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Abstract

Cholinergic loss is the single most replicated neurotransmitter deficiency in Alzheimer’s disease
(AD) and has led to the use of acetylcholinesterase inhibitors (AChE-Is) and unselective
cholinesterase inhibitors (ChE-Is) as the mainstay of treatment. AChE-Is and ChE-Is, however,
induce dose-limiting adverse effects. Recent studies indicate that selective butyrylcholinesterase
inhibitors (BuChE-Is) elevate acetylcholine (ACh) in brain, augment long-term potentiation, and
improve cognitive performance in rodents without the classic adverse actions of AChE-Is and
ChE-Is. BUChE-Is thereby represent a new strategy to ameliorate AD, particularly since AChE
activity is depleted in AD brain, in line with ACh levels, whereas BUChE activity is elevated. Our
studies have focused on the design and development of cymserine analogues to induce selective
time-dependent brain BuChE inhibition, and on the application of innovative and quantitative
enzyme kinetic analyses to aid selection of drug candidates. The quantitative interaction of the
novel inhibitor, dihydrobenzodioxepine cymserine (DHBDC), with human BuChE was
characterized. DHBDC demonstrated potent concentration-dependent binding with BuChE. The
IC50 and specific new kinetic constants, such as KT50, PPC, KT1/2 and RI, were determined at
dual substrate concentrations of 0.10 and 0.60 mM butyrylthiocholine and reaction times, and are
likely attainable in humans. Other classical kinetic parameters such as Kia, Kma, Vma and Vmi
were also determined. In synopsis, DHBDC proved to be a highly potent competitive inhibitor of
human BuChE in comparison to its structural analogue, cymserine, and represents an interesting
drug candidate for AD.
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Introduction

Mounting evidence suggests that butyrylcholinesterase (BuChE: EC 3.1.1.8), a glycoprotein
enzyme belonging to the serine esterases family [1], has an important role in Alzheimer’s
disease (AD) [2-4], the most common dementia in the elderly [5, 6]. BUChE is found in
plasma and various compartments within the body, and is widely distributed in the nervous
system [1, 2]. Whereas its function remains to be fully elucidated, it catalyses the hydrolysis
of numerous endogenous substances, including choline esters and the growth hormone
secretagogue, octanoyl ghrelin [1, 2, 7, 8]. Although associated with glial cells, in human
brain, BUChE is additionally expressed in neuronal somata and their proximal dendrites in
areas affected by AD, such as in the amygdala, hippocampus and thalamus [1, 9, 10]. By
contrast, acetylcholinesterase (AChE: EC 3.1.1.7), the enzyme classically associated with
catalyzing the hydrolysis of the neurotransmitter acetylcholine (ACh), is found in the somata
and axons [9, 10]. The survival and ‘normality’ of the brain of AChE nullizygote (AChE -/
-) versus normal (AChE +/+) mice, together with the distinct and overlapping distribution
patterns of AChE- and BuChE-positive neurons, raises the likelihood that BUChE is involved
in neural function [3, 11, 12], for example co-regulation of cholinergic and non-cholinergic
neurotransmission [1-3, 11, 12].

The over-expression of BUChE in hippocampus and temporal cortex, in AD compared to
normal subjects, at a time when AChE is reduced in line with a substantial decline in
markers of the cholinergic system [13], suggests that an imbalance exists between the two
primary enzyme subtypes that regulate ACh in the AD brain [2]. Recent studies indicate that
selective BUChE inhibitors (BuChE-Is) elevate brain extracellular levels of ACh, augment
long-term potentiation, which is considered to be the cellular basis of learning and memory
in vertebrates, and improve cognitive performance in rodents [3, 14] without the classic
adverse actions of either AChE-Is or unselective cholinesterase inhibitors (ChE-Is). AChE-Is
(donepezil) and ChE-Is (rivastigmine and galantamine) are currently the mainstay of AD
treatment, but induce dose-limiting adverse effects [5]. Hence, selective BUChE inhibition
thereby represents an interesting new strategy to ameliorate AD, particularly since BUuChE
readily cleaves ACh and co-localizes in high amounts with the classical pathological
hallmarks of AD and may be involved in the molecular events underpinning disease
progression [1, 2, 15, 16].

Our studies have focused on the design and development of novel ‘drug-like’ compounds on
the backbone of the natural product alkaloid and classical anticholinesterase, physostigmine
(eserine) (Fig. 1B), to induce time-dependent brain BUChE inhibition [17]. Our design of
‘cymserine” analogues [18] (Fig. 1D, E) provided lipophilic reversible inhibitors with these
features with high brain penetration to target AD [3]. Herein, we characterize the
quantitative interaction of the novel inhibitor, dihydrobenzodioxepine cymserine (DHBDC)
[19-21] (Fig. 1A), with BUChE by combining the classic Ellman method [22] to measure the
cleavage of choline esters with innovative and quantitative enzyme kinetic analyses to both
aid selection of drug candidates and define target concentrations for future translational
studies [23-26].
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Experimental procedures

Materials

Butyrylthiocholine iodide (BuSCh, was used as a substrate), 5,5 -dithiobis(2-nitrobenzoic
acid) (DTNB as a coloring reagent), and 1,5-bis(4-allyldimethyl-ammoniumphenyl)
pentan-3one dibromide (BW284C51) were obtained from Sigma (St Louis, MO, USA)
while human serum BUChE was obtained from a local blood bank (unit # 8599114; ARCBS
Sydney; ORhD positive). DHBDC ((+)-4,5-dihydro-2,5-methyl-1,3-benzodioepin-7-yl N-
(4’ -isopropylphenyl)-carbamate) was synthesized as reported earlier [19-21], and was
prepared as a racemate (Fig. 1A).

Assay of BUChE Activity

BuChE activity was measured at 25°C by the Ellman method [22]. The assay mixture
contained BuSCh, 0.25 mM DTNB, 0.05 mM BW284C51 (a classic selective, potent and
irreversible inhibitor of AChE) and 50 mM sodium phosphate buffer, pH 7.2. The rate of
substrate hydrolysis by BUChE was determined by measuring the absorbance of the
reaction-product at 412 nm A..

Vma and Vmi determinations

Graphics

Vma and Vmi represent two different subtypes of Vmax. The former is based on calculation
of the apparent maximum activity of BUChE at a particular concentration of DHBDC along
with varied concentrations of the substrate. The latter expresses the apparent maximum
activity at a particular concentration of BuSCh along with varied concentrations of DHBDC.

Graphs were plotted using GOSA (Bio-Log, Toulouse, France) and Prism (version 4;
GraphPad, San Diego, CA) software and values of the correlation coefficients and specific
kinetic constants were obtained by the regression analysis (linear and several different non-
linear forms) computed within these packages.

Lipophilicity—clog P determinations

Results

Computed log P (clog P) values, a measure of octanol-water partition coefficient and
penetrability across membranes like the blood-brain barrier, were determined by PALLAS
(CompuDrug, Sedona, AZ), and the values of specific compounds were experimentally
validated. Five milliliters of 0.2 mM octanol solutions of compound was prepared, and their
UV absorbencies, Al, were determined by spectrophotometer at 254 nm wavelength. The
octanol solutions then were vigorously mixed with an equal volume of 0.1 M pH 7.0
physiological buffer for 15 min. Following separation, the absorbency of the octanol was
again measured, A2. An octanol-water partition coefficient, 2, was calculated from the
formula: P= A2/ A1-A2.

The reflective binding activity index of DHBDC for human serum BuChE at dual substrate
concentrations [BuSCh; 0.6 mM (Fig. 2A) and 0.1 mM (Fig. 2B)] demonstrated the release
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of DHBDC with passing reaction time. Therefore, the time required to achieve half Vmax
(KT1/2) and pseudo maximum product (Pmax) were increased dramatically after 20 nM
and 8 nM concentration of DHBDC at 0.6 mM and 0.1 mM concentrations of BuSCh,
respectively (Fig. 2C-E). Figure 3 illustrates the relationship between the percent activity of
BuChE versus the DHBDC concentration to allow calculation of an IC50 (concentration
required to inhibit 50% enzymatic activity) value at each reaction time at 0.6 mM (A) and
0.1 mM (B) BuSCh concentrations. The smaller inset graphs express the new relationship of
IC50 versus reaction time in this study. Determined from the studies depicted in Fig. 3, the
IC50 value of DHBDC for BUChE was calculated as 3.7 to 12.2 nM at 3-25 min reaction
time at a concentration of 0.6 mM BuSCh, and as 3.61-6.61 nM at 3-22 min for a 0.1 mM
concentration of BuSCh (Fig. 3). New kinetic constants (NKCs) defining the interaction of
the inhibitor and enzyme are presented in Table 1, and are derived from secondary replots of
the primary main plots of Figs. 2 and 3 at dual concentrations of BuSCh.

A critical part in understanding how a potential inhibitor interacts with an enzyme derives
from it analysis of its kinetics, which in the present study for DHBDC and BuChE was
undertaken utilizing the two software packages, GOSA and Prism to gain an understanding
of precise binding mechanisms, as illustrated in Fig. 4. Comparative results to define the
mode of inhibition (MOI) of BuChE by our cymserine analogue are detailed in Table 2.
These results were obtained by fitting the kinetic data into various built-in velocity equations
in the GOSA software to determine the most appropriate equation (on the basis of the
minimum value of SSE) to elucidate the mode of interaction. A sample graph for non-linear
analysis for the MOI for cases #1 to #8 is illustrated in Fig. 4A, which specifically defines
the activity of BUChE versus its substrate at different concentrations of DHBDC (0-16 nM).
A sample graph of the linear analysis for the MOI for cases #9 to #11 is detailed in Fig. 4B.
The Dixon plot for BUChE is based on reciprocal activity of the BuChE versus DHBDC
concentration at different substrate concentrations. While a sample graph for linear analysis
for MOI for cases #12 to #14 is provided in Fig. 4C in the form of a Lineweaver—Burk plot
in which reciprocal activity of BUChE is plotted versus its reciprocal substrate concentration
at different concentrations of DHBDC (0-16 nM). A Ki value of 2.22 nM was determined
from an equation depicting competitive inhibition, while values of 3.24 nM and 7.91 nM
were obtained for Kil and Ki2, respectively, from an equation defining a partial mixed type
of competitive inhibition (Table 2). Secondary replots of the primary plot of Dixon (Fig. 5A)
and the Lineweaver—Burk plot (Fig. 5B) of BUChE inhibition by DHBDC were constructed
to differentiate between the two most plausible modes of inhibition; i.e. competitive
inhibition and a partial mixed type of competitive inhibition.

Discussion

Our prior research culminated in the synthesis and characterization of the first available
reversible, selective and centrally active BuChE inhibitors to elucidate the role of this
enzyme in brain [3, 17, 18]. Like AChE, BUChE inactivates the neurotransmitter ACh and is
a viable new therapeutic target in AD [2-4]. In healthy human brain, AChE predominates
over BUChE activity (~80%:20%) [27, 28]. However, whereas AChE is localized mainly to
neurons, BUChE is associated primarily with glial cells, as well as neurons. The survival of
AChE -/- mice with normal levels and localization of BUChE [11] supports the concept that
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BuChE has a key role that can partly compensate for the action of AChE. As both normal
and AChE —/- rodents administered selective BUuChE inhibitors show a time-dependent
increase in brain levels of ACh [14], it is clear that both enzymes regulate brain levels of
ACh. In AD, however, AChE is lost early by up to 85% in specific brain regions [13],
matching the decline in ACh, whereas BUChE levels rise with disease progression [13]. The
AChE to BuChE ratio thereby rises from 0.2 up to as much as 11 in cortical regions affected
by AD [27, 28]. This altered ratio likely modifies the normally supportive role of BUuChE
from hydrolyzing excess ACh only in normal healthy brain, to too rapidly hydrolyzing
already depleted levels of ACh in AD brain [2, 3]. In rats, cymserine analogs caused long-
term inhibition of brain BUChE and elevated extracellular ACh levels [2, 3], and highlights
an area of clinical potential for selective BUChE inhibitors [2—4].

To assess this, we recently synthesized and are pharmacologically characterizing several
entirely new classes of carbamate ChEIs. These include dihydromethanobenzodioxepines
[19-21], a novel series of agents that differ in their tricyclic backbone, compared to
physostigmine-based ChEls (Fig. 1). Such agents allow us to characterize the specific amino
acids within AChE and BuChE through which this drug class interact. Modification of the
carbamate moiety, specifically the use of a 4’-isopropyl-phenylcarbamate, provides a high
selectivity for BUChE inhibitory action in the form of the compound, DHBDC [19].

Assessment of the apparent binding activity index of DHBDC for human serum BuChE at
dual substrate concentrations provides a measure of enzyme/inhibitor tightness in a
concentration- and time-dependent manner (Fig. 2). The basis of the Ellman technique [22]
that underpins our analysis is that molecules of free BUChE with an open (unihibited) active
site are able to react with substrate, BuSCh, to hydrolyze it into butyrate and thiocholine.
The latter then reacts with DTNB to form a color reaction-product in a time-dependent
manner (zero inhibitor concentration curves in Fig. 2A and B for 0.6 mM and 0.1 mM
substrate (BuSCh), respectively). As illustrated in Fig. 2(C and D), the time required to
achieve half Vmax (KT1/2) and the pseudo maximum product (Pmax) were increased
dramatically around 20 nM and 8 nM concentrations of DHBDC at 0.6 mM and 0.1 mM
concentrations of BuSCh, respectively. This was consequent to the linearity of the primary
profiles with increasing DHBDC concentration present in the main plot (Fig. 2A and B). At
a higher substrate concentration (0.6 mM), where a dominant enviorement of BuSCh
molecules are available for enzyme interaction, a greater concentration of inhibitor (20 nM)
is required to induce a dramatic increase in KT1/2 and Pmax (Fig. 2C and D). By
comparison, at a lower BuSCh concentration (0.1 mM), an 8 nM inhibitor concentration
provides a critical dose to increase the parameters, KT1/2 and Pmax. This is reflected in
Table 1; wherein, the calculated kinetic constants are clearly substrate concentration-
dependent.

In our original description of the synthesis of novel anticholinesterases based on the
molecular skeleton of methanobenzodioxepine [19], an initial simple enzyme kinetic
analysis of the derived inhibitors was undertaken at half-log concentration steps between 0.3
nM and 10 uM utilizing a single substrate concentration (0.5 mM) and reaction time (30
min). This allowed the determination of a general comparative 1C50 value for inhibition of
human plasma BuChE, and compound 12, DHBDC, with an IC50 of 22 + 5 nM [19] was
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chosen for further analysis consequent to its potency for BUChE vs. AChE (IC50 4300 + 350
nM) and 195-fold selectivity. In the current study, however, undertaking a more precise
(concentration range 2.4-40 nM) and indepth (dual substrate and multiple time) analysis a
lower IC50 value, commensurate with greater potency, was determined—particularly in the
presence of a lower substrate concentration (0.1 mM) (Fig 3A and B). A new relationship
between IC50 versus reaction time (Fig. 3 insets) predicts the reversible nature of the
inhibition of BUChE by DHBDC.

In addition to the design and synthesis of new and potent BUChE and AChE selective
inhibitors as potential therapeutics, a driving rationale behind our creation of
methanobenzodioxepine carbamates was their utility as tools to elucidate the binding
interactions between the cholinesterases enzymes and the classic carbamates based on the
tricyclic hexahydropyrroloindole backbone of physostigmine [19, 21]. Physostigmine has
served as a template in the development of several agents for AD, including a slow-release
formulation of the parent compound (synapton, Forest Laboratories, St Louis, MO), its
heptyl-carbamate (eptylstigmine, Mediolanum, Italy), both withdrawn from clinical
development due to efficacy/toxicity issues, and the phenyl-carbamate, phenserine (National
Institute on Aging, Baltimore, MD, and TorreyPines Therapeutics Inc., San Diego, CA) (Fig.
1C) in development for mild to moderately afflicted AD patients [29].

The catalytic subunits of BUChE and AChE have a molecular mass of 60-80 kDa, depending
on their level of glycosylation and the species from which they derive [1, 27]. The active site
for ACh hydrolysis is buried within a primarily hydrophobic gorge of some 20 A deep
within each [27, 30, 31]. In their interaction and inhibition of BUChE and AChE, it is
generally believed that, under physiological conditions, the basic N1(CH3) group of
physostigmine (PKa = 8.46 [17]) and analogues, including pyridostigmine, gains a H+ to
generate a charged quaternary ammonium group. Kinetic analysis of cationic ligands has
shown that the active site of the enzymes, and in particular AChE, have a large negative
charge [32], thus creating a strong dipole along the active site gorge [33]. In a manner
similar to the charged choline moiety of ACh, positively charged physostigmine and
analogues likely are drawn into the enzyme by electrostatic field forces. Thereafter, such
inhibitors interact with specific binding domains to form an inhibitor-enzyme complex.
Whereas the quaternary ammonium group plays an important role in this process, carbamate
inhibitors such as DHBDC possess a tricyclic backbone that is uncharged, consequent to the
replacement of basic nitrogens with neutral oxygens [19, 21] (Fig. 1). As demonstrated in
the present study, the compound nevertheless retains a potent inhibitory activity.

This phenomenon can be potentially explained by the fact that the “anionic” site of BUChE
and AChE are lined with hydrophobic residues, consequent to the presence of tryptophan
and tyrosine that support the opportunity for hydrophaobic interactions [34]. Our recent
molecular modeling analysis of this interaction suggests a w-1t or lipophilic (C-H-mt)
interaction system of the tricyclic backbone of the inhibitor and the indole system of Trp82
of human BUChE [21] (or Trp86 in human AChE for AChE-selective carbamates of the
dihydrobenzodioxepine series) [32].
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The Kiapp and a predicted Ki for the selective BUChE-I, bisnorcymserine, have been
reported as 0.7 nM and 0.131 nM respectively [23]. Whereas in the case of cymserine, these
values are 115 and 38 nM, respectively [24]. By comparison, the estimated Ki value for
DHBDC in the current study is 2.22 nM, according to the competitive inhibition equation, or
3.24 nM and 7.91 nM for Kil and Ki2, respectively, according to the partial mixed type of
competitive inhibition equation (Table 2). DHBDC is less potent than bisnorcymserine but
more than cymserine. As plasma levels of the close analogue, phenserine, reached 1.95
ng/ml (5.79 nM) at a well tolerated dose of 10 mg in humans [35], we predict that the
estimated Ki value for DHBDC will lie within a clinically achievable range, particularly
since cymserine analogues are better tolerated than phenserine in preclinical models and thus
can be administered in higher doses [19].

The reason for selecting the partial mixed or partial competitive inhibition mode (Fig 4A)
for BUChE inhibition by DHBDC, from the comparative possible scenarios described in
Table 2 for non-linear analysis cases #1 to #8, was based on the ‘sum of the squared error’
(SSE) values (a measure of the fit of our data to the equation, whose minimum was 1.82 in
cases #1 to #8). By contrast, in the category of linear analysis cases #9 to #14, a lower SSE
minimum value (0.042) was obtained for a competitive mode of inhibition. The interaction
of DHBDC with BUChE can be understood through following Scheme 1.

In accord with this, the secondary slope replots of the primary plot of Dixon in Fig. 5A
closely resembles a classical plot for competitive inhibition in which the replot line goes
through the origin (0 XY value). For our inhibitor, however, X- and Y-axis intercept values
were 0.156 and —0.00095, respectively. To further define the potential mode of action, a
secondary slope replot of the primary Lineweaver—Burk plot of BuChE inhibition by
DHBDC was undertaken (Fig. 5B) to provide reciprocal Kmapp (Kma) and Vmaxapp
(Vma) replots and differentiate between competitive inhibition and a mixed type of
competitive inhibition. The parameter 1/VVma should significantly increase in the latter case;
however, it was found to be close to flat (slope of —0.00124), again reflecting that inhibition
was more of a competitive type in the current study. However, the described slight
divergence regarding the slope intercept (Fig. 5A) and 1/VVma (Fig. 5B) sugests the potential
of a minor mixed component. Hence, the part of Scheme 1 that belongs to a mixed type of
competitive inhibition is, accordingly, shaded.

In synopsis, DHBDC represents an interesting and potent BuChE-selective inhibitor that
possesses 1C50, Ki and related kinetic parameters that are likely attainable in humans, and
the current study provides target concentrations to focus initial clinical trials. Interestingly,
the replacement of both indole nitrogen moieties in the tricyclic hexahydropryrroloindole
backbone common to the experimental AD drug, phenserine, and its BUChE-selective
analogues, cymserine and bisnorcymserine, by neutral oxygen moieties changes the mode of
action to a competitive inhibition from a non-competitive oriented type [23-26]. This
structural modification also provides additional lipophilicity to augment permeability at
biological structures, such as the blood-brain barrier (Fig. 1. clog P values). A recent study
by Pepeu and colleagues [36] in rodents suggests that equivalent selective inhibition of
either BUChE or AChE separately (achieved by a cymserine analogue and donepezil,
respectively), or their co-inhibition by a non-selective ChE-I (achieved by rivastigmine)
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result in similar elevations in brain ACh, although BuChE accounts for only 10% of total
brain cholinesterase activity whereas AChE account for 90%. Whether or not selective
BuChE inhibition could accomplish such elevations of brain ACh in AD remains unknown
as, to date, clinical assessment of a selective reversible BuChE-I has yet to be undertaken in
humans. Clinical drug candidates are, however, now available to assess whether or not their
significant promise in preclinical models does, indeed, translate and it is hoped that such a
study could soon be initiated with an agent such as DHBDC.
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Abbreviations
ACh Acetylcholine

AChE Acetylcholinesterase

AChE-Is  Acetylcholinesterase inhibitors
AD Alzheimer’s disease

BuChE Butyrylcholinesterase

BuSCh Butyrylthiocholine iodide

BuChE-Is Butyrylcholinesterase inhibitors

ChEs Cholinesterases
ChEls Cholinesterase inhibitors
CNS Central nervous system

DHBDC Dihydrobenzodioxepine cymserine (4,5-dihydro-2,5-methyl-1,3-
benzodioepin-7-yl N-(4’-isopropylphenyl)-carbamate)

KT50 Concentration of inhibitor doubles KT1/2

PPC Concentration of inhibitor doubles pseudo Pmax
KT1/2 Time required for half Vmax

RI Rate of 1C50

RBA Reflective binding activity
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Fig. 1.

Chemical structures of (A) dihydrobenzodioxepine cymserine (DHBDC) (clog P value
4.58), (B) (-)-physostigmine. (C) (-)-phenserine (clog Pvalue 2.22), (D) (-)-cymserine
(clog Pvalue 3.51) and (E) (-)-bisnorcymserine (clog P value 1.80)
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Tightness of bound DHBDC with BUChE at 0.6 mM (A) and 0.1 mM (B) BuSCh: main
plots demonstrate reflective binding activity versus reaction time; C and D are secondary
replots of primary main plot of A, while E is the secondary replot of primary main plot of B.
(R2in case of A for0, 2.4, 4,8, 12, 16, 20, 30 and 40 nM of DHBDC was found as 0.987,
0.998, 0.999, 0.999, 0.998, 0.998, 0.992, 0.998 and 0.998, respectively)
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IC50 at each reaction time at 0.6 mM (A) and 0.1 mM (B) BuSCh. Inset: Demonstration of
IC50 versus reaction time. (R2 in case of A for 3, 5, 8, 11, 14, 17, 21 and 25 min reaction

time was found as 0.982, 0.967, 0.961, 0.939, 0.965, 0.981, 0.980 and 0.973, respectively).
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Kinetic study of BUChE: (A) BuChE activity versus its substrate at different concentrations
of DHBDC, as described in the legend box. (B) Dixon plot for BUChE reciprocal activity
versus DHBDC concentration at different substrate concentrations, as described in the
legend box. (C) Lineweaver-Burk plot of BUChE reciprocal activity versus its reciprocal
substrate concentration at different concentrations of DHBDC, as detailed in the legend box
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Secondary replots of primary plot of Dixon (A) and Lineweaver-Burk (B) plot of BuChE

inhibition by DHBDC
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Scheme 1.
A possible presentation for the expression of competition between substrate (BuSCh) and an

inhibitor (DHBDC) to bind with an enzyme (BUChE) in this current study
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Table 1

New kinetic constants (NKC) at dual concentrations of BuSCh

NKC BuSCh (0.6 mM)  BuSCh (0.1 mM)
Krso ("M)  13.28 0.966

Pec (M) 21.37 113

Ry ("M/min)  0.41 +0.031 0.149 + 0.02

Ppc concentration of inhibitor to double pseudo Pmax; KT50, concentration of inhibitor to double KT1/2; R1, rate of IC50
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