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N-Piperidinopropyl-galanthamine (2) and N-saccharinohexyl-galanthamine (3) were used to investigate
interaction sites along the active site gorge of Torpedo californica actylcholinesterase (7cAChE). The
crystal structure of TcAChE-2 solved at 2.3 A showed that the N-piperidinopropyl group in 2 is not
stretched along the gorge but is folded over the galanthamine moiety. This result was unexpected
because the three carbon alkyl chain is just long enough for the bulky piperidine group to be placed
above the bottleneck (Tyr121, Phe330) midway down the gorge. The crystal structure of TcAChE-3 at
2.2 A confirmed that a dual interaction with the sites at the bottom, and at the entrance of the gorge,
enhances inhibitory activity: a chain of six carbon atoms has, in this class of derivatives, the correct
length for optimal interactions with the peripheral anionic site (PAS).

Introduction

With the increase of the elderly population and considering
that Alzheimer’s disease (AD) is thought to be the leading
cause in senile dementia, the development of an effective
therapeutic treatment of this syndrome is of primary impor-
tance and would have a great social impact because AD causes
impairment of functioning in everyday life. Unfortunately, the
real cause of the disease is still unknown and this makes a
systematic research for new drugs very difficult. It has been
shown however that, associated with AD, is a loss of the
cholinergic response due to reduced activity of choline acet-
yltransferase, the enzyme responsible for the synthesis of
acetylcholine' (ACh) as well as reduced levels of nicotinic
ACh receptors.” Hence the rationale behind the current
approach of cholinergic therapeutics used in the treatment
of AD aims at targeting the inhibition of acetylcholinesterase
(AChE) in the brain, which results in an elevation of the ACh
concentration and therefore in the activation of the choliner-
gic transmission as well as allosterically potentiating ligands
that enhance nicotinic receptors activation through nicotinic
agonists.>* Many years after the approval of symptomatic
drugs such as tacrine,’ donepezil,® rivastigmine,” and ga-
lanthamine (1),® the improvement of old and the development
of new drugs targeting the cholinergic system is still pursued
both by pharmaceutical companies as well as many research
groups.

Atomic coordinates and structure factor amplitudes of the T¢cAChE-
2 and TcAChE-3 complexes have been deposited in the Brookhaven
Protein Data Bank under PDB ID codes 316M and 316Z, respectively.

*To whom correspondence should be addressed. Phone: +39-040-
3758514. Fax: +39-040-9221126. E-mail: doriano.lamba@ts.ic.cnr.it.

“Abbreviations: AD, Alzheimer’s disease; ACh, acetylcholine;
AChE, acetylcholinesterase; T¢, Torpedo californica; PAS, peripheral
anionic site; N-PP, N-piperidinopropyl.
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Galanthamine (1) is a natural alkaloid belonging to the
Amaryllidaceae family and is among the very few ligands
showing a dual mechanism of action, reversibly inhibiting
AChE as well as enhancing the intrinsic action of ACh on
nicotinic receptors by allosteric potentlatlon 4 Hence the
synthesis of new derivatives of 1 and their evaluation as
anti-Alzheimer drugs continues in the hope of finding a
compound showing better pharmacokinetic as well as phar-
macodynamic characteristics.® ™!

In this context, we determined the X-ray crystal structure of
AChHE from Torpedo californica, TcAChE, complexed with
two new galanthamine derivatives, chosen among those de-
veloped in the laboratory of Jordis et al.,'* N-piperidinopro-
pyl-galanthamine hydrobromide ((4aS,6R,8aS5)-4a,5,9,10,11,
12-hexahydro-3-methoxy-11-[3-(1-piperidinyl)propyl]-6 H-
benzofuro[3a,3,2-¢f][2] benzazepin-6-ol, dihydrobromide
dihydrate (2) and N-saccharinohexyl-galanthamine fumarate
(2-[6-[(4aS,6R,8a5)-4a,5,9,10-tetrahydro-6-hydroxy-3-meth-
oxy-6 H-benzofuro[3a,3,2-¢f][2]benzazepin-11(12 H)-yl]hexyl]-
1,2-benzisothiazol-3(2 H)-one 1,1-dioxide mono fumarate (3)
(Scheme 1).

A characteristic feature of TcAChE is that the catalytic
triad, typical of a serine hydrolase and formed by residues
Ser200, His440, and Glu327, is placed almost at the bottom of
a narrow, approximately 20 A deep gorge, which is lined by
conserved aromatic residues making up about 70% of the
gorge surface. In particular, Trp84 is responsible for the
cation—u interactions with the quaternary group of the sub-
strate, while Tyr70 and Trp279 contribute to the peripheral
anionic site (PAS) at the entrance of the gorge and serve as
molecular traffic switch for the substrates toward the active
site. Trp233, Phe288, and Phe290 constitute the acyl pocket,
which determines the specificity for ACh. Halfway down the
gorge, there is a bottleneck formed by Tyr121 and Phe330. At
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Scheme 1. Synthesis of Galanthamine Derivatives 2 and 3 from Norgalanthamine 4

“Reagents and conditions: (a) (1) mCPBA, CH,CL,; (2) FeSO4, MeOH, (b) N-(3-chloropropyl)piperidine, Nal, K,COs, acetone; (¢) N-(w-

bromohexyl)saccharin, EtN(i-Pr),, CHCl;.

this point, the cross-section can be as narrow as 5 A. While
Tyr121 is almost fixed in all crystal structures, Phe330, acting
as a swinging gate, is quite flexible and was found to adopt
different side-chain conformations in order to interact through
m—a stacking or cation—s interaction with the bound ligands.

Both compounds chosen for the present study are substitu-
ted at the nitrogen atom of the tetrahydroazepine ring of gala-
nthamine, which structure—activity relationship studies'*~ ">
showed to result in improved inhibitory activity, however,
they differ in the length of the alkyl chain, as well as in the
substituent at the end of the chain. With the elucidation of
the structure of the complex with 2, we expected to investigate
the interactions of the piperidinium ring with the amino acids
present in the middle of the gorge. 2 shows an activity
approximately six times higher than 1, having an ICs, value
0f 0.35 uM on recombinant human brain AChE compared to
a value of 2.10 uM shown by 1. Previous docking studies'®
revealed that an alkyl spacer with just three carbon atoms is in
fact too short to allow an interaction of the piperidinium
moiety with the amino acids belonging to the PAS; it should
however be long enough to enable an interaction of the
piperidinium ring with the aromatic residues of Tyr121 and
Phe330, the swinging gate, halfway down the gorge. The aim
of the determination of the structure of TcAChE in complex
with compound 3 was to confirm the assumption that a better
inhibitory activity is achieved by those compounds, which
interact with both the active site at the bottom of the gorge and
the PAS. In particular, the bivalent galanthamine having a
phtalimido moiety as substituent'’ shows a higher activity.
Furthermore, we wanted to explore the role of the added
sulphonyl functional group on the indanone ring, not present
in any other long chain derivatives, which could unveil a new
interacting site and have an additional stabilizing role
(hydrogen bonding donor—acceptor), through a direct and/
or a water mediated hydrogen-bonding network. In fact, the
activity of 3, measured on recombinant human brain AChE
(ICs0 0.05 uM) is more than 40 times higher than the activity
of 1 (ICsy 2.10 uM).

Results and Discussion

Synthesis of 2 and 3. Compounds 2 and 3 were prepared
according to a general synthetic procedure shown in
Scheme 1 using nor-galanthamine (4) as starting material,
which can be derived from 1 by selective N-demethylation via

a nonclassical Polonovski reaction.'®!” Treatment of 4 with
N-(3-chloropropyl)piperidine in the presence of potassium
carbonate and sodium iodide in acetone for three days under
refluxing conditions gave rise to compound 2 in 75% yield
after purification by flash chromatography. The free base
was converted to the dihydrobromide dihydrate in 63% yield
by reaction with HBr in an ethanol/diethyl ether mixture.
Accordingly, compound 3 was synthesized in 71% yield by
refluxing 4 in chloroform for 24 h with N-(w-bromohexyl)-
saccharin® as alkylating agent in the presence of N-ethyldii-
sopropylamine. An ethanol solution of compound 3 as free
base and fumaric acid was slowly added to diethyl ether to
give a 76% yield of the corresponding fumarate. Purity of the
synthesized compounds was better than 95%, as evidenced
by elemental analysis outlined in Materials and Methods.

Crystallography

Compound 2. The X-ray crystal structure of TcAChE in
complex with 2 was determined at 2.3 A resolution. It reveals
that the galanthamine moiety positions itself at the bottom of
the active site gorge in the same way shown by 1, preserving
the main interactions.?"** The hydroxyl oxygen is engaged
in a_ hydrogen bond with the water molecule W547
(2.8 A), which is firmly bound to Ser200 (2.6 A) and to the
oxyanion hole residues Gly118 (2.7 A) and Gly119 (2.8 A)
(see Figure 1A). The cyclohexene ring stacks against the 7
system of the indole ring of Trp84 via a r— interaction.

The structure of the 7TcAChE-2 complex also clearly,
though unpredictably, shows that the piperidinium moiety
is folded over the tetrahydroazepine ring (Figure 2A) and
that this conformation is stabilized by interactions between
the protonated nitrogen atom of the piperidine ring and the
free electron lone pair of the nitrogen belonging to the
tetrahydroazepine ring (2.9 A). In fact, because the pH of
the soaking solution is 6.0 (see Material and Methods), the
nitrogen of the piperidine ring is the one likely to be proto-
nated (pK, = 11.25) with respect to the other nitrogen atom
(pK, = 8.33).% Furthermore, the piperidinium ring is ac-
commodated within a hydrophobic pocket formed by
Phe330, Phe331, and Tyr334, the distances of the centroids
of the rings being 3.9, 3.8, and 4.0 A, respectively. The seven-
membered tetrahydroazepine ring, as in the 7TcAChE-1
(PDB ID 1QTI*") complex, adopts a chair conformation
with the N-PP moiety in an equatorial orientation, which



Article

Ser 200 “‘

-7 Trp 84

Gly 118

|
Phe 290
Tyr 121
\ ) Phe 330
Phe 331
Tyr 334

Phe 288

A

Journal of Medicinal Chemistry, 2010, Vol. 53, No. 2 747

His 440 Wa 55

//
t/l‘

Ser 200 ,'

Gly 119
Phe 331

Phe l;%

Phe 288

.
=
8
N
\

.

| Asp 72
|
N W768 !
. &
\ i

\ ] \.,—
!
Tyr 343(% \ |, W67 %f;f 70
Tyr 121

Figure 1. Ligplot*® representations of the interactions of 2 and 3 with TcAChE. (A) Interactions in the crystal structure of the TcAChE-2
complex. (B) Interactions in the crystal structure of the T7cAChE-3 complex.
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Figure 2. Close-up view of the active-site gorge area in the crystal structures of TcAChE in complex with 2 (A) and 3 (B). 2 and 3 are displayed
as sticks, with carbon, oxygen, nitrogen, and sulfur atoms colored green, red, blue, and yellow, respectively, and the selected TcAChE residues
are in red. The 2F, — F. oA-weighted electron density maps, carved around compounds 2 and 3, are contoured at 1.0 o.

was also predicted by docking.'® The unexpected result was
to find the alkyl chain in a folded conformation, and not fully
extended, along the gorge, as anticipated in a previous
docking study'® and analogously to what observed in the
crystal structures of TcAChE in complex with long-chain
inhibitors, such as decamethonium,’* donepezil,25 and
MF268.%° The piperidinium moiety is hence positioned over
the tetrahydroazepine ring and the alkyl chain folded like a
scorpion tail. A substituent with a three carbon alkyl chain is
justlong enough to allow the bulky ring to place itself beyond
the constriction present midway down the gorge and con-
stituted by Phe330 and Tyr121 (Figure 3). In the observed
folded state, the piperidinium ring is further stabilized by

interactions with the hydrophobic pocket formed by the
aromatic residues Phe330, Phe331, and Tyr334.

The X-ray crystal structure of the TcAChE-2 complex at
2.3 A resolution does not allow to unequivocally establish
the orientation of the piperidinium ring because both rota-
mers, differing from one another by a 180° rotation of the
single bond between the piperidino nitrogen and the neigh-
boring methylene group of the propyl chain, fit equally well
into the 2F, — F_ electron density map. Furthermore, the
analysis of the average temperature factors of the ligand
shows that the N-alkyl chain-spacer (55.6 A2) as well as the
piperidinium ring (50.9 A2 ), are hlghly flexible compared to
the rigid galanthamine moiety (35.3 A?).
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Figure 3. The piperidine ring of 2 is, in the crystal structure of the
TcAChE-2 complex, beyond the bottleneck formed by Tyr121 and
Phe330, which is found in the “open-gate” conformation.

With the assumption that 2 binds as a protonated ligand to
TcAChE,” we employed computational molecular model-
ing tools in order to select the most energetically favored
piperidinium ring orientation using the QXP-Flo multistep
docking procedure.”’” The results indicated that the most
probable orientation of the piperidinium ring is the one in
which the proton of the nitrogen faces the tetrahydroazepine
ring. We hence adopted this orientation, in which the proton
acts like a tether that keeps the N-PP group folded over the
galanthamine moiety like a scorpion tail, in all X-ray crystal-
lographic refinement steps.

Compound 3. The X-ray crystal structure of TcAChE in
complex with 3 was determined at 2.2 A resolution. There is
an overall similarity between the positioning of the two
galanthamine ring systems in the crystal structures of
TcAChE-3 and TcAChE-1 complexes.”"** At pH 6.0 (see
Materials and Methods), the nitrogen of the tetrahydroaze-
pine ring is protonated and allows an interaction, mediated
through the water molecule W827, with Asp72. W827 is
hydrogen-bonded to the protonated nitrogen (2.6 A) and to
the O%% of Asp72 (2.7 A), respectively (see Figure 1B).

As predicted by docking,”” the hexamethylene spacer is
extended along the gorge (Figure 2B) and the saccharino
moiety interacts with the PAS through stacking with Trp279,
the distance between the centroids of the sz-system of Trp279
and the saccharino ring being 3.7 A. The orientation of the
saccharino group is further stabilized, mainly through inter-
actions with protein main chain and/or side chain residues
mediated by water molecules. In particular, the carbonyl
oxygen interacts with W604 (2.9 A), which is at a distance of
2.8 A from the main chain nitrogen of Phe288. The sulfonic
group is surrounded by a net of water molecules: one of the
two oxygen atoms is at 2.9 A from W768 and at 2.7 A from
W687; W687 also interacts with W827 (2.6 A), W768 (3.1 A),
and with the hydroxyl O of Tyr121 (2.8 A). Furthermore,
W768isat2.7 A from the second oxygen atom of the sulfonic
group (see Figure 1B).

As observed in the previous structures of T7cAChE com-
plexed both with 1 as well as with 2, also in this structure, the
tetrahydroazepine ring adopts a chair conformation. How-
ever, while in the former structures the orientation of the
alkyl group is equatorial, as it is clearly visible from the 2 F, —
F, electron density map (Figure 2B), in the latter it is axial.
This had been correctly predicted by previous docking
studies.”® Theoretical gas phase calculations® showed that
the nitrogen inversion barrier in the neutral as well as in the
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protonated galanthamine is very low (5.3—6.8 kcal mol™"),
allowing the coexistence of both conformers until other
factors in the local environment shift the balance toward
one conformation. Docking studies predicted also that the
alkyl chain would extend toward Trp279 at the PAS.?® Six
carbon atoms seem indeed to be required to allow a classical
m— interaction between the saccharino group and Trp279.
A similar interaction had already been observed in the
complex of TcAChE with a derivative of the iminium salt
of galanthamine in which a phthalimido moiety is attached
via an 8-carbon alkyl linker.'”

Conclusions

In the screening process for new drugs showing a better
pharmacokinetic as well as pharmacodynamic profile, the
determination of the X-ray crystal structure cannot be used
routinely as characterization method for all candidate lead
compounds because it is a time-consuming procedure. The
present paper however shows how important structural in-
formation can be gained through the determination of the
X-ray crystal structures of complexes with derivatives care-
fully selected among several others. The structure determina-
tion of the complex of Tc¢cAChE with 2 showed that the
assumption made that galanthamine derivatives with long
chain substituents would bind to the enzyme in the open gate
conformation, allowing the chain to extend into the gorge
toward the PAS, was not correct.'® This assumption was
based on the previously solved structures of 7cAChE in
complex with long chain inhibitors such as decamethonium
(PDB ID 1ACL),** donepezil (PDB ID 1EVE),?® and MF268
(PDB ID 10CE)* as well as on previous docking results.'®
Furthermore, comparisons among the published crystal struc-
tures of various TcAChE complexes show that Phe330 is the
only site of real conformational flexibility in contrast to the
relative rigidity of the other side chains lining the gorge.3*!
The TcAChE-2 crystal structure clearly shows that the swing-
ing gate is in an open position analogously to what was
observed in the TcAChE-1 complex®! and differs from the
closed position found in the TcAChE-tacrine complex (PDB
ID 1ACJ)** as well as from the half-open conformation found
in the TcAChE-edrophonium complex (PDB ID 2ACK).*
We hence observe the three carbon N-alkyl chain winding up
in such a way that allows the piperidine ring to be oriented
toward the tetrahydroazepine ring so that a proton is shared
between the two nitrogen atoms.

Finding the alkyl chain in a folded rather than in an
extended conformation is an additional fact in favor of the
assumption that the galanthamine derivative is bound in the
protonated form because this form stabilizes the interaction
between the piperidinium and the tetrahydroazepine rings.

The structure determination of the TcAChE-3 complex
confirms that an alkyl chain of six carbon atoms is, in this
class of galanthamine derivatives, of the correct length for
optimal interaction with the residues of the PAS. The higher
inhibitory activity shown by this compound can be hence
attributed to a dual interaction with the active site at the
bottom of the gorge as well as the site at the entrance of the
gorge itself, further enhanced by hydrophobic interactions
between the alkyl chain and residues lining the gorge. A
comparison of the TcAChE-complexes with 2, 3, and the
bivalent galanthaminium derivative (IW4L)!” demonstrates
the importance of the PAS for enhanced binding of a ligand
inside the gorge (Figure 4). The centroid of the benzene ring of
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Figure 4. Overlay of TcAChE-3 crystal structure (green) on that of
TcAChE in complex with the N-phthalimido galanthamine iminium
derivative (cyan).'®

Trp279 nicely stacks against the benzene ring of the benzo-
sulfimido moiety of 3 at a distance of 3.6 A.

The results described for TcAChE in complex with 2 and 3
show the validity of crystallographic structure determination
at certain milestones along the elucidation of an enzymatic
process or the development of interacting inhibitory drugs
based on molecular modeling studies. It is true however that
X-ray crystallography provides a time and ensemble averaged
picture of the 3D structure of a protein whereas, in many
cases, conformational flexibility is required for ligand binding
or in catalytic reactions. A combined approach of computa-
tionally assisted structure analysis and structure elucidation
by X-ray crystallography could direct the rational design of
new inhibitors and the elucidation of molecular determinants
in enzyme inhibition.

Materials and Methods

1Csp-values of 1, 2, and 3 on recombinant human brain AChE
were kindly provided by Sanochemia Pharmazeutika AG (Wien,
Austria).

Chemistry. All solvents, chemicals, and reagents were ob-
tained commercially and used without purification. NMR
spectra were obtained at 200 MHz on a Bruker AC-200 FT-
NMR spectrometer, with chemical shifts (6, ppm) reported
relative to TMS as an internal standard. Flash chromatography
was carried out with Merck silica gel 60 (35—70 um) using a
Shimadzu LC-8A pump and a Shimadzu SPD-6A UV-detector.
Purity of target compounds was determined by HPLC using a
Waters 2695 instrument with a diode array detector and Merck
Chromolith RPg columns and a gradient of 3—60% acetoni-
trile/water containing 0.1% trifluoroacetic acid at a flow rate of
I mL/min. The HPLC purity is the number generated for the
peak area as calculated using the Water Millenium software with
the Maxplot option for the UV maximum of the corresponding
peak. Optical rotations were determined using a Perkin-Elmer
polarimeter 241.

(4aS,6R,8a5)-4a,5,9,10,11,12-Hexahydro-3-methoxy-11-[3-(1-
piperidinyl)propyl]-6 H-benzofuro[3a,3,2-¢f][2]benzazepin-6-ol (2).
A solution (—)-norgalanthamine®-** (0.5 g, 1.83 mM), 0.51 g
(3.66 mM) of potassium carbonate, (2.20 mM) of sodium iodide,
and N-(3-chloropropyl)piperidine (2.20 mM) in acetone (20 mL)
were refluxed for three days and concentrated by evaporation.
The residue was dissolved in 30 mL of 2N hydrochloric acid and
extracted with AcOEt (2 x 20 mL, dicard). The aqueous
solution was set at pH > 8.5 with concentrated ammonia and
extracted with AcOEt (3 x 20 mL). These extracts were com-
bined, washed with brine, dried (Na,SOy,), concentrated by
evaporation, and purified by flash chromatography using
CHCl3/MeOH 97:3 to give 0.73 g (74.7% yield) of the free base;
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mp 89—92°C, aP5y = —50.6° (¢ = 0.25, CHCl;), HPLC 98.5% .
"H NMR (ppm, CDCl3) 6 6.62 (dd, J; = 12.6 Hz, J, = 8.1 Hz,
2H), 6.08 (d, 12.6 Hz, 1H), 5.98 (dd, J; = 8.1 Hz, J, = 4.0 Hz,
1H), 4.59 (b, 1H), 4.12 (s, 1H), 4.10 (d, J = 8.1 Hz, 1H), 3.83
(s+d, 4H), 3.33 (t,J = 10.0 Hz, 1H), 3.14 (d, J = 10.0 Hz, IH),
2.68 (d, J = 10.0 Hz, 1H), 2.35 (m, 9H), 2.01 (m, 2H), 1.68 (q,
J = 4 Hz, 2H), 1.60 (m, 3H), 1.48 (m, 3H). '*C NMR (ppm,
CDCl5) 6 146.2 (s), 144.4 (s), 133.5(5),129.8 (s), 127.9 (d), 127.3
(d), 122.4 (d), 111.5 (d), 89.1 (d), 62.4 (d), 58.1 (t), 57.7 (t), 56.2
(q), 55.0 (tt), 5S1.9 (t), 50.0 (1), 48.8 (s), 33.3 (1), 30.4 (1), 26.2 (tt),
25.2 (1), 324.7 ().

Preparation of the Dihydrobromide Dihydrate of (2). To a
solution of the free base (0.70 g) in dry ethanol (10 mL), a
solution of 60% HBr (0.50 mL) in diethyl ether (20 mL) was
added and the reaction mixture stirred at 0 °C for 2 h. The
precipitate was filtered, washed with diethyl ether (3 x 5 mL),
and dried (60 °C/20 mbar) to give 0.85 g (63% yield) of the salt;
mp 175—179 °C, HPLC 96.7%. Anal. C,4H34N>O3-2HBr-
2H,0 caled C 48.33, H 6.76, Br 26.80, N 4.79; found C 48.05,
H 6.45, Br 26.30, N 4.55.

2 [6-[(4aS,6R,8a5)-4a,5,9,10-Tetrahydro-6-hydroxy-3-meth-
oxy-6H-benzofuro[3a,3,2-¢f][2]benzazepin-11(12 H)-yl]hexyl]-1,2-
benzisothiazol-3(2H)-one 1,1-dioxide (3). 2-(6-Bromohexyl)-
1,2-benzisothiazol-3(2 H)-one-1, I-dioxide,> (2.33 g, 7.32 mM),
norgalanthamine®*** (2.00 g, 7.32 mM), and N-ethyldiisopro-
pylamine (2.84 g, 22.0 mM) in absolute chloroform (20 mL)
were stirred at boiling temperature for 24 h. The solvent was
evaporated and the residue purified by flash chromatography
(150 g of silica gel, chloroform:methanol:ammonia 96.5:3:0.5)
and the product obtained as free base as colorless foam
(2.81 g, 71.4% yield). "H NMR (CDCl3) 6 8.08—7.72 (m, 4H),
6.68—6.55 (m, 2H), 6.12—5.90 (m, 2H), 4.57 (b, 1H), 4.16—4.01
(m, 2H), 3.82—3.65 (m, 6H), 3.52—3.03 (m, 2H), 2.71—2.28 (m,
3H), 2.10—1.71 (m, 4H), 1.55—1.25 (m, 7H). '*C NMR
(CDCI3): 158.8 (s), 145.7 (s), 143.9 (s), 137.6 (s), 134.6 (d),
134.2(d), 133.1 (s), 129.5(s), 127.4 (d), 127.3 (s), 126.9 (d), 125.0
(d), 121.9(d), 120.8 (d), 111.1 (d), 88.6 (d), 62.0 (d), 57.6 (1), 55.8
(q), S1.5 (1), 48.3 (1), 39.3 (1), 32.9 (1), 29.9 (t) 28.2 (1), 27.1 (1),
26.7 (t) 26.6 (1).

Preparation of the Mono Fumarate of (3). A hot solution of the
base (1.686 g, 3.13 mM) in EtOH (95%, 10 mL) is combined
with saturated solution of fumaric acid (10 mL, about 0.5 M in
95% ethanol) and heated at about 60 °C until a clear solution
is obtained. This hot solution is added slowly with magnetic
stirring to dry ether (200 mL), resulting in the formation of a
precipitate. After standing overnight at room temperature, the
solid is filtered, washed with dry ether (3 x 50 mL), and dried
at room temperature at 50 mbar over calcium chloride. The
fumarate is obtained in the form of a colorless powder (1.560 g,
76% yield). A sample is dried at 2 mbar and at 40 °C for 8 h over
phosphorus pentoxide. aP,y = —61.9° (¢ = 0.39, H,0). Anal.
C29H34N206S'C4H4O4 caled C 6054, H 585, N 428, found C
60.49, H 5.97, N 4.22.

Crystallization. Sanochemia Pharmazeutika AG (Wien,
Austria) kindly provided the two galanthamine derivatives.
TcAChE was isolated, purified and crystallized as previously
described.*® The crystals of the complexes were obtained by
soaking the native crystals at 4 °C in 10 mM inhibitor, 42%
PEG200, 100 mM MES at pH 6.0 for 48 h in the case of 2 and
63 h for 3.

Structure Determination. X-ray diffraction data were col-
lected at the XRD-1 beamline of the Italian Synchrotron Facil-
ity ELETTRA (Trieste, Italy). A MarCCD detector (Mar USA,
Inc.) and focusing optics were employed for the measurements.
The crystals were flash-cooled in a nitrogen stream at 120 K,
using an Oxford Cryosystems cooling device (Oxford, UK).
Data processing was done with DENZO, SCALEPACK.,*” and
the CCP4 package.’® The enzyme—inhibitor structures were
determined by Patterson search methods using the refined
coordinates of the native TcAChE,* (PDB ID 1EA5)* after
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Table 1. Summary of Crystallographic Data

Bartolucci et al.

TcAChE-2 TcAChE-3
Data Collection
X-ray source XRD-1 ELETTRA, Trieste (Italy)
wavelength (A) 1.00
detector MarCCD
space group P3,21
unit cell parameters
a,b (A) 112.19 111.34
c(A) 137.19 137.21
mosaicity (deg) 0.63 0.42
resolution range (A) 19.82—2.26 (2.28—2.26)¢ 19.91—-2.19 (2.28—-2.19)¢
number of measurements 439740 402326
number of unique reflections (1 = 0) 47210 (957) 50750 (5013)
completeness (%) 99.7 (97.3) 99.6 (99.3)
multiplicity 9.3(2.9) 8.3 (7.6)
o (D)) 8.8 (2.0) 10.5(1.3)
Rsym}7 0.047 (0.418) 0.037 (0.269)
Refinement Statistics
resolution range (A) 19.82—2.26 19.91-2.19
number of reflections (F, = 0) 46822 50491
R¢ 0.180 0.183
“Riree 0.212 0.212
number of atoms
non-hydrogen protein 4263 4245
solvent molecules 398 374
non-hydrogen inhibitor 29 38
non-hydrogen carbohydrate 42 42
rmsd bond lengths/bond angles (A, deg)* 0.011/1.6 0.011/1.6
Ramachandran plot (%) favored/additional 89.0/10.3/0.4/0.2 89.9/9.5/0.4/0.2

allowed/generously allowed/disallowed
regions (% y

Average Temperature Factors (AZ)

protein

water
inhibitor
carbohydrates
rmsd AB (/&2)”'

393
47.6
40.5
63.2
3.94

349
442
39.7
55.4
3.61

“Number in parentheses refer to the highest resolution shell. 4 Roym = Yon2_illn: = I/ 0> Ini» With I is the ith measurement of reflection /1, and
(I,) is the average over symmetry related observation of unique reflection 4. The summations include all observed reflections. ‘R = ;| F,| — |Fel/> 4l
F,|, where |F,| and | F,| are the observed and calculated structure factor amplitudes for reflection 4. The summation is extended over all unique reflections
to the specified resolution. ¢ Ryyee, R factor calculated using 4701/5088 randomly chosen reflections (10%) set aside from all stages of refinement.
¢Stereochemical criteria are those of Engh and Huber.*® / The catalytic residue Ser200 is in the disallowed allowed region.*’ rmsd AB is the rms

deviation of the B factor of bonded atoms.>

removal of the water molecules. Crystallographic refinement
of both complexes was performed with CNS version 1.2.4! In
both structures, all data within the resolution range were
included with no-o cutoff. Bulk solvent correction and aniso-
tropic scaling were applied. The Fourier maps were computed
with o-A weighted (2|F,| — |F.|, ®.) and (|F,| — |F.|, ®.)
coefficients*” after initial refinement of the native protein by
simulated annealing (at a maximum temperature of 3000 K),
followed by maximum likelihood positional and individual
isotropic temperature factor refinements. A prominent elec-
tron density feature in the catalytic gorge and along the
gorge itself in the case of the structure of the complex with 3,
allowed unambiguous fitting of the inhibitors. Carbohydrates
(N-acetyl B-p-glucosamine linked at Asn59 and Asn416) were
built in by inspecting electron density maps. Peaks in the
difference Fourier maps that were greater than 2.50 were
automatically added as water molecules to the atomic model
and retained if they met stereochemical requirements, and
their B factor was less than 70 A? after refinement. Map
inspection and model correction during refinement were
based on the graphics program O.* The crystal parameters,
data collection, and refinement statistics are summarized

in Table 1. Structure alignments were done using the program
LSQMAN.* Figures were created using LIGPLOT,* PyMOL,*®
and MOE.*
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