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ABSTRACT. Characterization of the kinetic parameters of tolserine, a novel acetylcholinesterase (AChE)
inhibitor of potential in the therapy of Alzheimer’s disease, to inhibit purified human erythrocyte AChE was
undertaken for the first time. An IC50 value was estimated by three methods. Its mean value was found to be 8.13
nM, whereas the IC100 was observed to be 25.5 nM as calculated by single graphical method. The
Michaelis–Menten constant (Km) for the hydrolysis of the substrate acetylthiocholine iodide was found to be
0.08 mM. Dixon as well as Lineweaver–Burk plots and their secondary replots indicated that the nature of the
inhibition was of the partial non-competitive type. The value of Ki was estimated as 4.69 nM by the primary and
secondary replots of the Dixon as well as secondary replots of the Lineweaver–Burk plot. Four new kinetic
constants were also investigated by polynomial regression analysis of the relationship between the apparent Ki

(KIapp) and substrate concentration, which may open new avenues for the kinetic study of the inhibition of
several enzymes by a wide variety of inhibitors in vitro. Tolserine proved to be a highly potent inhibitor of human
AChE compared to its structural analogues physostigmine and phenserine. BIOCHEM PHARMACOL 60;4:561–570,
2000. © 2000 Elsevier Science Inc.
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Whereas several neurotransmitter systems are involved and
depleted in Alzheimer’s disease (AD§), the cholinergic
system still receives by far the greatest attention, particu-
larly with regards to pharmacotherapeutic research and
development [1, 2], due to its involvement in learning and
memory processing [3]. Pharmacologic strategies for AD
treatment have focused on increasing cholinergic neuro-
transmission via direct stimulation of muscarinic [4] and
nicotinic receptors [5], and via inhibition of AChE
(3.1.1.7) [2]. AChE is the principle enzyme involved in the
hydrolysis of acetylcholine (ACh) to end its action in
neural synapses [6]. Inhibition of AChE increases extracel-
lular levels of ACh and thereby amplifies its action [1]. This
counteracts the synaptic loss in the AD brain, the major
correlate of cognitive impairment [7]. It is possible that

agents that alter the inappropriate proteolytic processing of
the APP in individuals with AD, will contribute to halting
the disease. However, this is a hypothesis that has yet to be
fully tested. Neurogenetic studies and the development of
transgenic animals strongly indicate that in familial AD,
the misprocessing of APP and the generation of b-amyloid
peptide is related to the disease process. At present,
however, there is no definitive proof that this is so or that
it is the only factor that accounts for the vast majority of
sporadic AD individuals.

The development of cholinesterase inhibitors, ChEIs,
has thus far proved to be the most rewarding approach for
AD treatment, with two drugs presently available for wide
clinical use. These are tacrine (Cognex™, Warner-Lam-
bert), a short-acting and non-selective ChEI that is associ-
ated with a high incidence of reversible hepatotoxicity [8,
9], and donepezil (Aricept™, Pfizer), a recently approved
AChE inhibitor that is better tolerated than tacrine and
has proven more effective in alleviating the cognitive
deficits associated with AD, particularly in patients with
early-to mid-stage disease [10]. Tacrine and donepezil
represent two of more than a dozen ChEIs that are presently
in clinical and preclinical development for AD [1]. Clearly,
not all will make it into the market place as prescription
drugs.

Simplistically, ChEIs can be broadly separated into first-,
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second-, and third-generation agents based on their phar-
macologic profiles, with the third generation possessing
specific advantages over the earlier ones. First-generation
agents such as tacrine and physostigmine are classical
ChEIs that were not designed for AD and are short-acting
(duration 2 to 3 hr) and unselective between the two ChEI
subtypes, AChE and BChE (3.1.1.8). Second-generation
agents possess either a long duration of action, i.e. metri-
fonate (Bayer) or eptylstigmine (Mediolanum), or a selec-
tivity for AChE inhibition, i.e. donepezil [1, 11]. In
contrast, third-generation compounds possess both these
attributes and potentially others too, such as an ability to
alter other pathological processes involved in AD. It is clear
that specific ChEIs alter the processing of APP and reduce
the production and secretion of b-amyloid peptide (and as
described above, this may impact on the disease process).
Recent studies indicate that this is true for the third-
generation drugs phenserine and tolserine [12]. This is also
true for tacrine, albeit at high concentrations [13, 14]. This
action is unrelated to the action of the compounds on
cholinesterase, as other ChEIs do not have this action (e.g.
physostigmine and metrifonate) [14]. Hence, drug design
and development efforts are being focused at this target in
the hope that it is a clinically relevant one.

We have recently described the enzyme kinetics of
phenserine, a third-generation AChE inhibitor that is
entering phase I clinical trials, against human erythrocyte
AChE [15]. This novel agent is rapidly cleared from the
body (half-life 10 min), but possesses an extended duration
of selective AChE inhibitory action (greater than 8 hr).
Recent research indicates that selective inhibitors of AChE
do not have the aberrant side effect profile of non-selective
ChEIs [16] and, in this regard, phenserine possessed an
unusually wide therapeutic window in preclinical cognitive
studies in rodents [17, 18]. Furthermore, the compound
reaches 10-fold higher levels in brain versus plasma and
possesses the ability to interact in the molecular events
leading to AD by altering the processing of b-APP to
reduce generation of the neurotoxic AD peptide, b-amyloid
[19], in animal studies [20].

We describe herein the enzyme kinetics of tolserine, a
close analogue of phenserine that differs by a single 29-
methyl substitution on its phenylcarbamoyl moiety (Fig. 1).
It is this part of the compound that specifically interacts
and carbamylates AChE to inhibit its ability to bind and
cleave substrates. Tolserine has likewise demonstrated an
unusually high potency to augment memory and cognition
in preliminary rodent studies [21]. Like phenserine, tol-
serine is rapidly cleared from the body and possesses a long
duration of action (greater than 8 hr). The single substitu-
tion in phenserine to provide tolserine, however, provides
it with a dramatic selectivity for AChE versus BChE of
200-fold, and a high brain uptake (brain/plasma concentra-
tion ratio of 24:1). In light of our prior studies on
phenserine, we assess in the present report how this minor
29-phenylcarbamoyl substitution affects the binding kinet-
ics of tolserine to human AChE.

MATERIALS AND METHODS
Materials

ASCh (used as substrate), human erythrocyte AChE (Type
XIII), and DTNB were purchased from Sigma Chemical
Co. BSA was obtained from Fluka Chemika-BioChemika.
Tolserine, (2)-29-methyl-phenyl-carbamoyleseroline, was
synthesized as reported earlier [22] and was prepared as its
water-soluble L-tartrate salt. It was optically and chemically
pure (.99.9%).

Assay of AChE Activity

AChE activity was measured at 22° by the Ellman method
[23]. The assay mixture contained 0.25 mM ASCh, 0.25
mM DTNB, and 50 mM sodium phosphate buffer. The
remaining assay conditions have been reported previously
[24]. For the selection of a suitable concentration of AChE,
at which the relationship between initial velocity (n) and
total enzyme concentration should be linear, 0.20–3.20
mg/mL of AChE was assayed in vitro from 2 to 20 min under
the same conditions of temperature, pH, and components
of the assay mixtures. The rate of change of substrate
cleavage, determined by measuring the absorbance of the
reaction product at 412-nm wavelength, was measured at
different time intervals. The product was calculated for
each [AChE] at 4-min incubation time intervals. To study
the effect of tolserine on AChE substrate cleavage, the
enzyme was preincubated with tolserine for 10 min prior to
the addition of substrate.

Computation of IC50 and IC100

The first method for the estimation of IC50 was applied by
transformed data of log of Vmap/Vm-Vmap versus log [tol-

FIG. 1. Chemical structures of physostigmine (eserine) and its
two derivatives (phenserine and tolserine).
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serine] (1.25–20.0 nM), where Vmap equals the maximum
apparent velocity of the AChE in the presence of tolserine
and Vm is equal to Vmax (i.e. the maximum velocity in the
absence of tolserine). This, according to our knowledge, is
a new method to determine the value of IC50; the calcula-
tions of (i) n/Vmax-n (where Vmax is equal to the maximum
velocity in the absence of inhibitor and n is the activity in
the presence of inhibitor) versus [substrate], i.e. Hill plot
[25], and (ii) log n/no-n (where no 5 velocity in the absence
of inhibitor and n in the presence of inhibitor) versus log
[inhibitor] are already known [26, 27]. The benefit of this
new applied method lies in its providing a precise IC50 value
regardless of any particular substrate concentration due to
its reliance on maximum velocity and maximum apparent
velocity, which are an index of the activity of the enzyme
at overall substrate concentrations (low to high concentra-
tions). In some cases, the IC50 value can change with
respect to a change in the substrate concentration. In such
a case, this value should be determined at each individual
concentration; however, this problem can readily be solved
by estimating the IC50 according to the new procedure
adopted in the present study. With this method, the IC50

was determined in two ways: (i) calculation by linear
regression analysis and (ii) by plotting the intersection line
at the x-axis with the naked eye after enlarging the graph.

The third method was also interesting, because it was
modified by combining two conventional methods, i.e. the
plotting of percent activity or % inhibition of enzyme
inhibited by inhibitor versus inhibitor concentration indi-
vidually. In the current study, however, plots for % activity
as well as % inhibition were plotted together in the same
graph versus tolserine concentration (1.25–40.0 nM). This
simple graph verified the value of IC50 that was estimated by
the two methods described earlier in the current study.
Moreover, one further fruitful parameter was also obtained
by this type of analysis; specifically, an IC100 value (the
concentration that causes 100% inhibition of AChE). This
was calculated graphically from the same plot by drawing a
vertical line from the point where the AChE activity
reached a zero value as well as a 100% inhibition to the
x-axis ordinate.

Estimation of Kinetic Parameters, Protein, and
Statistical Analysis

Michaelis constants (Km) were determined by means of
Lineweaver–Burk plots using initial velocities obtained
over a substrate concentration range of between 0.025 and
0.25 mM. The assay conditions for determining the residual
activities in the presence of tolserine were identical to the
above assay procedure, except that a fixed concentration
(2.50–20.0 nM) of tolserine was used in the assay medium.
The protein content of the enzyme preparation was esti-
mated according to the method of Lowry et al. [28], using
BSA as a standard. Graphs were plotted by using two
programs, GraFit [29] and Prism V2.0, GraphPad Software
Inc. The values of the correlation coefficient, slope, inter-

cept, and their standard errors were obtained by linear and
non-linear regression analysis using these programs.

RESULTS

The data shown in Fig. 2 were used to determine the limits
of linearity with regard to product concentration versus
incubation time for different amounts of AChE. It can be
seen that product concentration was constant for all en-
zyme concentrations (0.2–3.2 mg/mL) up to time 4.0 min
(Fig. 2A). Thereafter, the response was not linear for any
except the 0.20 mg/mL and 0.40 mg/mL concentrations.
Therefore, the product concentration of each concentra-
tion of AChE was determined at 4.0 min and was then
plotted against [AChE] (Fig. 2B). The rate of product
formation (k) was constant from 0.20–1.60 mg/mL of
[AChE] (Fig. 2C). The correlation coefficient was calcu-
lated as 1.0 for 0.20–1.60 mg/mL of [AChE] with a slope
value of 0.024 6 0.0003 (mM.min)21. As a consequence, a
concentration of 0.80 mg/mL of AChE and an incubation
time of 4.0 min were chosen as suitable conditions to
provide for linearity of AChE activity in further kinetic
studies.

The transformed data for the inhibition of human eryth-
rocyte AChE as a function of tolserine concentration are
presented in Fig. 3, A and B. The results show by three
methods, as discussed in the methodology section, that
tolserine inhibits AChE activity in a concentration-depen-

FIG. 2. AChE assays: (A) product formation as a function of
time at different concentrations of AChE as indicated in legend
box. (B) initial velocity (calculated as product concentration per
4.0 min) as a function of enzyme concentration. (C) Slope (k) of
each plot for each concentration of AChE in Fig. 2A versus its
enzyme concentration.
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dent manner, with IC50 values of 8.096, 8.128, and 8.15 nM
and a mean value of 8.13 6 0.016 nM, while the IC100 value
was 25.5 nM.

The nature of the inhibition of AChE activity by
tolserine is shown in Fig. 4. Inhibition was found to be of a
non-competitive type (Fig. 4A). Specifically, tolserine de-
creased Vmax (19.2–78.1%) without producing a significant
change in the value of Km (Table 1). The Km value for
human erythrocyte AChE was calculated by three methods.
The first was from the intersection at the abscissa (Fig. 4A),
the second from the intersection of 1/Vmaxipp, and the third
from the slope plots at the abscissa (Fig. 6A). The mean

value of these was 0.08 6 0.004 mM. Apparent values of
Vmax were determined by linear regression analysis of 1/n
versus 1/[ASCh] data from the Lineweaver–Burk plot
over a substrate concentration range between 0.025 and
0.25 mM and at a tolserine concentration of between 2.5
and 20.0 nM (Fig. 4A). A model for equilibria between
different forms of the AChE (free, combined with ASCh
or tolserine, or acetylated [Ac]) for this partial non-
competitive type of inhibition system is as shown in
Scheme 1. A reciprocal form of the kinetic equation for
the presentation of velocity in this type of inhibition
system is as follows:

FIG. 3. Human erythrocyte AChE inhibition by
tolserine. Transformed data are presented in the
resemblance form to a Hill plot, where Vmap and
Vm are the maximal reaction rates for the exper-
imental and control systems, respectively. Each
point is the mean of three independent determi-
nations.

FIG. 4. (A) Lineweaver–Burk plots represent-
ing the reciprocal of initial enzyme velocity
versus the reciprocal of ASCh concentration in
the absence and presence of different concentra-
tions of tolserine (0–20 nM) as shown in legend
box. Kmapp is an apparent Km for each concen-
tration of the tolserine. The correlation coeffi-
cients were 0.995, 0.993, 1.0, 0.994, 0.997,
0.999, and 1.0 for 0.0, 2.5, 5.0, 7.5, 10.0, 15.0,
and 20.0 nM tolserine concentrations, respec-
tively. (Inset) Hyperbolic plots representing ini-
tial AChE velocity versus ASCh concentration
in the absence and presence of tolserine. (B and
C) Secondary replots of Lineweaver–Burk plot:
1/Vmaxapp and slope versus tolserine concentra-
tions. The bar on each point represents the
value of SD obtained by linear regression anal-
ysis of plots in Fig. 4A.
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1/n 5 1/Vmax[{11(Tols)/Ki}/{11b(Tols)/Ki}]

1 Km/Vmax[{11(Tols)/Ki}/$1 1 b(Tols)/Ki%]

3 1/@ASCh] (1)

Km 5 k211k21k3/k1 (2)

Kmapp 5 k9
21 1 ak2 1 bk3/k9

1 (3)

where Tols denotes tolserine.
Vmaxiapp was determined by three methods, subplot of

Fig. 5, A–C; in the case of (B), it is equal to the intersection
of each line for each ASCh concentration on the ordinate,
while the reciprocal of y-axis intersection of each line in
Fig. 5, A and C and the mean value is presented in Table
2. The value of the Ki (the dissociation constant of the
AChE–tolserine complex into free AChE and tolserine)
was determined directly from the intersection of the line for
each substrate concentration on the abscissa of Fig. 5C.
Over the range of ASCh concentrations used (0.025–0.25
mM), there was an increase in Vmaxiapp of between 16.5%
and 256.0%, while there was no significant change in the
KIapp value. The inhibition constant, Ki, was calculated by
four methods. First, 1/Vmaxapp was calculated at each

concentration of tolserine (Fig. 4A) and then was plotted
against tolserine concentration (Fig. 4B). Second, the slope
of each Lineweaver–Burk plot (Fig. 4A) was plotted against
tolserine concentration (Fig. 4C); the Ki was calculated
from the abscissa. Third, the KIapp was calculated by linear
regression analysis from data in the Dixon plot (Fig. 5C)
and replotted against 1/[ASCh] as presented in Fig. 6B.
Finally, as a fourth method, the KIapp was replotted against
the ASCh concentration, as presented in Fig. 6C. It should
be noted that Fig. 6, B and C is comprised of a newly
introduced relationship between KIapp and substrate con-
centrations [15]. These values for the Ki, calculated by the
described methods, are shown together with a derived mean
value in Table 3. The polynomial regression analysis of the
secondary replot of the Dixon plot, i.e. Fig. 6, B and C
(curve lines), is noteworthy as it obtains the following new
kinetic constants:

KaKIapp vs 1/[S] 5 3.7 6 0.3 nM

TABLE 1. Effect of tolserine on Km and Vmaxapp of purified
human erythrocyte AChE

Tolserine Kmapp Vmaxapp Percent
decrease(nM) (mM) mM/hr/mg)

0 0.088 3.70 0
2.5 0.088 2.99 19.16
5.0 0.078 2.45 34.04
7.5 0.077 2.07 43.91
10.0 0.069 1.55 58.01
15.0 0.082 1.24 66.53
20.0 0.076 0.81 78.06

The Kmapp and Vmaxapp were determined by their respective regression equations
(Fig. 4A).

FIG. 6. Secondary replot of the
Dixon plot: (A) 1/Vmaxiapp and
slope of the lines in Dixon plot
versus reciprocal of the ASCh
concentrations, where the cor-
relation coefficients were 0.995
and 0.999, respectively. The
bar on each point represents the
value of SD obtained by linear
regression analysis of plots in
Fig. 5C. (B) Represents a rela-
tionship of KIapp with reciprocal
of the substrate concentration.
(C) A plot of scattered KIapp
values at each substrate concen-
tration against the substrate
concentrations. Straight and
curved lines show linear regres-
sion and polynomial regression
analysis, respectively.

SCHEME 1. Equilibria for a partial non-competitive type of
inhibition system.
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KbKIapp vs 1/[S] 5 125.1 6 14.9 (nM)2

Ka/b(KIapp vs 1/[S] 5 0.03 ~nM)21

KaKIapp vs [S] 5 4.8 6 0.3 nM

DISCUSSION

Comparative data for IC50 values for the inhibition of
human erythrocyte AChE by different ChEIs used as
experimental therapeutics for Alzheimer’s disease have
been reviewed by Giacobini [30]. According to his report,
the IC50 (nM) values are as follows: for BW 284 C51 (18.8),
phenserine (22.2), galanthamine (0.35), DDVP (dichlor-
vos) (800), physostigmine (5.4), tacrine (190), eptastig-
mine (20), hetopropazine (260), bambuterol (30), and MF
8622 (100). Interestingly, in the current study, we deter-
mined that tolserine has an IC50 value of 8.13 nM, less than
all the described inhibitors with the exception of galan-
thamine and physostigmine. Galanthamine (lycoremine,

FIG. 5. Dixon plot for human erythrocyte AChE at six ASCh
concentrations as indicated in legend box. (A) Presentation of
experimental data of the inhibition pattern after non-linear
regression analysis. Correlation coefficients (r)2 were 0.998,
0.998, 0.996, 0.994, 0.996, and 0.987 for o, F, h, ■, ‚, and
Œ, respectively. (B) Representing initial AChE velocity versus
different concentrations of tolserine (0–20 nM) at six fixed
concentrations of substrate as shown in legend box. This plot
usually distinguishes pure non-competitive inhibition from par-
tial inhibition [48]. The r2 were 0.994, 0.994, 0.981, 0.995,
0.996, and 0.980 for o, F, h, ■, ‚, and Œ, respectively
according to non-linear regression analysis. (C) Representing
the reciprocal of initial velocity of AChE versus different
concentrations of tolserine after linear regression analysis. The
correlation coefficients were 0.973, 0.976, 0.971, 0.967,
0.983, and 0.978 for o, F, h, ■, ‚, and Œ, respectively.

TABLE 2. Effect of tolserine on KIapp and Vmaxiapp of purified
human erythrocyte AChE

[ASCh] KIapp Vmaxiapp %
(mM) (nM) (mM/hr/mg) increase

0.025 4.81 0.91 0.0
0.031 4.84 1.06 16.48
0.063 5.26 1.53 68.13
0.125 4.41 2.50 174.73
0.200 4.72 2.71 197.80
0.250 3.73 3.24 256.04

The KIapp was determined by its respective regression equation in Dixon plot (Fig.
5C). The KIapp is equal to x-axis intersection, while Vmaxiapp is the mean of Vmaxiapp

estimated from three subplots (Fig. 5, A–C). It is equal to the y-intersection of each
line for each ASCh concentration in the case of B, while it is the reciprocal of
y-intersection of each line in the Fig. 5, A and C.

TABLE 3. Kinetic constants estimated by various plots and
replots

Plots and replots Ki Km Vmax
(nM) (mM) (mM/hr/mg)

Primary plot 4.63 0.080 3.70
Secondary replot1LBP 4.28 — 5.03
Secondary replot2LBP 5.09 — —
Secondary replot1DP — 0.073 —
Secondary replot2DP — 0.086 3.99
Secondary replot3DP 4.34 — —
Secondary replot4DP 5.12 — —
Mean value 4.69 0.080 4.24
SEM 0.18 0.004 0.40

The details of primary plot and secondary replots are given in the text, while
LBPsignifies Lineweaver–Burk plot and DPDixon plot. ILBPrepresents replot of
1/Vmaxapp versus tolserine concentration and 2LBPrepresents replot of slope from
Lineweaver–Burk plot versus tolserine concentration (Fig. 4, B and C). 1DPrepresents
replot of slope from Dixon plot versus 1/[ASCh], 2DPrepresents replot of 1/Vmaxiapp

versus 1/[ASCh] (Fig. 6A), 3DPrepresents replot of KIapp from Dixon plot versus
1/[ASCh] (Fig. 6B), and 4DPrepresents replot of KIapp versus ASCh concentration
(Fig. 6C).
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Jilkon™) is a natural alkaloid obtained from the common
snowdrop Galanthus nivalis, having a maximum selectivity
for AChE versus BChE (53-fold) compared to phenserine
(70-fold selectivity) among the above-described agents.
Interestingly, galanthamine has an IC50 value of some 2000
nM for rat striatum. In comparison, tolserine has a dramatic
selectivity for AChE versus BChE of 200-fold.

If we consider the compound on which tolserine was
structurally based, i.e. physostigmine, it similarly has differ-
ent reported IC50 (mM) values against different sources of
AChE. For example, against guinea pig whole blood (40)
[31], cortex (63), mouse erythrocytes (68), hippocampus
(15), frontal cortex (14), temporal cortex (16), human
erythrocytes (27) [32], venom of Walterinnesia aegyptia
(0.03) [33], and the A (95), B (92), and C (28) forms of
bovine caudate nucleus tissue [34]. Furthermore, the unfa-
vorable side effect profile of physostigmine, (first potent
and natural inhibitor of cholinesterases), which lacks selec-
tivity between the cholinesterase subtypes, is well known
along with its short half-life and narrow therapeutic win-
dow.

The IC100 value for the inhibition of human erythrocyte
AChE by tolserine was calculated in the present study to be
25.5 nM. This compares favorably to reported values of the
anticholinesterase Alzheimer therapeutic, tacrine, which
also has an IC100 value of 14,220 nM for the inhibition of
camel retina AChE [35]. Hence, human erythrocyte AChE
has 558-fold more sensitivity to tolserine than camel retina
AChE has to tacrine. In addition, 100% inhibition of
AChE from Ascaridia galli has been reported by 1.0 and 0.10
mM concentrations of physostigmine [36]. Moreover, com-
parative data for inhibition of erythrocyte AChE by phy-
sostigmine (eserine) and its derivatives and presented in
Table 4. These results suggest that the novel compound
tolserine is an ideal and potentially leading experimental
therapeutic for Alzheimer’s disease therapy as compared to
other reported drugs and experimental therapeutics under
clinical investigation for this disease.

The results of Lineweaver–Burk analysis indicate that
tolserine inhibits AChE activity noncompetitively (Fig.
4A). The decrease in Vmax in the presence of tolserine

without any change in the Km value of AChE suggests that
tolserine produces a conformational change in the enzyme.
A non-competitive type of inhibition has two subtype
forms: partial and pure. These can be distinguished on the
basis of replots of 1/Vmaxapp and slope1/ASCh versus tolserine
concentration (Fig. 4, B and C). In the present study, we
found slightly concave curves (correlation coefficients were
0.98 and 0.97 for 1/Vmaxapp and slope, respectively, after
linear regression analysis; not shown), indicating a partial
non-competitive subtype form of inhibitor instead of linear
plots, as would be found for a pure non-competitive
subtype. Interestingly, this contrasts with our prior study of
phenserine, whose inhibition of human AChE was deter-
mined to be of a pure non-competitive subtype [15].

According to the accepted hydrolysis scheme for acetate
substrate by AChE [37], tolserine can interact with AChE
at either the AChE–ASCh complex stage or at a regulatory
site of the free AChE. This would form a tolserine–AChE
complex that would thereby decrease both acylation and
deacylation, as the first product of the hydrolysis of ASCh
(thiocholine; SCh) was found to be decreased with increas-
ing tolserine concentration as determined by absorption at
412 nm wavelength of 5-thionitrobenzoate (colored anion
formed after reaction of SCh with DTNB). In considering
the former case of an AChE–ASCh complex, the anionic
subsite of AChE is occupied by the choline moiety of the
ASCh and hence is not available to bind a second ligand,
and tolserine thus binds at the peripheral site of AChE.

However, as described by Kamal [38] for the insecticide,
lannate, confusion may occur in cases in which replots of
slope1/[ASCh] and 1/Vmaxapp versus inhibitor concentration
result in the generation of a slightly concave curve. This
indicates a mixed type of inhibition system, composed of a
‘semi-pure competitive’ and ‘semi-partial as well as semi-
pure non-competitive’ mixture. In the present study of
tolserine, we likewise found that slightly concave curve-
type plots were generated (Fig. 4, B and C). The slightly
concave curve-type shape of a Dixon plot (Fig. 5, A and B)
is associated with a recently introduced slightly concave
mixed type of inhibition system. The specific type involved
can be assessed by comparing the following differences in
secondary replots of the Dixon plot (Fig. 6). It will first be
noted from Fig. 6A, that the slope values are lower than
1/Vmaxiapp versus 1/[ASCh] and then for Fig. 6C, that the
values of KIapp versus [ASCh] are nonsignificantly de-
creased. These two points occur in reverse order in the case
of a slightly concave mixed type of inhibition system [38].

A question thus arises, which is illustrated in Fig. 5C.
Theoretically, in the case of a non-competitive type of
inhibition, KIapp should be identical at all concentrations of
substrate in the Dixon plot. However, in the current study,
as illustrated in Fig. 5C, all lines did not intersect 100% at
one point on the abscissa. As a consequence, there was a
doubt about the specific type of inhibition. To resolve this,
we initially plotted KIapp values at each substrate concen-
tration against the reciprocal of the substrate concentration
(Fig. 6B). This partially resolved the problem, as linear

TABLE 4. Comparative data for inhibition of erythrocyte
AChE by eserine and its derivatives

Eserine and its
derivatives

Ki
(mM) Nature of inhibition

P.T.|

(min)

Physostigmine* 3.1 Competitive 0.0
Physostigmine* 0.19 Non-competitive 6.8
Physostigmine* 0.10 Non-competitive 18.9
Eseroline† 0.22 Competitive 15.0
Phenserine‡ 0.048 Non-competitive (pure) 5.0
Tolserine§ 0.0047 Non-competitive (partial) 10.0

*Ref. 46.
†Ref. 47.
‡Ref. 15.
§Current study.
\Preincubation time.
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regression analysis gave a slope with a value of only 0.017 6
0.015. The KIapp was thus determined not to be signifi-
cantly dependent on the reciprocal of the substrate con-
centration, with a correlation coefficient of 0.49. When,
however, the KIapp values were replotted against the sub-
strate concentration (Fig. 6C), linear regression analysis
gave zero slope value (20.0), with a correlation coefficient
of 20.76. In contrast, when this was undertaken with
phenserine, we found contrast values of the correlation
coefficient in both plots. Hence, tolserine, unlike
phenserine [15], is not a pure non-competitive inhibitor of
AChE, although the two agents are close analogues differ-
ing only in a single methyl group. This analysis is valuable
for overcoming confusion regarding the type of non-com-
petitive inhibition of compounds. These results reflect a
conformational change in the enzyme by the binding of
tolserine with the AChE–ASCh complex, yielding a poorly
productive AChE–ASCh–tolserine complex which was not
as effective as AChE–ASCh. It is in this latter respect that
this partial non-competitive inhibition system is different
from a pure non-competitive inhibition, in which the
AChE–ASCh–inhibitor complex (i.e. AChE–ASCh–
phenserine) proves to be non-productive. In contrast,
tolserine proved able to decrease the activity of the enzyme
in this manner. Thus, tolserine and ASCh are not mutually
exclusive, and both ligands bind independently to the
AChE at different sites.

Long-chain analogues of physostigmine (eptastigmine,
8-morpholinooctylphysostigmine and 8-(2,6-dimethylmor-
pholino)octylphysostigmine) have also been reported to
have therapeutic efficacy for AD and to have non-compet-
itive-like kinetics with regards to their inhibition of puri-
fied AChE (Type V) electric eel [39], which supports our
findings with tolserine in the present study. Prior studies by
Atack et al. [40] on both aryl and alkyl carbamates of
eseroline, similar to compounds in both the present study
and in that of Perola et al. [39], have shown that their
inhibition of human erythrocyte AChE was similar to that
achieved against human brain-derived AChE, but often
different against AChE derived from electric eel. For
example, the IC50 values of phenserine against human brain
and erythrocyte AChE are 36 6 3 nM and 24 6 6 nM,
respectively, which contrasts with a value of 350 6 9 nM
for electric eel AChE. We therefore predict that the
enzyme kinetics and mode of inhibition determined for
phenserine and tolserine against human erythrocyte AChE
are similar to those that would occur in brain. Indeed,
although AChE appears to be a highly polymorphic protein
and can exist in both globular (G) and asymmetric (A)
forms, studies reviewed by Soreq and Zakut [6] suggest that
the catalytic subunit of AChE is similar in all forms
throughout the body. Molecular cloning studies indicate
that differences between AChEs from different species,
such as humans and eels, and between AChE and BChE
may be attributed to primary sequence variations, whereas
differences between AChE in different body organs result
from posttranslational modifications. These latter modifi-

cations provide for regional differences in the arrangement
of AChE subunit numbers and in their tethering. In brain,
for example, AChE is predominantly in a globular tet-
rameric (G4) form of which up to 85% is lost in AD [41],
whereas it exists in a G2 form in human erythrocytes [42]
which is unaffected in AD. The G2 erythrocyte form
contains a C-terminal glycolipid anchor, while the G4 form
contains a C-terminal T peptide that allows the formation
of tetrameric assemblies with a proline-rich attachment
domain of collagen [43]. They are encoded by the same
gene, but use different exons for the C-terminal peptides.
Apart from this, the primary peptide sequence of the
catalytic domain is identical, while the difference is due to
glycosylation. These studies suggest that assessment of
enzyme binding and inhibition kinetics in human erythro-
cyte AChE, rather than in eel-derived enzyme, is a more
appropriate model of human brain AChE, although such
kinetics could be altered by the pathological consequences
of AD.

It is clear from a comparison of the enzyme kinetics of
tolserine and phenserine that an apparently minor differ-
ence in the structures of these analogues (a single 29-methyl
substitution within the phenylcarbamoyl moiety) can result
in both biochemical and pharmacologic differences. As
described, the kinetics of enzyme inhibition together with
the specific type of inhibition differ, although both are
highly potent and reversible carbamate-type AChE inhib-
itors. Preliminary molecular modeling studies suggest that
substitution in the phenylcarbamate moiety of phenserine
results in torsion, causing rotation of the phenyl group in
relation to the primary tricyclic ring structure [44]. This
modification in its 3-dimensional structure likely results in
an altered interaction with AChE and results in the
different inhibition kinetics associated with tolserine and
phenserine, respectively. The preferred conformation in
tolserine provides an AChE selectivity of 200-fold versus
75-fold for phenserine, and maintains the high potency and
long in vivo duration of stable inhibition. The 29-methyl
substitution additionally increases the hydrophobic proper-
ties of tolserine versus phenserine and hence augments its
blood–brain barrier permeability [45], thereby providing it
with a high brain uptake (brain/plasma concentration ratio
of 24:1). Indeed, of the ChEIs that are loosely based on the
structure of the first-generation drug, physostigmine, and
that have been synthesized to date, tolserine represents one
of the most potent and AChE-selective.

Tolserine’s favorable features, combining AChE selectiv-
ity with a long in vivo duration of action, rapid clearance,
and high brain versus systemic delivery, clearly make it an
interesting third-generation ChEI that is worthy of further
preclinical assessment. These characteristics, together with
its unusually wide therapeutic window, may prove advan-
tageous in AD treatment to maximize central nervous
system cholinergic augmentation, minimize augmentation
elsewhere, and test the true therapeutic value of ChEIs in
this catastrophic disease.
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