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Abstract—The phase [11 drug-candidate, E2020, developed for treatment of Alzheimer's disease, and possibly other demenitas,
and its analogues have been the focus of extensive molecular pharmacological and structural studies. The potency and selectivity
of E20206 as an inhibitor of acetylkcholinesterase, AChE, in the brain is established. A combination of molecular modeling and
OSAR studics have been used throughout the evolution of the AChE inhibitor program leading 1o the benzylpiperidine series,
and, ultimately, E2020. OSAR studies have identified requirements to optimize inhibition activity as a function of substituent
choice on both the indanone and benzyl rings in the E2020 class of inhibitors. A combination of X-ray crystal structure studies of
E2020 isomers and the molecular shape analysis, MSA, of E2020 and its analogues has led to a postulated active conformation,
and molecular shape, for these AChE inhibitors, The active molecular shape corresponds to a high degree of shape similarity
between the two E2020 isomers which, in turn, is consistent with the observed high inhibition potencies of both of these
compounds. Intermolecular docking studies were carried out for E2020 and some analogues with the crystal structure of AChE
when it became available. The docking simulations involving E2020) analogues suggest these inhibitors do not bind ar the acetyl-
choline, ACh, active site, but rather at the most parrow location of the long channel leading to the active site. Intermolecular
binding geometries are consistent with the postulated active conformations derived from structure-activity (receptor geometry
independent) information. Copyright © 1996 Elsevier Science I.td

Introduction Activity of cholinergic markers, such as choline acetyl-
transferase and choline uptake, arc markediy reduced
The reversible acetylcholinesterase (AChE} inhibitor, (at least 40%) in the brains of patients with AD in
E2020  (1-benzyl-4-[3.6-dimethaxyl-( 1-indanone)-2-yl]- comparison to age-matched controls. Biopsies indicate
mcthylpiperdine hydrochloride), see Figure 1, has been that cortical choline acetyltransferase loss can occur in
under clinical study as a candidate drug for the treat- AD, and certain arcas, including the hippocampus, are
ment of Alzheimer's discase (AD) where the cholin- most severely biochemically affected.
ergic function is selectively, and irreversibly, affected in
this senile demenita disease.' The mechanism proposed There exist relationships between the changes
to explain the memory improvement through AChE described above and lass of memory. Similar memory
inhibition is an increasc in acetylcholine (ACh) levels deficits can also be artifically induced by blocking cholin-
in the central cholinergic synapses involved in the ergic mechanisms in young subjects. Consequently,
memory circuit.”” potentiation of central cholinergic action has been
proposed as an approach for the palliative treatment of
In principle, the synthesis of acetylcholine, its terminal mild to moderate cases of AD.
release, interaction with synaptic receptors and
ultimatc degradation arc straightforward mechanisms The cholinergic  hypothesis has provided the first
although the biochemical picture at each of these levels rational approach to the treatment of AD by neuro-
is becoming increasingly complex. Figure 2 shows a transmitter replacement. ACh precursors, including
simplified metabolic pathway related to acetylcholine. various preparations of choline and lecithin, were the
The cholinergic hypothesis postulates that memory first compounds administered in the treatment of AD
impairments in paticnts with AD result from a deficit in an attempt to augment central cholinergic activity by
of cholincrgic functions in the brain. Several neuro- enhancing ACh levels. However, the results of clinical
transmitter systems undergo changes with advanced studies have, so far, shown little or no cvidence for the
age. Significant cholinergic dysfunctions can occur in efficacy of this approach. AChE inhibitor type of drugs
an aged and demented central nervous system. With do show improvements in cognitive function in clinical
respect to acetylcholine synthesis, it is gencrally study.  Cholinergic  agonists  acting  directly on
accepted that the immediate precursors, acetyl muscarinic receptors may improve the cholinergic
coenzyme A and choline, are ultimately derived from dysfunction. Five genetically defined muscarinic recep-
circulating blood glucose and choline. respectively.” tors subtypes (m1-m5) have been reported to date.”
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Figure 1. Structure of AChE inhibitors.
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Figure 2. Reaction scheme in which the inhibitor combines with
AChE and acylated AChE. E, free enzyme; §, substrates; ES, enzyme
substrate complex; EA, acylated enzyme; P, product; [, inhibitor; ES,
enzyme inhibitor complex; EAI acylated enzyme inhibitor complex;
K, dissociation constant for enzyme and inhibitor, K,*, dissociation
constant for EA and inhibitor.

E2020 is the lead compound in a new class of AChE
inhibitors having an N-benzylpiperidine and an
indanone moiety which shows a greater selectivity for
AChE than for butyrylcholinesterase, and is not
expected to have any peripheral effects.* E2020 has
been developed as a racemic mixture due to the same
inhibitory profiles from e¢ach of the e¢nantiomers.’
Clinical studies of E2020 suggest that it is passibly
effective in the treatment of patients with AD."* THA
(tetrahydroaminoacridine, Fig. 1) recently became the
first available agent for the treatment of AD in the
U.S. However, the aminoacridines, in general, suffer
from dose-limiting hepatotoxicity which is believed to
be structure related." Physostigmine, a carbamate-type
inhibitor, has shown inconclusive results in the clinic,
perhaps due to its short half-life and narrow thera-
peutic index. A controlled-released formulation of
physostigmine is currently in phase-III trials. E2020
appears to be devoid of such an unfavorable side-effect
profile probably because of its novel benzylpiperdine
structure. Many groups have undertaken the design
and synthesis of E2020-like compounds which incor-
porate Dbioisosteric replacements for the indanone
ring.'2"

Methods and Results
Lead identification and optimization

A benzylpiperazine compound, see Figure 1, demon-
strating weak (its ICs, is 14.5 uM), but definite inhibi-
tory activity against AChE was identified in blind
screening. Continued screening was performed around
compounds of similar structures. Another type of ‘seed’
compound was found which has both benzylpiperidine
and benzamide moieties in its structure. This
compound has strong AChE activity, its IC,, being in
excess of two orders of magnitude than that of the iead
compound. Lead optimization synthesis, mainly
involving modification of the henzamide moiety, led to
N-{4-(1-benzyl)piperidinyl]ethyl-N-methyl-(4-benzylsul-
fonyl)benzamide, see Figure 1, which has an AChE
IC,, five orders of magnitude smaller (higher inhibition
potency) as compared to the original benzylpiperazine
compound, as well as selective AChE inhibitory
activity. However, compound 1 has a very short half-
life due to hydrolyzation by proteases in the liver,
which is believed to lead to an N-disubstituted amide
metabolite.

Metabolic resistance was sought by incorporating
bioisosteric replacements for the N-disubstituted amide
moiety. A series of benzamide analogues possessing
high AChE activity and which are readily transported
into brain became the focus in the lead optimization
process.

Over the course of the lead optimization it appeared
that methyl substitution on the amide nitrogen
enhanced activity. Thus, frans and cis forms of benza-
mide were considered as models since methyl substitu-
tion at the amide nitrogen may change the ratio of cis
and frans isomers of the amide. Overall, conformation
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log 1/C = 0.019 MR - 2.372AE(C-T) + 22.94
n=19, =0.256, r=0.833

log 1/C negative logarithm of ICs, of AChE

MR : molar refractivity

AE(C-T) : energy difference between cis and trans
isomer (kcal/mol) by CNDQ/2

Figure 3. QSAR of parg-substituted benzamides.

was considered an important component in a QSAR
analysis used to guide the initial lead optimization
process. A good correlation equation, QSAR, was
found between activity, as measured by IC,, and the
difference in energy between the cis and trans isomers,
AE(C-T) and the bulkiness of substituents (see Figure
3). The QSAR suggests that the intrinsic activity of cis
isomers of benzamide are higher than the frans
isomers, since there is a negative correlation between
1C5, and AE(C-T).

Table 1 contains the structure—activity behavior of
N-alkylated amides which have higher activity
compared with non-N-alkylated analogues. Conforma-
tional analysis of the N-alkyl-substituted benzamides
was performed using the MNDO quantum chemical
method." Figure 3 contains the estimated ratio of trans
and cis isomers of some N-aikyl substituted benza-
mides. Nonsubstituted amides exist almost completely
in the frans form, but N-substitution raises the zrans
conformational energy state so that, overall, the c¢is
conformation becomes more stable. These results again
indicate that AChE activity increases as the population
of the cis isomer of the benzamide increases.

The QSAR analysis brovided the structural require-
ments for lead evolution. The specific structural
requirements identified in the QSAR analysis are as
follows: (1) the cis conformation of the benzamide is
the active conformation, (2) bulky groups at the para
position of the benzamide increases activity, and (3)
the carbonyl oxygen of the amide is a proton acceptor
for an intermolecular hydrogen bond.

Flexible benzamide analogues having the cis conforma-
tion were made. One of these was E2020 which

Table 1. N-Alkyl analogues of N-{4-(1-benzyl)piperidinyl]ethylben-

zamide
@’H

R ICs, (mM)
H 560
Benzyl 180
Methyl 170
Ethyl 130
Phenyl 35

possesses benzylpiperidine and indanone moieties.
E2020 was the first compound in which an indanone
ring was part of the enzyme inhibitor.

E2020 as a selective AChE inhibitor

Pharmacology. E2020 was initially thought to be a
mimic of ACh by structural similarity, and, therefore, a
competitive inhibitor of AChE. The N-benzylpiperi-
dines show outstanding in vitro selectivity for AChE.
The IC,, of E2020 for AChE is 5.7 nM, while the IC;,
for BuChE (butyryicholinesterase) is ~7000 nM, a
selectivity ratio in excess of three orders of magnitude.
THA and physostigmine show poor selectivity having
the same order of magnitude ICys for both AChE and
BuChE. Inhibition of BuChE, which is abundant in
plasma, may be associated with potentiating peripheral
side effects.”” Therefore, an AChE inhibitor which is
essentially devoid of BuChE activity may display higher
therapeutic indices than those which are also active
BuChE inhibitors.

Dissociation constants. AChE catalysis involves an
active serine residue, and the overall catalytic process
proceeds in a three-step mechanism, as defined in
Figure 2, like transfer within a catalytic triad. The
activated serine residue enables a nucleophilic attack
on ACh, resulting in hydrolysis and acetate products
being released. Some reversible AChE inhibitors show
a mixed type of inhibition by blocking the deacetylation
process. The acetyl group is introduced into the
esteratic site in this catalytic process. Therefore,
acylated AChE can accept an external charged
molecule at this vacant anionic site to form an
EA-inhibitor complex (EAI). E2020 appears to bind to
both the free enzyme and the acylated enzyme to block
hoth Michaelis complex formation and deacetylation.

Molecular modeling and lead evolution

X-ray crystallography of E2020. A single crystal of
E2020, crystallized from ethanol:acetone (1:2) mixed
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Figure 4. Estimated ratio of #rany and cis isomer 5 in N-alkyl
analogues of N-[4-(1-benzyl)piperidinyl Jethylbenzamide.
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solution, was prepared and used. Data collection was
performed with Cu K, radiation (A —=1.54184 A) on an
Enraf-Nonius CAD4 computer-controlled & axis
diffractometer equipped with a graphite crystal,
incident beam monochromator. The crystal was found
to be triclinic with unit cell parameters a =9.977 (2),
b=13347 (4), c=8.541 (6) A, 2=92.72 (4)>, B=100.59
(3)°, ¥=75.47 (2)°, and V=1082.1 A’. For Z=2 and
M,=415.96, the calculated density D, .4 is 1.28 g/em’.
From least-squares refinement, the space group was
determined to be P1 (No. 2). The data were collected
to a maximum 26-o of 128.0° using the 26-w scan
technique. Lorentz and polarization corrections were
applied to the data. No absorption correction was
made and intensities of equivalent reflection were
averaged. The structure was solved by direct methods.
Full-matrix  least-squares refinement of atomic
positional and thermal! parameters [anisotropic C, Cl,
N, O: isotropic H (fixed at 4.0 A®)] converged at
R=0.073 over 2818 reflections with /> 3a(/).

The same procedures used to determine the crystal
structure of E2020 at ambient temperature were also
emploved to solve the crystal structure of E2020 at low
temperature { —20°C). The unit-cell parameters were
a=9982 (5), b=13.335 (7), ¢ =8.526 (5) A, 2=92.38
(4, B=100.71 (5)°, y=75.38 (4)°, and V’'=1079.0 A*,
Z=2 and D, is 1.28 g/icm®. The space group is P1;
20 = 128.(°. Thermal parameters were refined aniso-
tropically for C, CI, N, O and isotropically for H. The
final R valuc is 0075 over 3120 reflections with
1>3a().

Figure 5 shows the ORTEP" drawing of the racemic
E2020 crystal structure. The ORTEP shows a pattern
of irregular thermal ellipsoids. There is an asymmetric
carbon atom at the 2-position of indanone ring and the
irregular thermal motions phenomenon occurs around
this chiral center. This thermal behavior is observed
both at 23 and —20°C and corresponds to two
puckering structures of the indanone ring. Thus, the
crystal structure of the indanone ring consists of two
conformers. One conformer has a relative R configura-
tion and the other has a relative § configuration. The
most remarkable feature of B and S enantiomers is
that they have the same molecular-shape except for
small portions of the indanone and piperidine rings.
The R and S configurations are so similar that they are
not even recognized in the crystalline state. These two
conformers also have almost cqual heats of formation
as computed by MNDOQ, and the crystal structure is
one of the most stable intramolecular conformations of
each E2020 enantiomer. This high intramolecular
stability suggests that these two conformations may not
only exist in the crystal state, but also in solution.
Howcever, solution structure studies of E2020 have not
yet been performed.

Receptor independent molecular modeling and QSAR
analyses. A comprchensive computer-assisted molec-
ular design, CAMD, investigation of some of the
E2020 analogues began at a point where crystals struc-
tures of E2020 had been determined, but a crystal

structure of a AChE was not yet available. Approxima-
tcly 80 analogues of E2020 had aiso been made and
tested at the start of the on-going comprehensive
CAMD study, and somewhere between 25 and 35
additional analogues have become available over the
course of the CAMD investigation to date. This
CAMD study is continuing with a focus on inter-
molecular ligand-receptor modeling.

The experimental design phase of the CAMD study
identified that the maximum amount of structure—
activity information waould be derived from using only
those analogues that could be placed into one of four
structural feature sets. Each structural feature set
corresponds to analogues differing from one another
by a single, common location chemical change. This
permits the differences in activity for analogues in a set
to be considered only a function. of the single chemical

)

(h)

Figure 5. (a) X-ray crystal structure of racemic E2020 at —20°C. (i,
top) View along the plane of the indanonc ring. (i, bottom) View
into the plane of the indanone ring. (b) X-ray crystal structure of
racemic E2020 for discrete peaks. A racemic occupancy of U.6(R)
and 0.4(8) was found from the differential Fourier map. (i, tap) View
along the plane of the indanone ring, (fi. bottom) View into the
plane of the indanone ring.
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modification characteristic of the set. The composite
experimental design led to the consideration of all
E2020 analogucs of the structural class shown in Figure
6. Within the framework of CAMD methods the
construction of the four feafure sets defined in Figure 6
corresponds to using the molecular decomposition—
recomposition, MDR, technique'” to construct
databases for combined QSAR and molecular
maodeling studies on indanone benzyl piperidine inhibi-
ters of AChE. The justification of using the particular
MDR operation defined in Figure 6 is given in ref 18.
The CAMD study for each feature is described below.

Featare 1. The set of 17 analogues reported in Table
2 were used to develop the feature 1 QSARs. These
compounds were selected because all of them have the
same gencral structure, I. The feature 1 structures
differ from one another only by the substituents (R,
R., R;) on the aromatic ring of the indanone bicycle.
Thus, the SAR for this set of compounds is due only to
(R,, R;, R;), and the MDR technique can be applied.
In general, isomers at the *-carbon of the indanone
ring are not resolved with respect to inhibition potency.
The role of this chiral center on molccular conforma-
tion has been explored as part of the feature 2 analysis.
The spacer link from C* to the piperidine ring is at
least partially saturated, and in most cases totally
saturated, so that resonance effects from substituent
modifications on the rest of the molecule can be
neglected.

The range on AChE inhibition potency for the 18
analogues is 1.3-380 oM IC;; units.

Conformational and electronic descriptors were deter-
mined using the model compound I to represent all
analogues. The details of the molecular modeling
procedures are given in ref 18.

Local minimum energy conformer states up to 6 kcal/
mol above the apparent global minimum" were used to
generate property measures of the descriptors used to
generate feature 1 trial QSARs. The following set of
descriptors was used in the QSAR analysis of feature
1: (1) Partial charge densities (from MNDO) on the C,
to C, carbon atoms in 3. (2) The total dipole moment,
Uy, and the angle the dipole makes with the C=0
bond in the plane of the indanone ring. (3) Component
of the dipole moment in the C=0 direction, U,. (4)

FEATURE |

~
R
o~

Lowest unoccupied molecular orbital energy, LUMO.
(5) Highest occupied molecular orbital energy,
HOMO. (6) Atomic orbital electron populations in C,,
C,, and C,. (7) Sum of the atomic orbital electron
populations in C,-C,. (8) Sum of the atomic orbital
electron populations in C,-C; plus C, and O, HOMO
r coefficient of each of the phenyl carbons C,-C; as
well as O, (10) Sum of the squares of the HOMO =
coetficients of C,~C, plus C, and O, (11) Partition
coefficient, log P, of X 3.

Trial QSARs were generated by considering all

_ combinations of the descriptors for feature 1. Both

linear and quadratic descriptor terms were used in the
set of multidimensional linear regression, MLR,
analyses. The SAS package” was used to carry out the
statistical analyses.

GA discussion

The optimum 3-D QSAR that could be constructed
using direct MLR for substitution onto the aromatic
unit of the indanone ring, based upon all of the
analogues in Table 2, is:

—log(ICsp) = 2.73[C.] + 1.86[ U] — 0.14| U]
—156.7[HOMO] —8.25[HOMO?] -- 740.93 (1)

N=17; R=0.804;5D =0.46; F=4.4:U{max)=6.6debye;
HOMO(max) = —9.49 eV,

where C, is the HOMO out-of-plane m-orbital coeffi-
cient of ring carbon four, and the other terms in
equation (1) have alrcady been explicitly defined. An
analysis of the residual of fit, A log (IC5)=(—log
(1C:0))obss — ( — 108 (TC50))caear Of €quation (1) indicates
that the marginal fit of this correlation equation is
largely due to two outliers-compounds 4 and 17 of
Table 2. Compound 4 is predicted to be less active that
observed, while the oppositc is true for 17.

If compounds 4 and 17 are not considered in the direct

MLR analysis, then the remaining 15 compounds can

be described by the 3-D QSAR:

—log (ICy)=2.21{C,) - 6.65[ U] + 1.18[U+7]
—162.9[HOMOQ] — 8.58|[ HOMO?] —757.52 {2)

N=15 R=0939; SD=0.25; F=148; Uy(max}=2.8

debye; HOMO(max) = —9.49 eV.

The most obvious difference berween equations (1)
and (2), besides the considerable increase in statistical

FEATURE 3

w

FEATURE 2

W

FEATURE 4

Figure 6. Definition of the four features of the E2020 analogue inhibitors of AChE.
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Table 2. General SAR data for Feature I based upon model compound I

Ry
/ia
1

Vi

Ra

No. R, R, R, C,

U, HOMO Gbsd

Calcd Obsd—caled Caled Obsd~-caled

(debye) energy —log [equation (2)] [equation (1)] [equation (2)] [equation (2)]

(€V) (ICq) —log(IC) —logICx) —log(ICs))  —log(ICs)
1 3-OH 4-OMe H 0356 3918 -9.305 888 8.46 0.42 8.81 0.07
2 3-OMe 4-OMe H 0454 2301 -9533 8.28 7.38 0.90 8.20 0.08
3 3-OEt 4CEt H 0505 2.855 —9.631 8.20 8.00 0.20 7.86 0.34
4 H H 5-Me 0234 2966 -9.593 8.15 7.46 0.69
5 3-OMe 4-O-isop H 0449 3332 -—9451 805 8.48 —0.43 8.19 —0.14
6 H H 5-OMe 10249 3127 —9.545 792 1.72 0.20 7.55 0.37
7 2-OMe 3-OMe 4-OMe 0468 2765 -—9615 7.88 7.84 0.04 7.82 0.06
8 H 4-OMe 5-OMe 0452 2.629 —-9.461 7.70 7.77 —0.07 793 —0.23
9 3,4-Methylenedioxy H 0409 2785 -9314 7.64 7.58 0.06 7.51 0.13
10 2-OMe 4-OMe H 0364 2845 —9581 7.60 7.70 —0.10 7.64 —-0.04
1 2-OMe H 5-OMe 0251 3248 —9.443 7.44 7.86 —0.42 7.65 ~021
12 3-Me H H (0168 3.004 -—-9.615 7.16 7.27 —0.11 7.19 —0.03
13 3-OMe H H 0247 2980 -9577 7.09 7.53 —0.44 742 —0.33
14 2-OMe 3OMe H 0027 3192 -—-9376 7.06 7.10 —0.04 7.00 0.06
15 H H H 0021 3.009 -9716 6.83 6.58 0.25 6.58 0.25
16 3-F H H 0226 3467 -9856 6.70 6.90 —0.20 6.80 -0.10
17 3-OMe 4-OH H 0463 1946 -—9.508 6.42 6.57 —0.35

significance of equation (2), is the change in the
dependence of —log (ICs) on U;. According to
equation (2), —log (ICs) increases with increasing Uy
for U;>2.8 debye, while for equation (1), —log(ICy,)
decreases as Uy increase for U; 6.6 debye. However,
these two relationships between —log (ICs,) and Uy
are not inconsistent for most of the analogues in Table
2. Fifteen of the 17 compounds in Table 2 have U,
values in the 2.8-6.6 debye range. Both equations (1)
and (2) predict —log (IC,) to increase with increasing
Ux in this range of dipole values.

Neither equations (1) or (2) are particularly satisfying.
Consequently, a subsequent QSAR analysis was under-
taken using a genetic algorithm formalism called the
genetic function approximation, GFA.”? The GFA
algorithm applied to the feature 1 dataset illustrates
the automatic behavior of spline-based models in
QSAR analysis.”

Feature 1 QSAR analysis using the GFA began with a
population of 300 random models. The terms of the
models were linear polynomials, linear splines, and
quadratic splines. Only the three descriptors identified
in the MLR study were used. However, spline basis
functions were included to explore possible partitions
of the data set. The population was evolved for 5000
crossover operations. By that point there was little
continued improvement in the average score of the
models in the population.

The splines used are sruncated power splines and are
denoted with angle brackets. For example,

<f(x)—a>is equal to zero if the value of (f(x)—q) is
negative, else it is equal to (f(x) —a). The constant a is
termed the knot of the spline. When a spline term is
created, the knot is set using the wvalue ‘of the
descriptor in a random data sample.

Splines are interpreted as performing either range
identification or outlier removal. 1f there are many
members in the nonzero partition, then the spline is
identifying a range of effect. If there are only a few
members of the nonzero set, the spline is identifying
outliers. Regression can use the spline term to fit these
members independent of the other terms of the model
by, effectively, making them ‘special cases’ based on
the extreme value of a descriptor.

The top 10 QSAR models discovered by the GFA
algorithm are reported in Table 3. An example of
outlier removal is the most frequent used spline,
<2301 - U,>. The only compound for which this item
is nonzero is compound 17, which was identified as one
of the two outliers in the original study. All of the top
10 models isolate compound 17 in this manner. An
example of range identification is the use of spline
terms based on HOMO. For example, model 3
contains the term < —9.545—HOMO>? which is
nonzero for approximately half of the compounds: 3, 4,
7. 10, 12, 13, 15, and 16. The interpretation is the
HOMO has an effect on activity only after it achieves a
more negative value than —9.545. Four of the top 10
most frequently used basis functions are of this form,

An interesting effect in the selection of splines for the
top 10 QSAR models was the isolation of the least
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active compounds. If a histogram is constructed of the
number of times each spline term is nonzerc for each
of the compounds in the data set, a strong skew toward
the least active compounds is observed, as shown in
Figure 7. The system is building general models of the
most-active compounds and taking the least-active as
special cases.

Feature 2. The set of model compounds encompassed
in Il was used to characterize the conformational
behavior of the bicycle-piperidine portion of the AChE
inhibitor analogues. In II, W=(CH,}), [#=0, 1, 2, or 3],
or a combination of single and double bond spacer
units, A is usually CH,, but can also be C=0, and X
and Y are CH or N.

Table 4 contains the set of substructure II analogues
used to investigate feature 2, Each structure in Table 4
corresponds to an analogue of E2020 for which the
remainder of the molecule CH,Ph is replaced by Me.

Thus, the variations in [Cs, reported in Table 4 are due
solely to the structural changes represented by II. Note
that a couple of key analogues in Table 4, with respect
to modeling, correspond to changes on the piperidine
ring of E2020: (1) compound 20 in which there is an
additional nitrogen atom at position X and (2)
compound 21 in which the piperidine nitrogen has
been changed from Y to X. Table 4 is subdivided into
(a) that contains active inhibitors which have one or
two torsion angles (9,, 6,) between the bicycle and the
piperidine rings, (b} that contains substructure
analogues for inactive inhibitors having zero, one, or
two torsion angles between the rings, (c) that contains
substructure analogues for active inhibitors having
three or four torsion angles between the rings. It
should be noted that some 6-6 bicycles were
considered in exploring the SAR and one is given in
Table 4. These analogues provide additional informa-
tion to map the active molecular shape of feature 2
substructures.

Table 3. The top 10 3-D OSAR models derived for feature 1 based upon GFA analysis

(1) —log (ICy) = 6.950
+2.046" C,
—6.523* <2.301 = U, >
+1.037%(U, — 2.845)°
~22.090" < -9.631 ~ HOMO > 2
LOF: 0.209
r: 0.923
F:17.16

(2) —log (IC,, = 7.101

+2.040* C,
—4.581* <2301 U, >
+2.988* < U, —3.467>
~7.178* (HOMO +9.508)?

LOF: 0.216

r: 0920

F:16.55

(3) —log (IC,) = 7.053

+1.983* < (C,—0.027 >
—6.468* <2301 -U,>
+0.987*(U,—2.845)
—11.185* < —9.345 - HOMO > *

LOF: 0.221

r: 0918

F:16.10

(4) —log (1C,;) = 7.035
+1.771* C,
—7.683* <230 U >
+1.241* (U, —2.966)
—18.192* < —9.615 —HOMO »*
LOF: 0.224
r: 0917
F:1584

(3) —log (IC,,) = 7.080
+1.778* <C,—0.027 >
—7.686% <2301 - U, >
+1.242% (U~ 2.966)°
—18.196* < —9.615 - HOMO »*
LOF: 0.224
r: 0917
F. 1582

(6) —IOg (Icso) =7.138

=1.615* <C,—0.027 >
—7.619* <2301 - U, >
+1.231%(U/, — 2.966)
—4.616* < —-9.631 —HOMQO >

LOF: 0.225

r:0.917

F: 1580

(7) —log (IC,,) = 7.092

+1.756% <C,—0.027>
—7.667* <2301 -U, >
+1.234* (U, - 2.966)
—15.250* <9.593 -~ HOMO >?

LOF: 0.225

r: 0.917

F. 1579

(8) —log (IC,;) = 7.098
+1.607" C,
—7615* <2301 -U >
+1.231%(U, —2.966)°
—4.610* < -9.631 —HOMO >
LOF: 0.225
r: 0917
F: 1578

(9) —log (ICs,) = 8.076

~2.110* <0.468—-C,>
+3.354* < U, - 3.467 >
—12972% <2301 U >*
—8.219*(HOMO +9.545)*

LOF: 0.225

r: 0.916

F:15.74

(10) —log (ICsn) = 7.056
+1.739* C,
—21.539* <2301 - U, >?
+1.223%U  —2.966)
~13.468* <« —9.577—HOMO >?
LOF: 0.226
r: 0914
F:15.65
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Active conformations were sought by attempting to
identify stable intramolecular conformer states for
active analogues that are not stable for inactive
analogues. This modeling strategy is called the
LBA-LCS (loss in biological activity—loss in conforma-
tional stability) principle.” The details of the confor-
mational analyscs are given in ref 18,

Molecular-shape comparisons were performed by
superimposing pairs of molecules under an initial
three-atom constraint (spatial pharmacophore) and

10-
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1 4 7 Il 14 17
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Figure 7. Histogram of the number of times a given compound was
made a special case in the top 10 models. The histogram shows a
skew toward the highest-numbered compounds, which are also the
least active. In effect, the GFA algorithm is making special cases of
the least-active compounds and modeling the patterns it found in the
most active analogues.

then performing an optimization with respect to the
molecular-shape similarity measure. The measure of
molecular-shape similarity has been based upon
considering molecular geometry and corresponding
conformational energetics. The geometric measures of
molecular shape similarity include one, or more, pairs
of interatomic distances and/or maximizing common
overlap steric volume. Conformational energetics have
been built into the estimation of molecular-shape
similarity by using loss in conformational energy of an
analogue (relative to the intramolecular global
minimum energy conformation), to achieve an increase
in the geometric measure of molecular-shape similarity,
as a penalty function to the geometric mecasure.™

The four compounds, two actives, 18A and 20, and two
inactives, 21 and 22 (of Table 4), whose conformational
energy maps are shown in Figures 8 and 9 have a
common global minimum near (g,=300, ¢,=300°).
These compounds also have various other local
minimum cnergy rcgions as can be seen in Figures 8
and 9. At this point, any of the conformations near
minima might be the active conformer. However, it is
unlikely that any of the high-energy conformer minima
of 18A and 20 in the upper left-hand portion of their
respective energy maps could be the active conforma-
tion. Henee, conformations (8, =300, 6,=300") and
{0,=200, 0,=200°) are considercd the only possible
candidates for the active (9,, 0,) conformation.

Conformational analysis of the trans isomer of
compound 19 the other active analogue of Table 4 (the
cis isamer was found to be a high-energy isomer for all

Table 4, The analogues of, or similar to, E2020 used to map the active conformations, (g, ¢.), with respect to feature 2

NN
0
.

K/Yt:l"l:;

No. A B C D X Y w IC.,, nM
(a) Active analogues with two torsion angles (8, 0,)* & 8,

18A CH, Bond CH- CH=0O CH N %CHz‘a(R) 53
18B CH., Bond CH C-- O CH N —CH, —(§8} 7.7
19 CH, Bond C= C-=0 CH N =CH— 8.4
20 CH, Band CH- C-0 N N —CH,— S4.0

(b) Inactive analogues with one, 0,. or two torsion angles (6,, 6,)
21 CH, Bond CH- C-=Q N CH —CH,—(R/S) 480.0
22 CH, Bond —=C - HC— CH N —CH,— 4400.0
23 CH. Bond CH-- c O CH N (R/S) 3300.0
24 CH, Bond C— C=0 =( N — 1200.0
(¢) Active analogues with three (0,, 8,, 0,) or four torsion angles (9,, 6., 6., 8.) o ] o
1 2 3

2 . - e : 3 3:| .

5 C—0 Bond N Ca0 CH N ” 23 0.90
26 NH C—0 CH C CH N —(CH,),— 4.2

84 B, 1% 84
28 CH. Bond C= C0 CH N —CH{CH,).— 0.82
092 Ba

29 CH. Bond C= C-0 CH N :CH%CH:CH% 3.0
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conformer states). indicates two minimum energy
statcs with respect to 6,.

Superposition of the conformational minima of
compound 19, with the two possible active conforma-
tions of 18A, suggests that the conformer (6, =300,
8, =2300%) of 1A is the only one which adopts a similar
molecular shape to a minimum of 19. Therefore, the
(6,=300, 8,=300°) intramolecular minimum energy
statc is postulated to be near the active conformation.

The postulated active conformation for 18A is shown in
Figure 10. The observed inhibition potencies of
analogues 18B, 20, 23, and 24 of Table 4 can be inter-
preted in terms of the molecular shape of 1A in the
postulated active conformation. Compound 18B is
active and, therefore, must adopt the postulated active
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Figure 8. Conformational energy maps of key active analogues of IT
from Table 4 used to postulate the active conformation (shape) with
respect to (8, 8:). The energy contours are in keal per mole relative
to the global minimum denoted by (@): (a. top) 18A, (b, bottom) 20
of Table 4.

conformation, or more correctly, active molecular
shape, as a low energy stable state. Superposition of
18A on 18B. in their respective active molgcular
shapes, indicales that thesc two isomers have their
indanone rings superimposed, and that their respective
piperidine rings are perpendicular to the bicycle and
exhibit significant overlapping.

The inactivity of both 23 and 24 is explained by their
being too short, duc to the lack of a bridging
methylene group, to have their indanone and piperi-
dine rings simultaneously superimpose on those of 18A
in the active conformation.

Analogue 20 is only 10-15 times less active than thc
most active analogue in Table 4(a). It is difficult to
explain the lack of higher activity of this compound.
One possible explanation for the observed activity
profile of 20 is based on the active centers hypothesis
of the E2020 derivatives. Compound 20 has two
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Figure 9. Same as Figure 8. but for key inactive analogues (a, top)
21, (b. bottom) 22 of Table 4.
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possible cationic nitrogen centers. The two nitrogens
may compete for a single anionic site on the enzyme.
These competitive interactions may lead 20 to a
binding state for which both N atoms are at similar
distances from the anionic receptor center. Such a
virtual ‘displacement’ may then move the carbonyl
group of the bicycle from its optimum binding position.
A less favorable desolvation binding energy, as
compared to 18A/B, might also contribute to the loss in
inhibitory potency.

The absence of a carbonyl oxygen and the relocation of
the nitrogen in compounds 22 and 21, respectively,
each lead to major losses in activity. These structural
changes also lead to losses in key AChE binding inter-
action which are discussed in the section on ligand
dacking.

Hypotheses for the ‘active’ conformations (shapes) of
analogues of Il having three or four torsion angles (i)
between the indanone and piperidine rings are not
definitive. There are two reasons for this ambiguity.
First, the additional conformational flexibility in the
three and four torsion angle analogues makes the

Figure 10. The postulated active conformation for analogues of I
containing two torsion angles (8,, &,). The example here is the stero-
view of 184 of Table 4. (i, top) View into the plane of the indanone
ring. {ii. bottom} View along the plane of the indanone ring.

exploration of conformational space more difficult.
More significant, however, is that inactive three and
four torsion angle analogues having structural changes
which alter conformational behavior are not available.
Hence, the LBA-LCS principle cannot be used.

An alternative approach to the LBA-LCS principle to
probe for active conformation candidates for the
analogues in Table 4(c) first focused on the conforma-
tional analysis of the most rigid analogue in this series,
compound 29. The double bonds induce conforma-
tional rigidity. All possibie combinations of cis and
trans isomers were considered in the conformational
analyses of 29, The all-trans conformational energy
minima are generally lower than the minima of the
other possible isomers by 3-5 keal/mol. Thus, the
assumption was made that the all trens-isomer was the
relevant bioactive structure. No all-#rans structure
adopts a minimum energy conformation within 5 kcal/
mol of its global intramolecular minimum that permits
even marginal similarity superposition of its indanone
and piperidine rings onto those of 18A. It is not
possible to determine any energetically reasonably
superpositions of the highly fiexible analogues 27 and
28 onto 18A.

The molecular shape analysis becomes more confusing
when stable conformations within 5 kcal/mol of the
global minimum of each of the two active analogues
having three torsions (compounds 25 and 26) are
compared to 18A, in its active conformation, and to the
stable conformations of 29. In essence, no conforma-
tions near the relative minima of 25 or 26 meaningfully
superimpose on either 18A or 29. One possible explan-
ation of the differences in molecular shapes among the
two, three, and four torsion angle classes of analogues
of IT is that each class has a distinct active molecular
shape. This explanation is consistent with the docking
simulations of E2020 and analogues to AChE that are
discussed below.

Feature 3. The set of feature 3 derivatives is given in
Table §, and the corresponding model compounds used
in the conformational analyses can be represented by
1

U is most often CH,, but can also be C=0 and
(CH,),. The substituted aromatic ring has also been
replaced by cyclohexyl and naphthyl rings. Table 5 has
been divided into parts: (a) contains active analogues
which have two torsion angles (j,, j.); (b) contains
inactive analogues which have two torsion angles (y,,
y;); (c) contains a single inactive analogue which has
three torsion angles (U, ¥, U3).

The LBA-LCS principle was employed to map out the
active conformation of the analogues of III, reported
in Table 3, with respect to ¢, and ¢,. An analysis of the
(b5, ¢,) conformational energy maps of the active
analogues 30 and 31, and the inactive analogue 33,
suggests the minimum-energy conformation near
(0,=200, ¢,=240°) as the active conformation, see
Figure 11, the ($,, ¢.) map of 30.
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Table 5. The analogues of, or similar to, HI used to map the active
conformations, (f;, /), with respect to feature 3

3\0 /@
!
wZ
)
V\U W

No. U v Z

IC,, (nM)

(a} Active analogues with two torsion angles (o,, ¢-)

LR
30 _Eymr{} N H 53

k| - CH, N o0-CH, 10.0
32 —CH,— N e-CH,, 8.9
(b} Inactive analogues with two torsion angles (¢, ¢.)

33 —CH,— N o-NO, 160.0
34 —C(O)— N H 10000.0
35 —CH,— N 2-naphthyl 2900.0
36 —CH,— N 1-naphthyl 2200
(c) An inactive analogue with three torsion angles (¢, ¢., ©3)

®y L7 %3

37 'Eﬁ*f{}“ﬁ{} N H 180.0

*[Cs, values correspond to analogues of structure 1.

The overall postulated active conformation for E2020,
incorporating feature 3, is shown in Figure 12.

The crystal conformations of the isomers of E2020 (see
Fig. 5) are the same as the postulated active conforma-
tion with respect to feature 1 (8,, 9,). However, the

g
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Figure 11. The conformational energy map of analogue 30 of Table
5. The energy contours are plotted the same as in Figures 8 and 0.
The postulated active conformation is (b, =200, ¢.=240°).

Figure 12. The postulated active conformation of the R isomer of
E2020.

postulated active conformation differs from the crystal
structure with respect to feature 3, (¢,, $,). The crystal
structure adopts the (¢, =300, ¢, =300} conformation
shown in Figure 11 in contrast to the postulated active
conformation of (¢, =200, ¢,=240%).

The inactive o.m-naphthy! analogue 36 has a conforma-
tional energy map nearly the same as 33, thus
accounting for its inactivity. However, the conforma-
tional cnergy map of 3%, the inactive m,p-naphthyl
analogue, is almost identical to that of 30 (active). The
inactivity of 35 can only be explained by hypothesizing
an intermolecular, sterically forbidden, interaction
between part of the m,p-naphthyl ring and the receptor
wall. This explanation is consistent with the 3-D QSAR
developed for substitution onto the phenyl ring in
feature 4.

The active analogue 32 and the inactive analogue 34
would both be judged to be inactive based upon their
(¢,. P,) conformation energy profiles. However, these
two profiles cannot be directly compared with any of
the energy maps of analogues such as 26 and 27
becausc 32 and 34 possess changes in valence
geometry. Nevertheless, the conformational cnergy
minimum found for 32 at ($, =200, ¢,=180°), corre-
sponds to the near perfect molecular superposition of
32 onto 30 in its active conformation, thus demon-
strating 32 can adopt the postulated active molecular
shape.

Compound 34 has a carbonyl group, in contrast to a
methylene unit, as the spacer between the piperidine
and phenyl rings. None of the conformational minima
of 34 can be meaningfully superimposed on the
proposed active conformation for 30 or for 31. This
lack of molecular-shape similarity is assumed to be a
source for the inactivity of 34. In addition, the nitrogen
atom of the piperidine ring of 34 has a sp® hybridiza-
tion as part of the amide group. Hence, it cannot
protonate, and lacks a cationic head.
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Finally, the inactivity of 37 of Table 5 can be accounted
for by the fact that it does not possess any energetically
reasonable intramolecular conformation which corre-
sponds to a molecular shape that is close to the active
molecular shape common to the active analogucs 30,
31, or 32. In essence, 37 is too ‘long’ due to the cxtra
methylenc spacer.

Feature 4. The set of 15 analogues given in Table 6
were used to develop feature 4 3-D QSARs. These
E2020 analogues were sclected because the only way in
which these compounds diffcr from one another is in
the substituent Y. Thus, model compound IV was used
as the substructure in applying the MDR technique for
the feature 4 QSAR analysis.

The range in IC;s for the 16 analogucs is 1-4900 nM.
For Y substituents having conformational fexibility,
the same molecular modeling and conformational
analysis procedures used and referenced in 18 for
feature 1 were used to determine the minimum-energy
conformer states of Y. Once again, cach intramolccular
minimum-energy conformer state was used to compute
measures of descriptors that are dependent upon
substituent conformation. Each descriptor measure was
considered in the QSAR analysis.

2 3-Y

gy

v

The following set of descriptors were used as part of
the feature 4 QSAR study: (1) The nonoverlap steric
volume, §,, using the aromatic ring as the molecular
superpasition criterium. (2) The principle moments of
inertia. (3) The center of charge of cach analogue. (4)
The HOMO energy. (5) The partition coefticient, log
P, of IV.

Table 6. General SAR data for feature 4 based upon model compound 1V

Trial QSARs were constructed in the same manner as
those of feature 1. However, a GFA analysis was not
performed.

For feature 4 the optimum 3-D QSAR that couid be
developed is:

—log (ICs) = —0.107[S,] + 0.046[IX] — 0.151{HOMO]
+6.683 (3)

N=15; R=0.905; SD=0.60; £ =16.7.

In equation (3) §, is the nonoverlap steric volume
between cach analoguc and the shape reference
compound (Y =3-OH) and X is the largest principal
moment of inertia of each analogue as represented by
IV. The shape reference compound was determined by
sceing which of the 15 analogues, each tested as the
shapc reference, gave the statistically most significant
QSAR. The values of the OQSAR descriptors, the
predicted —log(1Csy)s and the corresponding residuals
of fit are reported as part of Table 6.

AChE inhibition appears 10 be less sensitive, with
respect to loss in potency, for substitutions onto the
indanone ring (R,, R,, R,), as compared to substitu-
tions on the aromatic ring Y. This abservation, coupled
with the presence of a steric shape term in equation
(3), suggests that substructure IV is in a more
restricted steric environment than III when ligand-
rcceptor binding occurs. Loss in inhibition potency
secms particularly sensitive to the size of the Y
substituent in the para position. This trend can be seen
in Table 7 where the type and size (stcric length) of
para substituents are reported along with the corre-
sponding —log(1C,,}). Using the unsubstitued ring as a
reference, AChE inhibition potency decreases with
increasing steric length of the para Y substituent. The
only exception to this relationship is Y =4-OH, which

35 Y
CH—4 9%

No. Y S, (A% IX HOMO Obsd Caled Obsd—caled

encrgy (eV) —log {I1Cy) -log (ICy) —log (1Cs)
38 3-F .86 17.47 —49.549 9.00 8.93 0.07
39 4-OH 6.80 15.24 —8.910 8.74 8.08 (.66
40 3Me 11.47 22.46 —9.286 8.70 8.02 0.68
41 3-NQO, 14.06 31.96 —10.342 8.40 831 0.09
42 H 0.71 15.72 —9.339 8.28 8.83 —(1.55
43 2- 6.94 26.19 —9.527 8.02 8.67 —0.65
44 4-F 3.69 15.23 —9.478 8.02 %51 —0.49
45 2-Me 21.40 26.57 —9.262 8.00 7.10 .90
46 4-NH, 9.72 15.47 —8.117 7.44 7.65 —0.21
47 4-Me 17.33 15.72 —09.225 7.40 7.03 0.37
48 4-NO 19.20 2231 —10.39] 7.00 7.32 —0.32
49 3-OMe 18.83 23.55 —8.954 6.66 7.19 —0.53
50 4-OMe 25.37 17.47 —B.895 544 6.20 —0.76
51 3,4-OMe 48.19 62.97 —9.198 540 5.90 —0.50
52 3,4,5-OMe 70.83 102.57 -9.367 5.31 532 —0.01
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is also predicted to be less active by equation (3) than
is observed (sec Table 6).

Receptor dependent (docking) molecular modeling

Receptor model. Sussman and co-workers have
reporied the crystal siructure of AChE from Tompedo
californica electric organ.”® The atomic coordinates of
AChE were obtained from the Brookhaven Protein
Data Bank (PDB entry: 1ACE). Hydrogen atoms were

Table 7. fara substituents. Y, of feature 4, their steric length (sizes),
and observed —log (ICs)s

Y Steric length (A) —log (IC,,)
H 2.23 R.28
F 2.60 8.02
CH 3.13 8.74
NH, 3.20 7.44
CH, 3.36 7.40
NO; 392 7.00
OCH, 4.84 5.44

added after deleting the crystalline water molecules
present in the X-ray structure, and aliphatic carbon-
hydrogen groups werc treated as united atoms.
Daocking studies for an acylated form of the enzyme,
EA, were also carried out.” The 3-D structure of EA
has not been determined so that the EA model used in
this study was generated from the X-ray structure of
AChE.

AChE which contains 537 amino acids is schematically
shown in Figure 13. AChE belongs to the class of o/p
proteins and consists of 12 B-sheets surrounded by 14 o
helices. A close-up view of the enzyme active site from
the enzyme surface is shown in Figure 14. The active
site serine residue can be seen from the surface of the
enzyme. The active site consists of a catalytic triad
composed of serine 200, histidine 440 and glutamic
acid 327, The catalytic triad lies near the botton of a
long and narrow gorge, which is lined with the side
chain rings of fourteen aromatic amino acid residues.
These aromatic residues are color-coded orange in
Figure 14.

Figure 13. Global view of the AChE molecule looking down into the active site gorge.
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Figure 14, Close-up view of the AChE active site from the enzyme surface.

Figure 15 shows a schematic representation of the
enzyme inhibition and the formation of intermediates.
Catalysis by AChE involves the active serine residuc,
and the overall catalytic process proceeds in a three-
step mechanism within the catalytic triad*® The
activated serine residue enables a nucleophilic attack
on ACh resulting in hydrolysis and acetate products
being released. It is known that some reversible AChE
inhibitors show a mixed type of inhibition by blocking
the deacetylation process.”" The acetyl group is intro-
duced into the esteratic site in this catalytic process.
Therefore, EA can accept an external charged
molccule at this vacant anionic site to form an

ACh

E2020

2A1050

2A1034

EA-inhibitor (EAI). Both the R and § forms of E2020
and THA appear to bind to both the free enzyme and
the EA to block both Michaelis complex formation and
the deacetylation process.*

Ligand models. The atomic coordinates of E2020
were taken from its crystal structure, and the other two
analogues considered in the docking studies {ZA1034,
and 2A1050, sec Figure 1) were built from E202(0. The
§ form of each inhibitor considered in the docking
simulation was optimized by the MNDO method. The
atomic charges and dipole moments were calculated
from these optimized structures. All three analogues

Figure 15. Dipole moments of ACh, 2020, 2A1034, and 2A1050 shown superimposed on the respective molecular structures.
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possess large dipole moments, ca. 40-50 debye, and
the direction of each dipole runs through the molecule
from the benzylpiperidine moiety to the methoxy
groups on the indanone ring, see Figure 16. ACh also
has a large dipole moment of 23 Dcbye.

Docking procedures. The size of the active-site
pocket of AChE is too small for E2020, and its related
analopues, to mimic the binding geometry of ACh.
Thus, it was necessary to scarch the long, narrow gorge
leading to the active site in AChE for preferred
binding locations. A sequential set of search operations
were used to determine the enzyme-—inhibitior struc-
tures and energies. The search operations consisted of:
(1) identifying receptor ‘hook’ atoms using CAVHET;™
(2) construction of initial inhibitor-receptor alignments
based upon matching complementary ligand-receptor
hook atoms, and the simultaneous alieviation of
bad-contact atom-pair interactions by intermolecular
ligand translations and rotations coupled with ligand
torsion angle rotations; (3) Monte Carlo sampling,
using the GREEN docking package,” to establish
intermolecular low-energy locations and orientations.
as well as conformations of the inhibitors, for each
initial ligand-receptor model; and (4) molecular
dynamics relaxation simulations,” using AMBER,™ of
the low-energy complexes generated in the Monte
Carlo sampling analyses.

Docking models of AChE with ACh. Figure 17 shows
a side view of the active site of AChE. The most
remarkable feature of this structure is its deep and
narrow channel, about 20 A long and as narrow as 4.5
A. This gorge penetrates halfway into the enzyme and
widens out close to its interior terminus. It has been
suggested that the quaternary group of the choline
moiety of ACh makes a close contact with the indole
ring of Trp 84.** However, our docking study indicates
that the quaternary moiety of choline binds through

interactions with the w electrons of the aromatic
residues in the channel of AChE. Gly 118 and 119
might be part of the oxyanion hole since these glycines
make close contacts to the carboxyl oxygen of ACh in
the most stable AChE-ACh complex models.

Docking models of E2020 analogues to AChE and
AE. The docking simulations show that stable confor-
mations are adopted by the inhibitors upon binding to
both AChE and acylated AChE. All three inhibitors
considered dock to both AChE and the AE in a similar
manner. The docking suggests two common features of
binding for these compounds: (1} the N-benzyl
substituent forms a p-stacking interaction with the
indole side chain of Trp 84 and (2) the piperidine ring
locates on the narrowest part of active-site cavity which
is formed by four amino acid residues, Tyr 70, Asp72,
Tyr 121, and Tyr 334.

E2020 exhibits five key binding interactions {KBI 1-5)
involving the methoxy group, the phenyl ring, the
carbonyl group in the indanone ring, the protonated
nitrogen of piperidine, and the phenyl ring of the
benzyl group attached to the nitrogen of piperidine.
The carbonyl oxygen interacts with Tyr 121 (KBI 3a)
and Tyr (KBI 3b). However, the § enantiomer of
E2020 (k;=17.5 nM) only adopts the KBI 3b binding
mode. 2A1034 (k;=18.7 nM) in the R form, which is
the preferred binding isomer, interacts with the enzyme
at only three of these five key sites. 2A1050 (k=122
nM) binding involves only two of these interaction sites
at the same time for the preferred binding § form.

The results of the docking study support the active
conformation model discussed above which is charac-
terized by the indanone and piperidine rings being
‘perpendicular’ to one another, where the larger of the
two thickness dimensions of the piperidine ring
contains its plane relative to the indanone ring.’® The

Figure 16. Side view of the AChE active site.
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preferred mode of binding of E2020 to AChE is shown
in Figure 18. Overall, these results suggest that E2020,
and related analogues, arc noncovalent AChE inhibi-
tors which bind in the aromatic gorge, but do not
interact with the catlalytic residues. Consequently, the
E2020 analogues can inhibit the Michaelis complex
formation step/deacylation step of the hydrolytic
reaction of AChE.

Discussion

QSAR, small molecule X-ray, and molccular modeling
methods have been useful in the realization of the
E2020 class of AChE inhibitors. These methods have
been useful because they have been both functional
and appropriate. The capacity to perform individual
QSAR, X-ray, and molecular shapc analyses quickly,
relative to synthetic efforts, and at critical times in the
cvolution of the research program, are the reasons
these methods have been functional. The insight to ask
the ‘right’ questions when employing these methods

has made their use appropriate. We note that not
asking qucstions beyond the scope of a computer-
assisted molecular design, CAMD, method qualifies as
asking the ‘right’ question.

The intermolecular docking simulations have comple-
mented the QSAR and molecular shape analyses in
providing reasons for the high activity seen in E2020
analogues having differing numbers of spacers groups
between the indanone and piperidine rings. E2020
analogues which can adopt long, narrow conformations
as low-cnergy intramolecular states can fit in the long
active-site gorge of AChE. The docking simulations
indicate that the preferred binding site of E2020 (both
isomers) to AChE is not at the ACh active site, but
rather some distance away in the channel leading to
the active site. This may be the reason E2020 is a
potent inhibitor to both AChE and acylated AChE.

In addition, the docking simulations and 3-D QSARs
support and reinforce one another. A detailed
comparison of the AChE-E2020 docking modes to the

Figure 17. Superposition of the R and § enantiomers of E2020 binding models in the active site cavity with the five key binding interactions
(KBIs) defined.
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Figure 18. The irams-decalin analogue superimposed on the R
enantiomer of E2020 in its postulated active conformation.

descriptor terms in the QSARSs [equations (1)-(3)]*
reveals a self-consistency between sub-binding sites and
descriptors. Binding simulations and the use of the
QSARs jointly provide a robost tool to predict AChE
inhibition activity in new analogues.

There are still pathways to take in the study and under-
standing of the family of E2020 AChE inhibitors. A
better understanding of the geometric binding speci-
ficity in the active sitc channel would enhance inhibitor
design capabilities. One measure of success in
achieving an insight into inhibitor binding specificty
would be to explain the inactivity of what we call the
trans decalin analogue of E2020 whose structurc is
shown in Figures 1 and 18. This compound was
predicted to be very active as an AChE inhibitor based
upon its molecular shape similarity to E2020 (see
Figure 18). However, the compound was made and
tested and its [Cy was 2530 mM, a quitc inactive
inhibitor. The inactivity was assumcd to be due (o
unfavorable intermolecular binding interactions not
identified in the MSA study. At the time of the MSA
study the AChE crystal structure was not available.
Recent docking simulations of the frans-decalin
analogue to AChHE, carried out in the same¢ manner as
for E2020 and somec of its other analogues and
described above, also suggests it should be a potent
inhibitor. Thus, future molecular modeling studies,
and, in particular, docking simulations of the E2020
family of AChE inhibitors should keep the under-
standing of the low-activity of the trans-decalin
analogue as both a goal and a corresponding measure
of success.

Docking simulations may provide some guidelines for
structural changes in the four features of E2020. A
primary target for structural changes may bc the
indanone ring. There are other bicycles that lead 1o
active analogues'™ suggesting a  structure—actlivity
mapping may be pussible by docking simulation.

Implementation of docking simulations in a design
mode is predicated upon reliable calcuiations. The

ability to predict reliable and accurate ligand—receptor
binding energies remains elusive in intermolecular
modeling. Perhaps the best chances for success in the
E2020 analcguc—AChE docking simulations is to
combine X-ray studies to elucidate AChE-inhibitor
complex geometries with free-energy force-field refine-
ment” docking simulations. The X-ray structures can
provide realistic initial geometries to the docking
simulations for a training set of inhibitors for which the
inhibition potencies have been measured. The terms in
the foree field used to compute the binding encrgies of
the inhibitors are then scaled, in a QSAR fashion, to
estabiish a correlation between inhibition potency and
binding free energy.

Overall, the E2020 project has had a successful past in
terms of CAMD applications and there is every reason
to belicve in a bright future.
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