3.00 mM, mAChE 0.20 mM; and 13,
2.80 mM, mAChE, 0.15 mM. The ITC experiments were performed at 25.0 °C (26 °C for 13) on an
ITC200 instrument (MicroCal™, GE Healthcare Life Sciences). The protein- and compound solutions
(concentrations above) were loaded into the reaction cell and syringe, respectively, and 35 automated
injections of 1.11 pL each with a 250 s break in between each injection were made. The stirring speed

was 600 rpm. A reference run was performed for each experiment where compound was injected into
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pure buffer under the same conditions as for the main experiment. The injection heat peaks were
automatically integrated, the heat peaks from the reference experiment were subtracted, and the data
was analyzed using the single-site binding model, with 300 iterations of the Chi-Sqr fitting routine in
Origin SR4 software.”

Crystallographic data collection and structure refinement. mAChE was crystallized as previously
described.”® In short, crystals were grown at a protein concentration of 10 mg/mL with well solutions
composed of 27-31 % (w/v) polyethylene glycol mono-methyl ether 750 and 100 mM HEPES, pH 7.0—
7.1. Drop sizes were 2 uL at a ratio of 1:1 of the protein and the mother liquid. The compounds
presented in this study were soaked into mAChE crystals prior to flash-freezing in liquid nitrogen for
data collection as previously described.” X-ray diffraction data were collected at the MAX-lab
synchrotron (Lund, Sweden), on beamlines 1911-2 and 1911-3 equipped with MAR Research CCD
detectors. The images were collected at an oscillation range of 1° per exposure. The intensity data were
indexed and integrated using XDS>® and scaled using Scala.”” The structures were determined by rigid-
body refinement with a modified apo structure of mAChE (PDB entry code 1J 06) as a starting model.
Further crystallographic refinement was performed using the Phenix software suite.”® Several rounds of
refinement were performed, alternating with manual rebuilding in COOT.” The quality of the final
models were validated using WHATCHECK® and the figures were constructed using PyMol.®" The
crystallographic statistics are listed in the Supporting Information. The coordinates and structure factors
of each mAChEeligand complex structure have been deposited in the RCSB Protein Data Bank
(www.pdb.org) with accession codes 4B7Z, 4B80, 4B81, 4B82, 4B83, 4B84, 4B85, and 4BTL for

mAChEe3, mAChEe4, mAChEe5, mAChEe10, mAChEell, mAChEe12 and mAChEel17, and

mAChEe24, respectively.
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