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Analysis of electronic structures of physostigmine analogs
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AIM: To elucidate the action mechamism and
structural prerequisites of 21 physostigmine
analogs as acetylcholinesterase inhibitors at the
molecular level, and help the rational design of
these dihydroindoline inhibiters. METHODS:
Initial structures of these compounds were built
and minimized by SYBYL 6.2 molecular
modeling software.  Conformations of those
molecules with the highest predictive abilifies in
the Comparative Molecular Field Analysis model
were chosen to the semiempirical quantum
chemical calculations. RESULTS: (1) The
highest occupied molecular orbital ( HOMO)
consisted mainly of the orbitals in phenyl group
and N, atom; the lowest unoccupied molecular
orbital (LUMOQ) of the molecules was contributed
from phenyl group and C; atom. While the
HOMO energies did not show any recognizable
relationship with activity, the LUMO energies
showed a decreased tendency with increasing
activity. The active compounds showed lower
LUMO energies. (2) The carbon atom (C), )
had the most positive net atom charge. The most
active compound had the most positive charge on
this- carbon, but had the lower charges on the
carhonyl oxygen (Opp) which was the most
negative charge atom. (3) The bond order of
carbon-oxygen bond {Cyy - Oy ) was invariant
across the series of the compounds. (4)
Compounds with too high or too low total dipole
moment had lower activiies, while the most
active one had a lower molecular polarizability .
CONCLUSION: A molecular model was sug-
gested to explain the possible mode of action by
which these compounds inhibit acetylcholines-
terase .
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According to the cholinergic hypothesis,
memory impairments in Alzheimer’s disease
patients resulted from a deficit of cholinergic
functions in the brain. Inhibition of acetyl-
cholinesterase ( AChE) was considered as one of
the most promising strategies for activating central
cholinergic functions. While physostigmine was
shown to improve memory and reverse
scopolamine-induced dementia, its use was
limited by its serious or potential lethal side
effects and a narrow therapeutic index.

The syntheses of physostigmine analogs had
been reported“'zl. The inhibitory activities of
these dihydroindoline carbamates ( DHIC) also
had been measured experimentally®. How-
ever, their precise modes of action and structural
requirements were still unknown. The present
work was to elucidate the action mechanism and
the structural prerequisites of 21 physostigmine
analogs at the molecular level.

COMPUTATIONAL METHODS

The semiempirical quantum chemical
calculations on 21 dihydroindoline compounds
(Tab 1) were performed with SYBYL 6.2
molecular modeling software(*] running on Silicon
Graphics IRIS Indigp XZ4000 workstation.
First, the initial structures were built and
minimized by molecular mechanical program
MAXIMIN2 encoded in SYBYL systems using
Tripos force field parameters. A preliminary
conformation search was then performed by the
system search method implemented in SYBYL
system. After a systematic conformational
search, 8 series of minimum-energy conforma-
tions including 568 different conformers were
obtained for all the compounds. Based on each
series, 3D-QSAR studies were carried out with
Comparative Molecular Field Analysis { CoMFA)
method'®.  Consequently, the conformations of
these molecules with the highest predictive ability
in the CoMFA-(QSAR model were chosen as the
starting structure to the quantum chemical
calculations. The geometries of the 21 com-
pounds were calculated with optimization of all
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Teb 1., Structure, monbering, and ICy, vahses of dilydroindoline carbemates { DHIC)
Rs\H/S
012
[\ R, Ry Ry R, Rs ICs/pmel - L™
1 CH, H CH, CH, N(CH, ), 0.126
2 CH, H CH, CH, NHCH; 0.079
3 CH; H CH, ChH, NHC,H; 0.200
4 CH, H CH, CH, N{C,H; 7, 1.00
5 CH, H CH; CH, NHC; Hys 0.794
6 H H CH, CH, N{CH,), 3.16
7 C.H;s H CH, CH, N{CH, ), 0.398
3 GH H CH, CH, N(CH; ), 0.631
9 C,H, H CH, CH; N(CH,), 0.79
10 CsH,, H CH; CH, N(CH,}; 1.58
11 i— GHy H CH; CH;, N(CH; Y, 1.26
12 CH, CeH; H CH, CH;, N{CHy ), 39.3
13 H 0 CH;, CH, N{CH;); 500
14 CH; 0 CH, CcH, N{CH; ) 500
15 CH, H CH, H N(CH, ), 6.31
16 CH, H CH, CoHs N(CH,); 0.158
17 CH, H CH, CH; N(CH, ), 1.258
18 CcH, H ChH, CHs N{CH; ), 39.8
19 CH, H ChH, CH, CeHs N{CHa); 15.8
20 CH, H CH, CH, H > 1000
21 CH, H CH; CH, CH, > 1000

bond length, hond angles, and tomsion angles
using the semiempirical quantum chemiecal
method AM1‘® encoded in MOPAC 6.0.
Finally, all the quantum chemical parameters
were calculated with AM1 using fully optimized
geometries.

RESULTS AND DISCUSSION

The frontier orbital analysis  According
to frontier molecular orbital ( FMO) theory of
chemical react:nutym , the highest occupied
molecular orbital ( HOMO ), and the lowest
unoccupied molecular orbital ( LUMO) of the
molecules played a major role in govemning many
chemical reactions and were also responsible for
the formation of a transition state which was due
to an interaction between HOMO and LUMO of
reacting species. Thus, the separation of FMO
from other orbitals was based on the general
principles governing the nature of chemical

reactions. The calculation results showed that
the HOMO of all the compounds consisted mainly
of the orbitals in phenyl group and N; atom while
the LUMO of the molecules was contributed from
phenyl group and C;; atom (Tab 2).

These carbamates might inhibit the AChE by
3 key binding interactions involving the carbon
atom of the carbamoyl group, the phenyl ring
and the nitrogen atom of indoline.

The HOMO energies did not show any
recognizable relationship with activity (Tab 3},
while the LUMO energies showed a decreased
tendency with increasing activity. The active
compounds had lower LUMO energies. Since
the energy of LUMO was directly related to the
electron  affinity and chamacterized the
susceptibility of the molecule toward attack by
nucleophiles, these results suggested that the
enzyme act as the nucleophile to provide electrons
to these inhibitors,
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Tab 2. Properties of frontier molecular orbitals of diliydreindoline carbamates (DHIC).

™o NHOMO HOMO LIMG NLUMO
1 Cotony! Gt Ni» Hp Cppersts Cu1 Cotreny
2 - Cotset+ Ny » Han Coterst+ €11 Cotreny
3 Cobenyt Coteri + Ni» Hn Cotoets €1 Cote
4 Cotren? Copert+ Niv Hao Opp Cotreats L1 Cotrent
5 Cotrout Conat+ Niv Hpg Cotrent+ Cus Cotrenyt
6 Conem Copats Nuv Has Opp Cotenrt+ Gt Coemyt
7 Cobenst Coteat» Ni» Hag Coteom» Cn1 Gty
8 Cobenst Gebonya s N1+ Ha Cotuy1 - C11 Gty
9 Cobenyt Choenyt» N1» Has G« C1t Chlions
10 Cotent Coperd» Nio Hog Coent» C11 Cbven?
11 Cottemy Coteot» N1+ Hag Cotem» C11 Cotrenyt
12 Cotemyts Cooni Cobers+ Ny 1 Hzgs (g Coteytr €13 Coay Cotert+ Cphe
13 Cphmyl Cphmy!r N]! H’En 01(]- 011 Cphmyh Cll Cpbu-w]
14 Cphmyl Cphmg‘.r N‘;l! H‘.’B! 01(]- 011 Cphgp',h Cll C;imy!
15 Cotony Cobemyt» M+ Hzzo (g Copet» Cas Coteay
16 Cotrep Coteyt+ Niv Hg Cotemtr Gt Cobemt
17 Coheny! Ciants Ny. H Cobernt» C1 Coberyt
18 Cotonyi Carvets Ni» Hp Coverts Cu1 Cotreny
19 Gty + Creryt Coteyts Ni» Hgp Coteyts Cus Cotenyt
20 Cotrent Conats Niv Hyg Cotrents Cu1 Coteoyt
21 Cotryt Cotnt » N5 Hog Cotrem s Cus Coremt

Tab 3. Energy of HOMO { Epgao)» LUMO ( Epao) » total dipole moment (p), the most positive net atomic cherge (Qu)s
the most negative net atomic charge (Qy;) , and molecular polaxizability (a) of dihydroxyindaline carbamates.

MNe - lglCs § AT Enomo 5 h Qiz o
1 6.9000 0.3584 -8.347 2.292 0.47238 =Q.4042 147.5072
2 7.1000 0.3521 -8.3172 2.5590 0.4827 -0.4141 1365.8513
3 6. 7000 0.3608 - 8.3002 2.5920 0.4763 -0.4128 145.9493
4 6.0000 0.3854 - 8.2813 2.3970 0.4814 - 0.4111 164 .6829
5 6. 1000 0.3621 - 8.3081 2.6520 0.4758 -0.4127 187.3042
6 5.5000 0.3295 - §.4254 2 4780 0.4729 - 0.4040 136.8928
7 6. 4000 0.3754 -§.2701 2.3420 0.4726 - 0. 4041 155,.9231
g 6.2000 0.3724 -8.2615 23580 Q.47272 = 04041 164, 3679
9 6. 1000 0.3731 - 8.2617 2.3800 0.4726 - 0.4042 172.4213
10 5.8000 0.3725 - B.2623 2.3870 0.4726 - 04042 1806138
11 5.9000 0.3759 - 8.2565 2.38350 0.4726 - 0.4041 180.2780
12 4.4000 0.3287 - 8277 2.0830 0.4728 -0.4034 19%.9301
13 3.3000 -0.041 -8.7321 4.7410 0.4734 —0.4051 142.2147
14 3.3000 -0.001 - 8.6021 44790 0.4733 - 0.4051 152.6581
15 5.2000 0.3468 -8.3166 2.370 Q.4727 - 0.4037 140.0314
16 6. 8000 0.3591 - 8.2964 2.3210 0.4725 - 0.4042 1551302
17 5.9000 0.3537 - 8.3006 2.3720 0.4723 - 0.4039 170.7552
18 44000 1.3510 - 8.3032 2.4090 0.4723 - 0.4039 186.6828
19 4.,8000 0.2861 -8.3613 2.5860 Q.4752 -0.4115 197.3638
20 3. 0000 0.4335 -5.1908 . 2.3080 0.1962 0.0000 105.6422
21 3. 0000 0.4997 -8.1290 2.1550 0.2005 Q. 0000 116.5725

There were 2 compounds in Tab 3 with the  of LUMO values <@ still remained controversial.
LUMO values <0. The physical interpretation  In some cases, when LUMO <0, the molecule
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was electron-deficient and stabilized through
acquisition of an electron.  Since different
semiempirical quantum chemical caleulation
methods and different basis sets in ab initio
quantum chemical calculations provided not only
different magnitudes but different signs for LUMO
energies, it was better to rely on trends of orbital
properties across a set of molecules rather than on
the properties of a single orbital in a single
molecule.

The net charge distribution All chemical
interactions were by nature either electrostatic
(polar) or orhital (covalent). Electric charges
in the molecule were obviously the driving force
of electrostatic interactions. Thus, net charges
on atoms were considered as measures of weak
intermolecular interactions.

The carbon atom (Cy;) of the carbamoyl
group (Tab 3) had the most positive net atom
charge. Since this was the site of mucleophilic
attack, the more positive the charge on this
carbon, the more susceptible it might be to
nucleophilic attack. It was observed that the
most reactive compound had the highest ( most
positive) charge on this carbon, and the least
reactive compound had the lowest (less positive )
charges on it, and also that the most active
compounds had the most negative charges on the
carboryl oxygen ( Q) ) which could form a
hydregen bond with the enzyme.

These features indicated that the carbon
atom of the carbamoyl group was more susceptible
to nucleophilic attack in compounds with potent
anticholinesterase activity; while the carbonyl
oxygen had the more negative charges with
increasing activity .

At pbysiologic pH value these carbamates
all displayed a positive charge around the N, atom
due 1o protonation, which might form a cation-x

bond with the ring of aromatic residues in active

site of AChE.

The bond order  The strength of carbon-
oxygen bond (C;; ~ Oy) might be reflected by its
bond order. Since this bond was broken during
the reaction, it was reasonable to speculate that
the easier it was to sever this bond, the greater
the reactivity of the inhibitors was. The results
showed that this bond order was practically
invariant across the series of the compounds (all
are 0.96), so the anticholinesterase activity of

these inhibitors was not dependent on the bond
order.

The total dipole moment and molecular
polarizability The total dipole moment and the
molecular polarizability were quantum-chemical
parameters widely used to describe the polarity
and the possible inductive interactions of a
molecule.  Although the calculated values of
these parameters had no explicit relationship with
their activities (Tab 3), it was found that the
compounds with too high or too low total dipole
momemt had lower activities, while the most
active compounds had a lower polarizability.

The calculation sugpested 3 characteristic
features of interaction: the electrostatic and
hydrogen binding interactions between the
protonated nitrogen ( N; ), the carbonyl oxygen
(O12) of DHIC and AChE, and the x - x
interaction between phenyl ring of DHIC and the
ring of aromatic residues in the active site of
AChE, which played important roles in molecular
recognition. These interactions led to charge
transfer complexes in which electrons transferred
from HOMO of AChE active sites to LUMO of
carbon atom (Cy;) of the carbamoyl group of
DHIC.

These ohservations indicated that nucleo-
philic power and electron density were crucial in
determining the activity of these compounds.

According to the 3D structure of AChE
isolated from Torpedo californica  electric
organta], the active site of AChE contained a
catalytic triad formed by Ser-His-Glu at the
boitom of a deep and narrow cavity known as the
“aromatic gorge” since more than 50 % of its
lining was composed of the rings of 14 conserved
aromatic amino acids.  Associated with the
triad, a putative oxyanion hole formed by the 2
amidic nitrogens of 2 Gly residues was identified.

These carbamates inhibited the enzyme by
carbamoylating the serine residue of the catalytic
tiad. The AChE catalytic triad hydrolysed the
ester function of the substrate by a nucleophilic
attack of the serine hydroxyl group.

Using the results of these quantum chemistry
studies, we suggested a molecular model 1o
explain one possible mode of action by which
DHIC fitted into the active site of AChE. DHIC
were oriented in the active site of AChE with the
carbon atom of the carbamoyl group bound to the
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hydroxyl oxygen of Ser residues so that the
anionic carbonyl oxygen points towards the NH
group of 2 Gly residues J)(fxymﬁon hole}. The
ester oxygen of the carbamate was close to the
imidazole ring of His residue, while the
protonated nitrogen was directed towards the
aromatic moieties of Trp and Phe residues. The
docking study required to predict the binding
sites between DHIC and AChE was now
undertaken .

Finally, it should be noted that both
electronic features and steric factors controlled
the anticholinesterase activity of DHIC, since
many electronic properties did not show any
recognizable relationship with activity.
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