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ABSTRACT

Inhibitors of the enzyme acetylcholinesterase (AChE) slow and
sometimes reverse the cognitive decline experienced by indi-
viduals with Alzheimer’s disease. Huperzine A, a natural prod-
uct used in traditional Chinese herbal medicine, and tacrine
(Cognex) are among the potent AChE inhibitors used in this
treatment, but the search for more selective inhibitors contin-
ues. We report herein the synthesis and characterization of
(—)-12-amino-3-chloro-9-ethyl-6,7,10,11-tetrahydro-7,11-
methanocycloocta[b]quinoline hydrochloride (huprine X), a hy-
brid that combines the carbobicyclic substructure of huperzine
A with the 4-aminoquinoline substructure of tacrine. Huprine X
inhibited human AChE with an inhibition constant K, of 26 pM,
indicating that it binds to this enzyme with one of the highest
affinities yet reported. Under equivalent assay conditions, this

affinity was 180 times that of huperzine A, 1200 times that of
tacrine, and 40 times that of E2020 (donepezil, Aricept), the most
selective AChE inhibitor currently approved for therapeutic use.
The association and dissociation rate constants for huprine X with
AChE were determined, and the location of its binding site on the
enzyme was probed in competition studies with the peripheral site
inhibitor propidium and the acylation site inhibitor edrophonium.
Huprine X showed no detectable affinity for the edrophonium-
AChE complex. In contrast, huprine X did form a ternary complex
with propidium and AChE, although its affinity for the free enzyme
was found to be 17 times its affinity for the propidium-AChE
complex. These data indicated that huprine X binds to the enzyme
acylation site in the active site gorge but interferes slightly with the
binding of peripheral site ligands.

Alzheimer’s disease is associated with a selective loss of
cholinergic neurons in the brain (Davies and Maloney, 1976;
Whitehouse et al.,, 1981). The losses are accompanied by
decreases in the neurotransmitter acetylcholine as well as in
the respective enzymes that synthesize and degrade acetyl-
choline, choline acetyltransferase and acetylcholinesterase
(AChE) (Perry et al., 1977; Bowen et al., 1982). These obser-
vations stimulated a cholinergic hypothesis of Alzheimer’s
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disease (Bartus et al., 1982), which postulates that at least
some of the cognitive decline experienced by patients with
the disease results from a deficiency in acetylcholine and
thus in cholinergic neurotransmission. This hypothesis sug-
gested that inhibitors of AChE might elevate levels of acetyl-
choline in the brains of these patients and reverse the cog-
nitive decline (Muramoto et al., 1979), and experimental
evidence has supported this suggestion. The first, and thus
far the only, two drugs approved by the U.S. Food and Drug
Administration (FDA) for treatment of the cognitive deficit in
Alzheimer’s disease are both reversible inhibitors of AChE
(Fig. 1). Tacrine (Cognex) was approved in 1993 and E2020
(donepezil, Aricept) in 1996. A third potent reversible AChE
inhibitor, huperzine A (Fig. 1), is a natural product isolated
from the club moss Lycopodium Huperzia serrata used in
traditional Chinese herbal medicine (Kozikowski et al.,
1992).

A number of efforts have been undertaken to synthesize

ABBREVIATIONS: AChE, acetylcholinesterase; MPLC, medium-pressure liquid chromatography; DTNB, 5,5'-dithiobis-(2-nitrobenzoic acid);
TcAChE, Torpedo californica acetylcholinesterase; TMTFA, m-(N, N,N trimethylammonio)trifluoroacetophenone; COSY, correlation spectroscopy;

HMQC, heteronuclear multiple-quantum coherence.
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Fig. 1. Structures of inhibitors of AChE.

even more selective AChE inhibitors as potential therapeutic
agents in Alzheimer’s disease. Although the highest affinity
reversible AChE inhibitors identified to date contain quater-
nary amine group(s), these efforts have focused on com-
pounds which, like the approved drugs, contain nonquater-
nary amines and are more likely to pass from the circulation
to the brain across the blood-brain barrier. Some new inhib-
itors have been modeled on tacrine, including bifunctional or
bis-tacrine analogs with alkylene linked tacrine moieties
(Pang et al., 1996). Other inhibitors have been designed that
combine the carbobicyclic substructure of huperzine A with
the 4-aminoquinoline substructure of tacrine (Badia et al.,
1998). These initial tacrine-huperzine A hybrids, for which
we suggest the name huprines, had slightly higher affinity
for AChE than tacrine itself. Herein, we introduce a huprine
with an ethyl group at position 9 and a chlorine atom at
position 3. We designate this compound huprine X (Fig. 1)
and show that it inhibits AChE by binding to the enzyme
with an affinity that is among the highest yet reported for a
reversible inhibitor of AChE.

We also estimate the location of huprine X binding in
AChE by reference to the structures of AChE and AChE-
inhibitor complexes determined by X-ray crystallography.
These structures reveal a deep active site gorge with two

sites of ligand interaction: a peripheral site at the surface of
the enzyme and an acylation site at the base of the gorge
where the substrate acyl group is first transferred to residue
S200* (Sussman et al., 1991; Harel et al., 1993; Bourne et al.,
1995; Harel et al., 1995). Certain ligands can bind selectively
to either the acylation site or the peripheral site, and ternary
complexes can be formed in which ligands are bound to both
sites simultaneously (Taylor and Lappi, 1975; Eastman et
al., 1995). X-ray crystallography has shown that edropho-
nium, huperzine A, and tacrine all are specific for the acyla-
tion site, although their contacts with the enzyme surface do
not completely overlap (Harel et al., 1993; Raves et al., 1997).
Ligands specific for the peripheral site include the small
aromatic compound propidium. By examining inhibition of
AChE by huprine X in the presence of either propidium or
edrophonium, we show that huprine X appears to bind to the
acylation site of AChE.

Experimental Procedures

Materials

Human erythrocyte AChE (Rosenberry and Scoggin, 1984; Rob-
erts et al., 1987) and recombinant human AChE (Mallender et al.,
1999) were purified as outlined previously. Analyses were conducted
with human erythrocyte AChE except where noted, and active site
AChE concentrations for both enzymes were determined by assum-
ing 410 U/mmol.?2 Recombinant Drosophila AChE was the SEC1
variant (Incardona and Rosenberry, 1996). Human butyrylcholines-
terase was purified from plasma (Lockridge, 1990) and was a gift
from Dr. Oksana Lockridge, University of Nebraska Medical Center.
Propidium iodide was obtained from Calbiochem (La Jolla, CA), and
propidium concentrations were assigned with an extinction coeffi-
cient €495 up = 5900 M~ em ! (Taylor and Lappi, 1975). Tacrine was
purchased from Sigma Chemical Co. (St. Louis, MO) and E2020 was
a gift from Yoshiyuki Kawakami, Ph.D., Eisai Co., Ltd., Ibaraki,
Japan.

General Chemistry Methods

Melting points were determined in open capillary tubes with a
MFB 595010 M Gallenkamp melting point apparatus. *H NMR spec-
tra were recorded at 500 MHz on a Varian VXR 500 spectrometer
and '3C NMR spectra were recorded at 75.4 MHz on a Varian Gemini
300 spectrometer. The chemical shifts are reported in parts per
million (8 scale) relative to internal trimethylsilane and coupling
constants are reported in Hertz. Correlation spectroscopy (COSY)
'H/'H experiments were performed with standard procedures and
COSY 'H/*3C experiments with the *H-detected heteronuclear mul-
tiple-quantum coherence (HMQC) sequence and an indirect detec-
tion probe. Infrared (IR) spectra were run on a Perkin Elmer model
1600 Fourier transform/infrared spectrometer. Absorption values
are expressed as wavenumbers (cm ). Optical rotations were mea-
sured on a Perkin Elmer model 241 polarimeter. Chiral HPLC anal-
yses were performed on a Waters model 600 liquid chromatograph
provided with a Waters model 486 variable A detector, with a
CHIRALCEL OD-H column (25 X 0.46 cm) containing the chiral
stationary phase cellulose tris(3,5-dimethylphenylcarbamate). Con-
ditions A: mixture of hexane/EtOH in the ratio of 75:25, containing

1 Throughout this paper, we number residues according to the TcAChE
sequence. For example, W84 and S200 in this sequence correspond to W86 and
S203, respectively, in mammalian AChE.

2 One unit of AChE activity corresponds to 1 umol of acetylthiocholine
hydrolyzed per minute under standard pH-stat assay conditions, and these
conditions correspond to maximal AChE activity at pH 8 (Rosenberry and
Scoggin, 1984). Our conventional spectrophotometric assay at 412 nm is con-
ducted in pH 7 buffer with 0.5 mM acetylthiocholine, conditions that result in
4.5 AA 15 p/min with 1 nM AChE or ~76% of the maximal activity.
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Fig. 2. Synthesis strategy for huprine derivatives. Compound rac-3a and its enantiomers (huprine Y is the HCI salt of (—)-rac 3a) were prepared as
described (Camps et al., 1998, 1999; for the synthesis of related compounds, see Badia et al., 1998). Rac-3b (huprine X is the HCI salt of (—)-rac 3b)
was prepared in a similar way from the known enone rac-1b (Camps et al., 1996) by Friedldnder reaction with 4-chloro-2-aminobenzonitrile, 2 (Camps
P, Mufioz-Torrero D, Gorbig D, Contreras J, Simon M, Morral J, E1 Achab R, Badia A, Banos JE, Vivas N. WO patent application 97/13754). Separation
of rac-8b was carried out in a similar manner to that described for rac-3a (see Experimental Procedures). Although the absolute configuration of (—)-3a
was established by X-ray diffraction analysis, that of (—)-3b was assigned by analogy with (—)-3a (Camps et al., 1998).

0.1% diethylamine, as eluent, flow 0.20 ml/min, A = 235 nm. Chiral
medium-pressure liquid chromatography (MPLC) separation was
carried out on equipment that consisted of a pump (Biichi 688), a
variable UV detector (Biichi) and a column (25 X 2.5 cm) containing
microcrystalline cellulose triacetate (15-25 um) as the chiral station-
ary phase. Column chromatography was performed on silica gel 60 A
C.C. (70-200 mesh; SDS, ref. 2100027). For the thin-layer chroma-
tography, aluminum-backed sheets with silica gel 60 Fy;, (Merck;
ref. 1.05554) were used. AlCl; and 2-amino-4-chlorobenzonitrile were
purchased from Aldrich Chemical (Milwuakee, WI). Analytical grade
solvents were used for recrystallizations, whereas pure for synthesis
solvents were used in the reactions and column chromatography.
Elemental analyses were carried out at the Mycroanalysis Service of
the Centro de Investigaciéon y Desarrollo, C.I1.D., Barcelona, Spain.

Synthesis of Huprine X and Huprine Y

The synthesis strategy for these compounds is outlined in Fig. 2.

rac-12-Amino-3-chloro-9-ethyl-6,7,10,11-tetrahydro-7,11-
methanocycloocta[blquinoline Hydrochloride (rac-3b.HCI).
To a suspension of anhydrous AlCl; (3.00 g, 22.5 mmol) and 2-amino-
4-chlorobenzonitrile (2.33 g, 15.3 mmol) in 1,2-dichloroethane (20
ml), a solution of 7-ethylbicyclo[3.3.1]non-6-en-3-one rac-1b (1.80 g,
11.0 mmol) in 1,2-dichloroethane (115 ml) was added dropwise. The
reaction mixture was stirred under reflux for 7 h, allowed to cool to
room temperature, diluted with water (80 ml) and tetrahydrofuran
(80 ml), made basic by addition of 5 N NaOH, and stirred at room
temperature for 30 min. The organic solvents were removed under
reduced pressure, and the residue was filtered. The yellowish solid
residue (4.20 g) was submitted to column chromatography [silica gel
(125 g), hexane/AcOEt, gradient elution]. On elution with hexane/
AcOEt 40:60, rac-3b (1.35 g, 41% yield) was isolated. Subsequent
treatment with a solution of HC1 (0.37 N solution in MeOH, 3 equiv.),
evaporation, and recrystallization of the resulting solid (1.54 g) from
MeOH/H,0 3:10 (26 ml), afforded pure rac-3b.HC1.2/3H,0 (0.96 g,
25% overall) as a white solid: mp 202-206°C (dec.); IR 3500—-2000
(max. at 3333, 3177, 2816, 2671) (CH, NH, and NH™), 1652, 1634,
and 1585 (ar-C-C and ar-C-N) cm ™ *. *H NMR (500 MHz, CD,0D) &:
0.89 (t,J = 7.5 Hz, 3 H, CH,-CHj), 1.86 (m, 2H, CH,-CHjy), 1.95 (dm,
J =12.5 Hz, 1 H, 13-H,,,), 2.00 (broad d, J = 17.5 Hz, 1 H, 10-H,,,4,),
2.07 (dm, J = 12.5 Hz, 1 H, 13-H,,,;;), 2.53 (broad dd, J = 17.5 Hz, J’
=45Hz,1H, 10-H,,,), 2.80 (m, 1 H, 7-H), 2.87 (broad d, J = 18.0 Hz,
1H,6-H,,4,),3.20(dd,J = 18.0Hz,J' = 5.5 Hz, 1 H, 6-H,_,,), 3.38 (m,
1H, 11-H), 4.82 (s, NH, + NH), 5.56 (broad d, J = 5.5 Hz, 1 H, 8-H),
7.56 (dd,J = 9.0Hz,J' = 1.5 Hz, 1 H, 2-H), 7.75(d,J = 1.5 Hz, 1 H,
4-H), 8.34 (d, J = 9.0 Hz, 1 H, 1-H). '*C NMR (75.4 MHz, CD,;0D) &:

12.6 (CH;, CH,-CH,), 27.6 (CH, C11), 28.1 (CH, C7), 29.4 (CH,, C13),
30.9 (CH,, CH,-CH,), 34.2 (CH,, C10), 36.1 (CH,, C6), 115.4 (C) and
115.5 (C) (C1la and C12a), 119.4 (CH, C4), 123.3 (CH, C8), 126.3
(CH, C1), 127.6 (CH, C2), 139.7 (C, C4a), 140.4 (2 C, C3 and C9),
153.2 (C) and 156.6 (C) (Cba and C12). Anal. Caled. for
C,sH,4CIN,.HCL.2/3H,0: C, 62.25; H, 6.20; N, 8.07; Cl, 20.42. Found:
C, 61.95; H, 6.12; N, 8.08; Cl, 20.44.

Preparative Resolution of rac-3b by Chiral MPLC: (+)-
(7R,11R)-3b and (—)-(7S,11S)-3b (Huprine X). The chromato-
graphic resolution of rac-3b was carried out with MPLC equipment
provided with a column containing microcrystalline cellulose triac-
etate (15-25 um), pretreated with a 0.1% solution of Et;N in ethanol,
as the chiral stationary phase. The sample of rac-3b (1.59 g) was
introduced as free base in three portions (1 X 90 mg + 1 X 500 mg
+ 1 X 1000 mg) with 96% ethanol (2 ml/min) as the sole eluent and
solvent. The chromatographic fractions (5 ml) were analyzed by
chiral HPLC under conditions A [(—)-3b, r.t. 23.87 min, k’; = 0.523;
(+)-8b, r.t. 27.15 min, k’'y; = 0.733; « = 1.40, Res. = 1.75] and
combined conveniently. In this way, (—)-3b (650 mg, 98% e.e.) and
(+)-3b (390 mg, 94% e.e.) were obtained. The remaining product
consisted of mixtures of both enantiomers with lower e.e. values.

A solution of (—)-3b (650 mg) in MeOH (40 ml) was treated with
0.77 N HCI in Et,0 (15 ml). The organic solvents were removed
under reduced pressure and the yellowish solid residue (673 mg) was
recrystallized from AcOEt/MeOH 3:1 (20 ml) to afford (—)-
3b.HCL.H,0 {310 mg, [alp2® = —280 (c = 1.00, MeOH), 99% e.e. by
chiral HPLC on the liberated base}: mp 271-273°C (dec.); IR 3500—
2500 (max. at 3332, 3171, 2961, 2929, 2818, 2688) (CH, NH, and
NH"), 1651, 1636, and 1587 (ar-C-C and ar-C-N) cm 1. Anal. Calcd.
for C,3H,,CIN,.HCL.H,0: C, 61.19; H, 6.28; N, 7.93. Found: C, 61.12;
H, 6.16; N, 7.80. A pK, of 8.9 * 0.1 for (—)-3b was determined from
relative UV absorbances in sodium phosphate and sodium carbonate
buffers (20 mM) at reference wavelengths of 251 and 326 nm and
isosbestic points at 256 and 317 nm, respectively.

Similarly, a solution of (+)-3b (390 mg) in MeOH (10 ml) was
treated with 0.77 N HCI in Et,O (10 ml). The organic solvents were
removed under reduced pressure and the yellowish solid residue (410
mg) was recrystallized from AcOEt/MeOH 3:1 (10 ml) to afford (+)-
3b.HC1.5/4H,0 {180 mg, [a]lp?° = +260 (c = 1.00, MeOH), 97% e.e.
by chiral HPLC on the liberated base}: mp 289-291°C (dec.); IR
3500-2500 (max. at 3380, 3186, 2929, 2826, 2683) (CH, NH, and
NH"), 1651, 1635, and 1586 (ar-C-C and ar-C-N) cm ™ '. Anal. Calcd.
for C,3gH,4CIN,.HCL.5/4H,0: C, 60.42; H, 6.34; N, 7.83. Found: C,
60.40; H, 6.15; N, 7.89.
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Fig. 3. Titration of recombinant human AChE with huprine X. Each point
represents one mixture with a final concentration of 1.21 uM AChE and
the indicated concentration of huprine X relative to the maximal concen-
tration [huprine X], incubated for 3 h at 23°C. Aliquots (10 ul) were then
diluted 300- to 15,000-fold into assay solution containing 0.5 mM acetyl-
thiocholine. Points represent observed v (mM/min) normalized to a 300-
fold dilution into assay solution. The line was fitted to the points in a
nonequilibrium analysis with the program SCoP, assuming that huprine
X interacted with AChE according to Scheme 1 with rate constants %; =
kayand k_; = k_ 4 given in Fig. 5. The fitted value of [huprine X], = 1.87
uM was used to determine an apparent extinction coefficient for huprine X.

Calibration of Huprine Concentrations by Titration with
AChE

AChE active site concentrations can be estimated to an accuracy of
better than 10% from the AChE activity assay described below, and
stock concentrations of inhibitors can be determined by stoichiomet-
ric titration with the enzyme (Eastman et al., 1995; Mallender et al.,
1999). Titration of AChE with huprine X gave a linear decrease in
AChE activity with increasing concentrations of huprine X (Fig. 3),
consistent with the formation of an inactive huprine X-AChE com-
plex. However, the stock concentration of huprine X calculated by
assuming 1:1 stoichiometry in this complex was about half of that
calculated directly from the dry weight. Because there is no crystal-
lographic or kinetic evidence that a high-affinity inhibitor binds with
>1:1 stoichiometry to the AChE active site, we calculated an appar-
ent extinction coefficient of 18 + 1 mM ! cm ™! for huprine X from
the absorbance at 326 nm and the concentration determined by the
titration in duplicate experiments. This extinction coefficient also
was used to estimate concentrations of huprine Y.

Steady-State Inhibition of Enzyme-Catalyzed Substrate
Hydrolysis

Inhibitor was preincubated with AChE or butyrylcholinesterase in
buffer (20 mM sodium phosphate and 0.02% Triton X-100 at pH 7.0)
for 30 min, except for 1 to 6 h preincubations of huprine X and Y with
human AChE. Substrate hydrolysis rates v were measured at 25°C
after addition of small aliquots of acetylthiocholine and DTNB (to a
final concentration of 0.33 mM) in a total volume of 1.0-3.0 ml.
Hydrolysis was monitored in an Ellman assay by formation of the
thiolate dianion of 5,5'-dithiobis-(2-nitrobenzoic acid) (DTNB) at 412
nm (A€yqp o = 14.15 mM ' cm ™ *; Riddles et al., 1979) for 1 to 3 min
on a Varian Cary 3A spectrophotometer (Ellman et al., 1961), and
substrate concentrations were corrected for substrate depletion re-
sulting from hydrolysis during this interval. It was assumed that
acetylthiocholine concentrations were maintained at low enough val-
ues (<1.0 mM) to ignore substrate inhibition in the absence of
inhibitors (Szegletes et al., 1999) and that inhibitors that bind ex-
clusively to the acylation site in AChE are unable to form ternary
complexes with substrate. These assumptions allow analysis of the
inhibition data to be based on Scheme 1.

In Scheme 1, the initial enzyme-substrate complex ES can form an
acyl enzyme intermediate EA with the rate constant %,. The inhib-
itor (I) can bind to the free enzyme E or to EA with respective

S 3
S+ E = ES — EA — E + P
+ s +
I 1
ky Jr k kAIjr k_ar
bk,
El EAl — EI + P
Scheme 1.

equilibrium constants K; (=k_pk;) and K,; (=k_ai/kar), and the
deacylation rate constant k5 is altered by a factor & in the EAI
complex. According to Scheme 1, v is given by eq. 1.

L1 (1] K. [
v *vm[“z?u*[m(l*aﬂ m

In this equation, V,,,, and K,,, have been defined previously (Sze-
gletes et al., 1998) and Ky, is defined below. Consistent with eq. 1,
reciprocal plots of v~ ! versus [S] ! at all inhibitor (I) concentrations
were linear with a slope of K, /V,,., in the absence of inhibitor.
Slopes and intercepts of these plots were the respective reciprocals of
the second- and first-order rate constants for substrate hydrolysis at
a given concentration of I and were calculated by a weighted linear
regression analysis (Fig. P, version 6.0; Biosoft, Milltown, NJ) that
assumed that v has a constant percentage of error. The slopes were
normalized by K,,/V .. as in eq. 2, and values of K; were deter-
mined by linear regression analyses of these normalized slopes ver-
sus [I] according to eq. 2, with slope values weighted by the reciprocal
of their variance (Eastman et al., 1995).

slope(v "' vs [S]"1) _ <1 + [I]> (2)

Ko/ Vinax - K

A similar analysis of the intercepts of the reciprocal plots gave Ky in
eq. 1, where Ky = ky(Ky + b[ID/(keyy (1 — b + (bky/k_1), Kg = (B_ar
+ bky)lkar, and k., = koks/(ky + k3) (Rosenberry, 1975). When the
intercepts increase linearly with [I], K; is a constant that corre-
sponds to k3K ai/k . (When bky << k_,q) or to ksk_/k . oar (When 2_;
<< bky). For acetylthiocholine hydrolysis by human AChE, k is ~10*
s~ ! and k., is about one-half of &, (Szegletes et al., 1999).

When an inhibitor (I1) specific to the acylation site is incubated
with AChE together with varying concentrations of a second inhib-
itor (I2) specific for the AChE peripheral site, ternary complexes
with both inhibitors bound simultaneously to the enzyme can occur
(Taylor and Lappi, 1975; Szegletes et al., 1998). At equilibrium, the
residual concentration of free enzyme [E] in the presence of both
inhibitors relative to the concentration of free enzyme [E] 15 - ( when
only I1 is present is given by eq. 3.

[I1]
E] w1, )
[Eliz1=0 [11] (1]
K12<1 + K7H> + [12]<1 + m)

In this equation, K, is the equilibrium dissociation constant for I1
with E, K, is the equilibrium dissociation constant for 12 with E, and
K}, is the equilibrium dissociation constant for I1 with the EI2
complex. The concentrations [E] and [E] ;5 —  are proportional to the
second-order rate constants for substrate hydrolysis noted under eq.
1, and their ratio herein was estimated from the relative v for
acetylthiocholine hydrolysis.
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Slow Equilibration of an Inhibitor with AChE

Association rate constants were determined from the progressive
inhibition of AChE with time as the inhibitor approached equilib-
rium binding (Eastman et al., 1995; Szegletes et al., 1998). Binding
was initiated at 23°C in buffer, in most cases under pseudo first-
order conditions in which the concentration of I in the incubation
mixture was adjusted to at least four times the concentration of
AChE. At various times ¢, a 1.0-ml aliquot was removed to a cuvette,
and 40 pl of acetylthiocholine and DTNB was added to a final
concentration of 0.5 and 0.33 mM, respectively. The initial hydrolysis
rate v was immediately recorded at 412 nm, and the series of v at
various ¢ was fitted to eq. 4 by a weighted nonlinear regression
analyses (Fig. P), which assumed that v has a constant percentage of
error.

_ —kt
U = Uginal T (Vinitial — Vfinal)@ (4)

In eq. 4, k& is the observed pseudo first-order rate constant for the
approach to equilibrium, and v;,;;, and vg,. are the calculated
values of v at time zero and at equilibrium, respectively. The depen-
dence of & on [I] was analyzed by weighted linear regression analysis
according to eq. 5, with & values weighted by the reciprocal of their
variance.

k="Fk[I]+Ek_; (5)

Equation 5 assumes a simple bimolecular reaction of I with AChE,
where k; is the association rate constant and £ _; is the dissociation
rate constant (Eastman et al., 1995).

In some cases, hydrolysis rates v were fitted directly to a general
steady-state solution of Scheme 1 with the program SCoP (version
3.51; Simulation Resources, Inc., Redlands CA) (Szegletes et al.,
1998, 1999). This program solves rate equations numerically and
allows fitting of v at times before inhibitor equilibrium.

AChE Peripheral Site Binding Affinity Determined by
Fluorescence Titration

Binding of propidium to the AChE peripheral site was monitored
by enhancement of the propidium fluorescence on a Perkin-Elmer
LS-50B luminescence spectrometer in 1 mM sodium phosphate
buffer and 0.02% Triton X-100 at 23°C (Taylor and Lappi, 1975).
Measurements were performed in a low ionic strength buffer to
increase the affinity of propidium (Taylor and Lappi, 1975). Pro-
pidium fluorescence was monitored with excitation at 500 nm and
emission from 590 to 630 nm. Fluorescence contributions from scat-
ter in the buffer and enzyme were subtracted. Total areas under the
fluorescence emission curves (f) were fitted by nonlinear regression
analysis (Fig. P) to eq. 6.

F = fLio + 0.5(f, — f)[D — \bz —4E Ly ] (6)

In eq. 6, f, is the fluorescence intensity coefficient for free propidium,
f, is the fluorescence intensity coefficient for bound propidium, E,; is
the total enzyme concentration, L, is the total propidium concen-
tration, Ky, is the equilibrium dissociation constant, and D = E, +
L + Kp. Estimates of Ky, are obtained with greatest accuracy from
eq. 6 when L, , < Kp,. Data were fitted to eq. 6 with the calculated E,,
as the independent variable and L, at a fixed propidium concentra-
tion (0.2 and 2 uM for the binding to AChE and the huprine X-AChE
complex, respectively) to give f,, f,, and K.

Molecular Modeling of Ternary Complex of AChE with
Huprine X and Propidium

Construction and analyses of three-dimensional models were per-
formed on a Silicon Graphics workstation Indigo2 IMPACT with
QUANTA98 (Molecular Simulations, Inc., Waltham, MA). Modeling
of the ternary complex of Torpedo californica AChE (TcAChE) with
propidium and huprine X began with the crystal structure coordi-
nates for the TcAChE-tacrine complex (Protein Data Bank file:
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1ACJ) (Harel et al., 1993). Propidium was manually docked into the
peripheral site with the same procedure as described previously
(Barak et al., 1994; Szegletes et al., 1998). Huprine X was built from
atomic coordinates of 9-methyl huprine (provided by Dr. Javier Lu-
que, Departament de Fisicoquimica, Universitat de Barcelona) and
manually docked into the acylation site to maximize the molecular
overlap with the aminoquinoline portion of tacrine (Fig. 1). The
resulting structure was optimized by energy minimization with
CHARMm module of QUANTA98 (conjugate gradient) starting with
refinement of the propidium, huprine X and gorge solvent molecules.
Subsequent molecular optimization added all amino acid side resi-
dues in proximity to the propidium and huprine X ligands.

Results and Discussion

Comparison of Inhibition Constants for Various In-
hibitors with AChE. Scheme 1 provides a framework for
the analysis of inhibitors that bind to the acylation site of
AChE. Steady-state inhibition data for huprine X and two
other inhibitors in Fig. 1 is shown in Fig. 4. The reciprocal
plots for all three inhibitors (Fig. 4, A-C) show both increas-
ing slopes and increasing intercepts with higher inhibitor
concentration. This pattern is often termed “mixed inhibi-
tion,” and in Scheme 1, it is consistent with significant in-
hibitor interaction with both the free enzyme E and the
acetyl enzyme EA. Replots of the normalized slopes versus
the inhibitor concentrations (Fig. 4, D and F) gave estimates
of K;, the dissociation constant for inhibitor binding to E, as
reported in Table 1. The K; of 26 pM for huprine X indicates
that it is one of the highest affinity reversible inhibitors for
AChE yet reported. The peptide neurotoxin fasciculin, with a
K; for human AChE of ~10 pM under these buffer conditions
(Eastman et al., 1995), has a slightly higher affinity. This K;
for huprine X was comparable with that for the bisquater-
nary inhibitor ambenonium (Hodge et al., 1992) and the
transition state analog m-(N,N,N-trimethylammonio)triflu-
oroacetophenone (TMTFA) (Szegletes et al., 1998).3 As shown
in Table 1, the affinity of huprine X was 180 times higher
than that of huperzine A and 1200 times higher than that of
tacrine, the two well known inhibitors of AChE upon which
the hybrid structure of huprine X was based. Furthermore,
the huprine X affinity was 40 times higher than that of
E2020. Huprine Y, the analog of huprine X in which a methyl
group replaces the ethyl group at position 9, gave a K; similar
to that of huprine X (Table 1). The high affinity of huprine X
also was very selective for vertebrate AChE relative to other
cholinesterases. K; values for the inhibition of human bu-
tyrylcholinesterase and Drosophila AChE were 120 * 12 and
55 * 10 nM, respectively, more than three orders of magni-
tude higher than that for human AChE.

The reciprocal plots in Fig. 4A show that intercepts as well
as slopes were increased in the presence of huprine X. Ac-
cording to eq. 1, an increase in intercepts occurs when the
inhibitor can bind to the acetyl enzyme EA and cause the
parameter K{; to become significant. It is less straightfor-
ward to interpret Ky, in the context of Scheme 1 than K, but
K, for huprine X with acetylthiocholine as substrate appears
approximately equal to k_/k,;, a ratio similar to the equilib-

3 The K; determined for TMTFA (50 pM; Szegletes et al., 1998) was based on
the total concentration of TMTFA and its hydrate in solution. Because the
hydrate is not an AChE inhibitor but is present in 10°-fold excess over TMTFA
(Nair et al., 1993), the intrinsic equilibrium dissociation constant Ky, for
TMTFA itself with AChE is about 10~1% M.
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Fig. 4. Steady-state inhibition of AChE hydrolysis of acetylthiocholine.
A-C, reciprocal plots of initial velocities (AA,;, ,./min) and substrate
concentrations were analyzed according to eq. 1. Huprine X concentra-
tions in A were 0 (O), 240 ((J), and 400 pM (A). Tacrine concentrations in
B were 0 (0), 60 ((J), and 300 nM (A). E2020 concentrations in C were 0
(0), 10 (), and 40 nM (A). D-F, slopes of plots in A—-C were normalized
by dividing by the slope in the absence of inhibitor and plotted against the
inhibitor concentration according to eq. 2 to derive K; values (Table 1).
Additional points from data not shown in A and C were included in D and
F, respectively.

rium constants for the binding of huprine X to E and EA. This
interpretation is based on three conditions outlined in Exper-
imental Procedures: The intercepts in Fig. 4A increased lin-
early with [huprine X] (data not shown); the dissociation rate
constant £_; for huprine X was several orders of magnitude
smaller than the deacylation rate constant k5 (see the next
section); and k5 and k., have similar values (Szegletes et al.,
1998). Values of K; also were obtained for tacrine and E2020
(Table 1), and these values were roughly three times the
corresponding K; values, as has been observed previously for

TABLE 1
Inhibition constants for several inhibitors of AChE.”
Inhibitor K, Ky b
nM nM Mt min1
Tacrine 31+3 104 + 12 ND
E2020 1.1+0.1 3.6 04 ND
Huperzine A 4.6 +0.7° ND 5.0 £ 0.2°
Huprine X 0.026 * 0.002 0.024 + 0.001 440 * 30
Huprine Y 0.033 = 0.003 0.038 = 0.003 400

ND, not determined.
¢ Values of Kj, Ky;, and k; were obtained as outlined in Experimental Procedures.
® From reference Szegletes et al. (1998) under identical buffer conditions.

0 100

time, min

[huprine X], pM

Fig. 5. Association and dissociation rate constants for huprine X and
AChE. A, progressive inhibition of AChE (6 pM) with time as huprine X
binding approached equilibrium was measured by removing 1-ml aliquots
of the reaction mixture and immediately adding DTNB and the substrate
acetylthiocholine for assay as outlined in Experimental Procedures. Hy-
drolysis rates v obtained with 25 (O) and 75 ((J) pM huprine X were fitted
to eq. 4 to obtain a value of & for each curve. B, values of & obtained at
several concentrations of huprine X as in A were plotted against [huprine
X]. Although the plot was nearly linear, the concentration of huprine X in
some cases was not sufficiently in excess of the concentration of AChE to
justify analysis with eq. 5. The SCoP fitting program was applied directly
to all the association rate data (Szegletes et al., 1998) to obtain k; = 440 +
30 pM 'min~! and £ ; = 0.009 * 0.003 min .

other AChE inhibitors (Rosenberry and Bernhard, 1972). The
fact that K, is comparable with K; for huprine X and huprine
Y arises from the high affinities of these compounds and their
consequent slow reequilibration when substrate is added to
the assay mixtures. Analysis of v versus time with the pro-
gram SCoP demonstrated that K; decreased ~20% and K,
increased by nearly a factor of 2 when v was adjusted for
inhibitor equilibration.

Determination of Association and Dissociation Rate
Constants for Huprine X and AChE. AChE inhibitors
with K; values in the subnanomolar range often have very
low dissociation rate constants that permit measurement of
the kinetics of inhibitor association. This was the case with
huprine X and huprine Y, as demonstrated in Fig. 5 and
Table 1. Rate constants for the approach to equilibrium bind-
ing at a fixed concentration of huprine X were estimated as in
Fig. 5A, and from the time course of these reactions values of
ky = 44 + 0.3 X 10° M 'min~* and £_; = 0.009 + 0.003
min~ ! were obtained (Fig. 5B). The value of k; we previously
reported for huperzine A in the same buffer (Szegletes et al.,
1998) is also shown in Table 1, and this value is only ~1% of
the k; value for either huprine X or huprine Y. In fact, the
difference in %; accounts for almost all of the difference in K;
between huperzine A and the two hybrid compounds, as the
k_; values were nearly comparable. However, the k; value
reported herein for huprine X still remained <20% of that
previously reported for the bisquaternary AChE inhibitor
ambenonium (Hodge et al., 1992) and <1% of that for the
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Fig. 6. Fluorescence titration of recombinant human AChE with pro-
pidium in the absence (A) and presence (B) of huprine X. A total of three
fluorescence spectra was collected and averaged for each AChE titration
point as outlined in Experimental Procedures, and total areas under the
fluorescence emission curves (F) were plotted against the final AChE
concentration in the assay sample. A, propidium was added to a total
concentration of 0.2 uM to AChE and then successively diluted with a
solution of 0.2 uM propidium. The data were fitted to eq. 6 to give f, =
39 £ 4,f, =200 * 4, and K, = 0.63 = 0.10 uM. B, because of the shift in
the binding curve for propidium in the presence of huprine X, propidium
was added to a higher total concentration of 2 uM to AChE preincubated
with 100 uM huprine X and then successively diluted with a solution of
2 uM propidium and 100 uM huprine X. In the presence of huprine X, a
plateau in the fluorescence enhancement indicating propidium satura-
tion in the ternary complex was not obtained. However, if the same
degree of fluorescence enhancement was assumed for propidium in the
ternary complex as in the propidium-AChE binary complex (f,/f, = 5.1),
the data fitted to eq. 6 gave f, = 26 = 1 and K, = 190 = 25 puM. This
assumption is not necessarily valid, because some disruption of the pro-
pidium environment occurs in the presence of huprine X (Fig. 8).

monoquaternary inhibitor N-methylacridinium (Rosenberry
et al., 1996). We measured a pK, of 8.9 for huprine X, indi-
cating that the ring N should be largely protonated at pH 7,
so huprine X should be cationic. Thus, the lower k; for hu-
prine X relative to ambenonium or N-methylacridinium ap-
pears to indicate some remaining steric or conformational
restraints on its rapid association with the AChE active site.

Huprine X Binds to Acylation Site but Slightly Inter-
feres with Binding of Propidium to Peripheral Site.
Because crystal structures of AChE show that both tacrine
and huperzine A bind to the acylation site (Harel et al., 1993;
Raves et al., 1997), we anticipated that huprine X also would
bind to the acylation site. To explore this point, we used
propidium, a ligand specific for the AChE peripheral site
(Taylor and Lappi, 1975). If huprine X binding is confined to
the acylation site, a ternary complex of AChE with huprine X
and propidium should be able to form. In principle, such a
complex can be detected by equilibrium titration or by kinetic
analyses. For example, kinetic studies have shown that pro-
pidium and huperzine A form a ternary complex with AChE
(Szegletes et al., 1998).

We first examined the formation of an equilibrium ternary
complex by direct fluorometric measurement of propidium
binding to the AChE-huprine X complex. The binding of
propidium to the AChE peripheral site results in significant
enhancement of propidium fluorescence, a property that has
been used to determine the binding affinity of this ligand for
the peripheral site (Taylor and Lappi, 1975). Figure 6 illus-
trates the results of a titration experiment where AChE
concentrations were varied in the presence of fixed concen-
trations of propidium alone or propidium plus huprine X. The
100 uM of huprine X used in this experiment was more than
six orders of magnitude higher than the K; for this compound
reported above, ensuring that any detectable propidium
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Fig. 7. Determination of the relative affinity of huprine X in the propidium-
AChE complex (A) or the edrophonium-AChE complex (B) by inhibition of
substrate hydrolysis. AChE (O, 25 pM; @, 1200 pM) was incubated without
(O) or with (@) huprine X (4 nM) and the indicated concentration of pro-
pidium or edrophonium for 6 h at 23°C, and a 2.9-ml aliquot was mixed with
100 ul of DTNB and 12 ul of acetylthiocholine to give final concentrations of
0.33 mM DTNB and 20 uM acetylthiocholine. Points represent v observed
over a 2- to 5-min interval normalized by the corresponding v obtained at the
same [huprine X] in the absence of propidium (v, _ () or edrophonium
(v[e o) - ). Lines correspond to normalized v obtained by fitting the experi-
mental data to a complete nonequilibrium reaction scheme with the program
SCoP, with kinetic rate constants previously determined for acetylthiocho-
line and propidium or edrophonium (Eastman et al., 1995; Szegletes et al.,
1999) and those in Table 1 for huprine X. The dashed lines correspond to the
absence of huprine X and the solid lines, to 4 nM huprine X. The dotted lines
correspond to the curves calculated when no ternary complex forms (1/Ky,, =
0). Based on data with 4 nM huprine X as well as with 1 and 2 nM huprine
X (data not shown) with both propidium and edrophonium, the procedure in
A gave K, = 1.4 puM for propidium, K;; = 20 pM for huprine X, and
K, ,/K;, = 17 £ 3. The procedure in B gave K, = 0.2 uM for edrophonium,
K}, = 29 pM for huprine X, and Kj,,/K;; > 1000. Lines also were fitted with
the much simpler analysis scheme in eq. 3, which required the approxima-
tions that v reflects the true second-order rate constant, that the free hu-
prine X concentration remains unchanged through the entire range of pro-
pidium or edrophonium concentrations, and that no slow reequilibration
occurs in the presence of substrate. Although these approximations held only
approximately at best, ratios of K;,,/K;; of 12 * 2 with propidium and >200
with edrophonium were in reasonable agreement with those from the SCoP
program.

binding would have to involve formation of a ternary com-
plex. In the absence of huprine X, the fluorescence of bound
propidium was enhanced ~5-fold relative to free ligand (Fig.
6A). A K value of 0.63 = 0.10 uM was obtained, in reason-
able agreement with propidium inhibition constants of 0.4 to
1.1 uM obtained previously at a somewhat higher ionic
strength (Szegletes et al., 1998). When AChE was saturated
with huprine X during the titration, the propidium binding
curve was shifted (Fig. 6B). A qualitative increase in pro-
pidium fluorescence at higher AChE concentrations was ap-
parent, but values of K, as well as of the fluorescence inten-
sity coefficient f;, for propidium with huprine X-bound AChE
were uncertain. If the fluorescence enhancement for pro-
pidium bound to the huprine X-AChE complex was assumed
to be the same as that for propidium bound to free AChE, the
affinities of propidium and huprine X in the ternary complex
decreased about two orders of magnitude relative to those
with the free enzyme.

An alternative procedure for measuring the formation of
ternary complexes of AChE with huprine X and propidium is
to examine the steady-state inhibition of the enzyme in the
presence of both inhibitors as illustrated in Fig. 7A. The
concentration of huprine X was fixed, and the change in the
enzyme activity v as propidium was added to the mixture was
analyzed by two methods. One method assumed that the
concentration of free AChE [E] was given by eq. 3 and was
proportional to the substrate hydrolysis rate v at the low
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Propidium

D72

F330

Huprine X

Fig. 8. Molecular modeling of the ternary complex of AChE with huprine
X and propidium (see Experimental Procedures). AChE ligands and
amino acids in the vicinity of the ligands are displayed with all other
residues, solvent molecules and water omitted. The thin line indicates the
orientations of propidium and amino acids in the propidium-TcAChE
complex. The thick line indicates the effect of huprine X in the acylation
site on the orientation of propidium, F330, and D72.

substrate concentration (20 uM) used in the assay. The other
method avoided these assumptions by fitting v directly in the
general steady-state solution with the program SCoP. As
indicated in the legend to Fig. 7, the two methods gave
reasonable agreement. When huprine X was omitted, in-
creasing concentrations of propidium resulted in the de-
crease in v indicated by the dashed line and the open symbols
in Fig. 7A. If no ternary complex could form, huprine X and
propidium would be completely competitive and the decrease
in v would correspond to the dotted line in Fig. 7A. Complete
competition of huprine X is observed with edrophonium (Fig.
7B), a known acylation site inhibitor (Harel et al., 1993).
However, the data for huprine X and propidium fall between
the dashed and the dotted lines as indicated by the closed
symbols in Fig. 7A, indicating that the ternary complex can
form. Fitting this observed data gave an estimate of K;;,/K};
= 17 * 3, indicating that the affinity of huprine X for free
AChE was ~17-fold higher than its affinity for the pro-
pidium-AChE complex and providing a more accurate mea-
sure of the relative affinity than the fluorescence titration
above.

Molecular modeling of the ternary complexes of either huper-
zine A or TMTFA with propidium-TcAChE revealed that the
bound propidium does not make close contact with either of
these two acylation site inhibitors (Szegletes et al., 1998). In
fact, only minimal molecular adjustments were necessary for
the propidium molecule to dock into the TcAChE peripheral site
in the presence or absence of huperzine A or TMTFA, suggest-
ing little or no interaction between the bound ligands. This was
consistent with thermodynamic data showing a reduction of
only 5- to 7-fold in the affinity of these ligands in the ternary
complex relative to their affinity for free AChE. Most of this
reduction could well represent an unfavorable electrostatic in-
teraction between ligands in the ternary complex (Szegletes et

al., 1998). Similar modeling of the ternary complex of TcAChE
with huprine X and propidium indicated a more unfavorable
interaction between the ligands (Fig. 8). Huprine X manually
docked within the TcAChE acylation site occupied the position
of the aminoquinoline portion of tacrine as observed in the
tacrine-TcAChE crystal structure (Harel et al., 1993). This ori-
entation resulted in a high degree of overlap of the carbobicyclic
ring portion of huprine X with the position of huperzine A as
indicated in the huperzine A-TcAChE crystal structure (Raves
et al., 1997). In contrast to the binding of either TMTFA or
huperzine A alone, however, insertion of huprine X between
F330 and W84 in the acylation site resulted in movement of the
F330 side chain away from W84 and up into the gorge toward
D72 (Fig. 8). This movement was accompanied by a significant
rotation of the phenyl ring of the F330 side chain. As a result of
this rearrangement, propidium could not be fit as deeply in the
TcAChE peripheral site when huprine X was bound, and por-
tions of the propidium structure were displaced out toward bulk
solvent by almost 2A. Molecular modeling thus supports the
experimental data and indicates that although a ternary com-
plex of propidium and huprine X can form with AChE, the
binding geometry and added molecular volume of huprine X
will result in significant decreases in the affinities of the ligands
in the ternary complex.

Other energy minimization analyses of docked huprine-
TcAChE complexes result in a very similar huprine X orien-
tation in the AChE active site (Camps et al., 1999). More
extensive molecular dynamics calculations also support this
orientation (Camps et al., 1999; Barril et al., 1999). Of par-
ticular interest are molecular dynamics simulations of the
binding of 3-fluoro-9-methyl huprine to TcAChE, which show
that the fluorine atom fills a hydrophobic pocket formed by
L333, M436, 1439, and W432 (Barril et al., 1999). Ligand
interactions with this pocket have not been reported previ-
ously, and they may account for increases in huprine affinity
for AChE of about one order of magnitude in the 3-fluoro and
two to three orders of magnitude in the 3-chloro derivatives
relative to unsubstituted 9-methyl or 9-ethyl huprines
(Camps et al., 1999; present article).

Huprine X May Be Useful in the Treatment of Alz-
heimer’s Disease. The selectivity of an inhibitor of AChE in
treating patients with Alzheimer’s disease appears to paral-
lel the affinity of the inhibitor for the AChE active site. Thus,
E2020, with an affinity some 30 times higher than that of
tacrine, is administered at a daily dose of only one-tenth that
of tacrine.* The lower dosage regimen results in fewer unde-
sirable side effects with E2020 than with tacrine. If this
trend is extended by huprine X, which has an AChE affinity
yet 40 times higher than that of E2020, huprine X may prove
to be an even more attractive drug for the treatment of
Alzheimer’s disease. Such optimization of the AChE inhibitor
of therapeutic choice may provide the most effective treat-
ment until other classes of drugs become available that tar-
get the basic cause of Alzheimer’s disease.
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crine as well as of a final structure obtained from molecular dynamic
simulations of the complex of huprine X with TcAChE.
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