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Different types of cardiotoxin (I-V and n) were isolated and
purified from the venom of the Taiwan cobra (Naja naja
atra). The effects of these cardiotoxins were studied on
membrane-bound acetylcholinesterase, which was isolated
from a sheep’s brain cortex. The results showed that
cardiotoxins 1-111, V, and n activated the enzyme by
modification of substrate inhibition, but cardiotoxin 1V’s
reaction was different. The inhibition and activation of
acetylcholinesterase were linked to the functions of the
hydrophobicity index, presence of a cationic clugter, and the
accessble arginine resdue. Our reaults indicate that
Cardiotoxins have neither a cationic cluster nor an arginine
resduein their surface area of loop I; therefore, in contrast
to fasciculin, cardiotoxins are attached by loop 11 to the
peripheral ste of theenzyme. Asaresult, fasciculin seemsto
gtabilize nonfunctional conformation, but car diotoxins seem
to dabilize the functional conformation of the enzyme.
Based on our experimental and theoretical findings, smilar
secondary and tertiary dructures of cardiotoxins and
fasciculin seem to have an opposte function once they
interact with acetylcholinesterase.
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Introduction

Acetylcholinesterase  (AChE) (EC 3.1.1.7) terminates
transmission at cholinergic synapses by rapid hydrolysis of
acetylcholine. The symptomatic treatment of diseases, whose
etiology involves this neurotransmitter depletion, can be
achieved by controlled AchE inhibition. Anticholinesterase
agents are thus of therapeutic importance. They are under
active consideration for managing Alzheimer's disease (Hard
et al., 1993).

The AChE active site consists of a gorge that is 2 nm deep,
which is lined with aromatic residues (Rosenberry et al.,
1996, De Ferrari et al., 2001). The gorge contains two Sites of
ligand binding - an acylation site near the base of the gorge
and a peripherd site at the mouth of the gorge, about 10-20 A
from the acylation site. The acylation Ste consists of two
subsites - a catalytic triad characteristic of serine hydrolases
and an anionic subsite, where the postively-charged
quaternary nitrogen of acetylcholine binds. The AChE
peripheral site is an attractive target for the design of new
classes of therapeutic agents. It is, therefore, important to
understand how ligand binding to the peripheral site affects
substrate hydrolysis (Mallender et al., 1999). Severd ligands
that bind exclusively to the peripheral ste (for example
propodium and fasciculin (FAS)) inhibit substrate hydrolysis
at the acylation site, but the mechanistic interpretation of the
inhibition is dtill unclear (Szegletes et al., 1998).
Conformational interaction between the acylation and
peripheral dtes was recently found to modulate ligand
affinities (Johnson et al., 2003). FASisamember of the three-
fingered peptide toxin superfamily with 61 amino acid
residues that were isolated from snake venom. This peptide
inhibits mammalian and fish AChE by binding to the
peripheral ste of the enzyme. FAS is a sdective peptide
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inhibitor of AChE, but not butyrylcholinesterase. The
proposed mechanisms for AChE inhibition by FAS include
allogteric events, resulting in the altered conformation of the
AChE active center gorge (Sentjurc et al., 1999, Radic and
Taylor, 2001). A comparison of the amino acid sequence of
175 snake toxins that are homologous to fasciculin showed
that Argll and Arg27 are unique for fasciculin and no other
toxin has arginine residues in the corresponding positions.
Cardiotoxins (CTXs) are the best known of these toxins.
Modification of the two unique arginine residues has a large
effect and decreases activity by 73% (Argll) and 85%
(Arg27). They are located on the same sde of the FAS
molecule (Cervenansky et al., 1995).

Both acetylcholine and acetylthiocholine show substrate
inhibition for AChE a high substrate concentrations.
Substrate inhibition is due to the binding of acetylcholine or
acetylthiocholine at the periphera anionic Site (or periphera
gte) (Radic et al., 1991). This characterigtic is useful for
identifying AChE (EC 3.1.1.7) from butyrylcholinesterase
(EC 3118) and other esterases (Augustinsson, 1963).
Cationic substrates can form a low-affinity complex at the
peripheral ste that accelerates catalytic hydrolysis at low
substrate concentrations, but results in substrate inhibition at
high concentrations because of the steric blockade of the
product release (Szegletes et al., 1999). In AChE, the mutants
of an Agp74 a the gorge entrance abolished substrate
inhibition, possibly by inducing a conformational change.
Mutation of a gorge entrance trytophan residue Trp-286 Alais
reported to reduce subgtrate inhibition (Shafferman et al.,
1992). Trp286 is involved in the binding of quaternary
ammonium &t the peripheral ste of AchE (Schalk et al.,
1994).

One segment of the gorge that may play a magor role in
gorge enlargement is the large omega loop (defined by the
Cys69-Cys96 disulfide bond) (Shi et al., 2003). Trp86isin the
center of this loop. In AChE, Trp86 can occupy two
conformational states. One is functiona as the anionic subsite
of the acylation Ste, while the other hinders access to the
acylation site and should reduce catalytic efficiency. Although
the conformational flexibility of Trp86 and its effects on the
catalytic activity provide a possible mechanism for the cross
talk between amino acid residues, composing the periphera
Ste and the active center, the relay path of the allosteric signal
is dill unclear (Ordentlich et al., 1995). When Ala is
substituted for Trp86 of AChE, FAS becomes an alosteric
activator instead of an inhibitor. It is proposed that the
allosteric modulation of AChE activity, induced by binding to
amino acid residues within the peripheral anionic dgte,
proceeds through this conformationa change of Trp86 from a
functional anionic subsite state to one that restricts the access
of substrates to the active center (Radic et al., 1995).

On the other hand, the quaternary nitrogen groups of
substrates and other active center ligands are stabilized by the
cation-aromatic interaction with Trp86 rather than by ionic
interactions (Ordentlich et al., 1995). The side chains of Trp86

subtend the quaternary ammonium-binding locus in the active
ste of AChE, while the bisguaternary ligand decamethonium
is oriented along the narrow gorge leading to the active site.
One quaternary group is appeased to the indole of Trp86 and
the other to that of Trp286, near the top of the gorge
Structural and chemical data show the important role of
aromatic groups as binding sites for quaternary ligands. They
also provide complementary evidence assigning Trp86 to the
“anionic’ subsite of the active site and Trp286 to the
“periphera” anionic site (Hardl et al., 1993).

Cardiotoxins (CTXs) or cytotoxins, neurotoxins, and
phospholipase A2 are three mgjor classes of toxic components
that are present in the Taiwan cobra, Naja naja atra of the
Elapidae family. CTXs are a group of major polypeptides of
around 60 amino acid residues that comprise about 45-55% of
the crude venom of the Taiwan cobra (Chiou et al., 19953).
Snake CTXs have a high basic (pl >10) smal molecular
weight (approximately 6.5 kDa), all beta-sheet proteins. They
exhibit a broad spectrum of interesting biological activities.
The secondary structural elements in these toxins include anti-
paralel double- and triple-stranded beta-sheets. The three-
dimensional dructures of these toxins reved a unique
asymmetric distribution of hydrophobic and hydrophilic
amino acids (Kumar et al., 1997). CTXs and FAS possess
distinct pharmacological and biochemical properties, despite
the existence of a grosdy similar tertiary structure among
these toxins (i. e, a core consisting of a series of short loops
and four disulfide bridges (Chiou et al., 1995hy)).

There are two differing reports regarding the effect of just
one type of CTX on AchE (Lin et al., 1977, Radic e al.,
1995). In this paper, we studied the kinetic and structural
views of six different types of CTXs (I-V, n) and their effects
on AchE. We also examined a theoretical structura survey of
FAS in order to investigate the mechanism of the AChE active
Ste.

Material and Methods

Materials Sucrose, sodium phosphate monobasic, sodium
phosphate bibasic, and sodium bicarbonate were obtained from
Merck (Whitehouse Station, USA). Acetylthiocholine was from
Fluka Co (Buchs, Switzerland). The 5,5' Dithiobis-(2-nitrobenzoic
acid) or DTNB was recelved from Sigma (St. Louis, USA).

Cardiotoxins preparation procedure The chromatographic
separation of cardiotoxins from Naja naja atra (Taiwan cobra)
venom is similar to the procedure described by Chang (Chang et
al., 1997). Lyophilized venom (5 g) was dissolved in 10 ml of 1%
acetic acid and then applied to a column of Sephadex G-50 (2 x 200
cm) at room temperature. The Sephadex column was eluted with
1% acetic acid at aflow rate of 40 ml/min. Fractions of 15 ml each
were collected. The fractions containing proteins with molecular
masses of lower than 20 kDa were pooled and lyophilized for
further purification. The venom proteins that were collected from
the Sephadex G-50 column were applied to a Sp-Sephadex C-25
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column (2 x 95 cm) that was equilibrated with a 0.005M sodium
phosphate buffer (pH 7.0). The column was washed with the
garting buffer (0.005 M phosphate buffer, pH 7.0) and then euted
with asat gradient of 2,400 ml from 0.0 to 0.5 M NaCl in the same
buffer. Fraction 11 was subjected to re-chromatography on a
Sephadex C-25 column (2 x 95 cm) using alinear gradient of 2,000
ml of 0.5M to 1M ammonium acetate (pH 5.8). CTXs n and |
were separated from this fraction. Fractions 12 to 14 containing
CTXs were further purified using reverse phase HPLC on a
synchropak RP-P column (4.6 mm x 25 cm). Fractions 12 and 13
contained cardiotoxins Il and 111, respectively. Fraction 14 was
separated into cardiotoxin 1V and cardiotoxin V using reverse phase
HPLC that was eluted by linear gradient of 30-42% acetonitrile for
60 min at aflow rate of 1 ml/min.

Animals Adult sheep were killed by rapid cervica didocation in
Tehran's daughterhouse (Ghoche-hesar, Ramandi 4), Iran.

Synaptosome isolation procedure Nerve endings were prepared
by Dodd's method (Dodd et al., 1981). A Beckman L5-50
ultracentrifuge was used. Preparation was at 4°C throughout. Sheep
of either sex were killed by cervica didocation and the whole brain
was placed in an ice-cold 0.32 M sucrose solution. The cerebral
cortices (weighing approximately 50 g each) were rapidly removed
and placed in a 10 volume ice-cold unbuffered 0.32 M sucrose
solution. A motor-driven potter teflon glass homogenizer was used
to disperse the tissues in the solution at a motor speed of 800 rpm
and 12 strokes of the pestle. The initial homogenate was centrifuged
a 5100 rpm in MSE centrifuge for approximately 30 min. The
supernatant was placed on top of 10 ml of 1.2 M sucrose and then
centrifuged a 35000rpm for 71min by a Beckman L5-50
ultracentrifuge. The pellet was carefully collected and suspended in
160ml of 0.32M sucrose. The temperature was kept ice cold
during the preparation. Synaptosomes were snap-frozen in liquid
nitrogen and then rapidly brought to room temperature.

Assay of acetylcholinesterase activity The acetylcholinesterase
activity was assayed using a lambda 2 UV /visble spectrophotometer
(Perkin-Elmer, Norwalk, USA), according to Ellmans procedure
(Ellman et al., 1961). Acetylthiocholine was used as the substrate.
The enzyme activity was monitored at 412 nm by following the
increase of yellow color that was produced from thiocholine when
it reacted with DTNB. The reaction mixture contained
Acetylthiocholine, DTNB, and a synaptosom solution in a 0.1 M
potassum phosphate buffer (pH 7.4). The acetylthiocholine
hydrolysis reaction was initisted by the addition of the
synaptosomal solution (50 pl) to the sample cuvette. Ten seconds
after mixing, the increase in the absorbance of the mixing solution
at 412 nm was monitored. A linear plot of the absorbance versus
time was recorded for 2 min. The acetylcholinesterase activity was
caculated on the basis of the extinction coefficient of the yellow
anion (13.6/mM cm). Data were andyzed using SigmaPlot 8.0
(SPSS, Inc. Chicago, USA). Activities of the AChE-CTXs
complexeswere measured during a 10-min incubation of 640 nM
AChE with1.3uM CTXsto form the complex.

Hydrophobicity profile The hydrophobicity profile is a smple
way to qualify the concentration of the hydrophobic residue along

the linear polypeptide chain. The hydrophobicity profile of CTXs
and FAS were caried out on ProtScde software (http://
www.expasy.ch/cgi-bin/protscaepl), based on the Kyte and
Doalittle hydropathy scde (Kyte and Doolittle, 1982). A N =9 size
window was run aong the length of the toxin sequences. Plotting
the curve reveded the loci of minima and maxima in
hydrophobicity along the linear polypeptide chain.

Accessible surface area (ASA) The accessble surface area
(ASA) for individua atoms of the proteins was calculated from the
atomic coordinates that were deposited in the protein databank
(PDB) (Berman et al., 2000). For each atom, a sufficiently large
number of approximately evenly-distributed points were placed on
the salvation sphere of radius Ra+ Rw tha was centered a the
atomic position, where Ra and Rw are the Van der Wadls radii of
aom A and solvent probe, respectively (Naderi-Manesh et al.,
2001).

Results

Subgtrate inhibition The steady-dtate kinetics of AChE in
the presence of acetylthiocholine (as substrate) exhibits the
substrate inhibition, which is shown in Fig. 1 as the
Linewesver-Burk plots of the effect of CTXs on AChE and
substrate inhibition phenomena. K, of AChE was 82 uM and
Viex Was 53 uM/min/mg protein. In the presence of CTXs (I-
V and n) K,swere 124, 140, 144, 181, 106, and 139 uM and
V.S Were 59, 60, 60, 77, 52, and 61 uM/min/mg protein,
respectively (Table 1). AChE in the presence of CTX IV (and
in the absence of the remaining CTXs) showed substrate
inhibition; wheress, in the presence of the remaining CTXs
(and in the absence of CTX 1V), the subgtrate inhibition
disappeared. K; for AChE and the AChE/CTX IV complex
were 0.84 and 1 mM, respectively. As shown in Fig. 1, the
Lineweaver-Burk plot of the data displays a non-linear curve
over the substrate concentration range beyond the initial
inhibition.

Hydrophobicity profile and index (He) of CTXsand FAS
Figure 2 shows the hydrophaobicity profile of CTXs and FAS.
Loop Il is the most important portion of these profiles. The
absence of the substrate inhibition of AChE is dependent on
the hydrophobicity index (He) of CTXs. Hes are 0.157,
0.137, 0.12, 0.112, 0.105, —0.03, and —0.79 for CTXsn, Ill, 1,
I, V, IV, and FAS, respectively (Table 2) (amino acid
sequences from Chang et al., 2002). Among cardiotoxins,
only type IV with a lower hydrophobicity index (—0.03)
showed some substrate inhibition (Kyte and Doolittle, 1982).

ASA for CTXs and FAS Tables 3 and 4 show the
comparative ASA values for each positive residue in CTXs
and FAS. The structure references of the calculations were as
follows. CTX | (2CDX) (Janke et al. 1994), CTX Il (1CRE)
(Bhaskaran et al., 1994a), CTX IIl (2CRT) (Bhaskaran €t al.,
1994b), CTX 1V (1KBS) (Jang et al., 1997), CTX V (1CHV)
(Jayaraman et al., 1994), and FAS (1FSC) (LeDu et al., 1996).
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Fig. 1. Lineweaver-Burk plots of AChE in the absence and presence of CTXs (I, II, 11, 1V, V, and n). Substrate concentration ranges

were from 0.025-1.5 mM for the substrate inhibition study and 0.1 mM of acetylthiocholin for the steady dtate.
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Table 1. Kinetic parameters for AChE with and without CTXSs. V., (MM/min/mg) and K, K; (uM)

AChE CTX | CTX Il CTX 1l CTX IV CTX V CTX n
Virex 53+13 50+19 60+ 3.7 60+3 77+10 52+13 61+29
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Fig. 2. Hydrophohicity profiles of CTXs I, Il, IlI, IV, V, n, and fasciculin (FAS). Hydrophobicity score is the hydrophobicity vaue of

each amino acid.

Interaction of Trp86 of AChE with Argll of FAS The
distance calculation between the atomic coordination of FAS
amino acid residues and Trp86 of AChE in the complex
AChE-FAS (Bourne et al., 1995) indicates only the interaction
between Argl1 of FAS and Trp86 of AChE.

Discussion

CTXs were sdected and their effects studied on AChE
because of their structural similarities with FAS (a sdlective
inhibitor of peripheral ste of AChE). The effect of CTXs, I-V,
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Table 2. Net charges, positive charges, arginine residues, lysine residues, positive charges in loop 11, arginine residues in loop 11, lysine

residues in loop 11, Aliphatic index, Hydrophobicity indexes (Ho), pl of CTXs |, Il, Ill, 1V, V, n and FAS
Net stve  aginine  lysne ~ PoStve aginine lysne e
charges I(?ki’:\rgas r&gdues re)éidues ir? Tg?ﬁ | re?otll;)eﬁslm r&ls'o%l;ﬁm inF:jex He pl
FAS 4+ 9 5 4 6 4 2 36.72 -0.79 8.7
CTX | 7+ 10 2 8 3 1 2 87.67 0.12 9.2
CTX 1l 8+ 10 2 8 3 1 2 82.67 0.112 9.3
CTX Il 9+ 11 2 9 4 1 3 82.67 0.137 94
CTX IV 9+ 11 3 8 4 1 3 76.17 -0.027 9.4
CTX V 9+ 11 2 9 4 1 3 81 0.105 9.4
CTX n 8+ 10 2 8 4 1 3 81.17 0.157 9.3
Table 3. Accessible surface area (ASA) vaues of positive residues (arginine and lysine) of CTXs |, II, llI, 1V, and V
Amino acid residue CTX | ASA CTX Il ASA CTX Il ASA CTX IV ASA CTX V ASA
Argl 165
Lys2 89 128 109 101 110
Lyss 132 97 81 109 89
Lys12 143 162 101 133 114
Lys18 45 105 87 110 72
Lys23 54 38 51 52 4
Lys30 170
Lys31 174
Lys35 129 102 125 130 117
Arg 36 44 46 72 20 48
Lys44 198 173 133 179 184
Lys50 102 79 115 97 99
Arg 58 143 226 219 131 215

Table 4. Accessble surface area (ASA) vdues of postive
residues (arginine and lysine) of FAS

Amino acid residue ASA in free FAS COQ;AQ(I?NEﬁighE

Argll 213 96
Arg24 52 36
Lys25 54 49
Arg27 67 22
Arg28 120 84
Lys32 148 80
Arg37 32 4

Lysbl 73 81
Lys58 96 101

and n, (except CTX 1V) showed modification of the substrate
inhibition on AChE. The variation of the substrate inhibition
seemed to be dependent on He of CTXs, because only CTX
IV with a lower Ho showed a small substrate inhibition. The
Lineweaver-Burk plots of the data displayed non-linear curves
and a non-Michaelis kinetic for the AChE in the absence of
CTXs and the presence of CTX IV (Fig. 1). Studies on the
substrate  concentrations and enzyme activities by the

Lineweaver-Burk method showed two stages: (1) The enzyme
activity of low substrate concentrations decressed in the
presence of CTXs. (2) The enzyme activity in the presence of
CTXs in high substrate concentrations showed no substrate
inhibition. The interpretations regarding these two stages are
as follows: (1) Loop Il was postulated to be intricately
involved in the biologica activity of CTXs (Kumar et al.,
1997). This loop had a larger score of hydrophobicity and
nearly 3-4 positive charges (including one Arg) (see Figs. 2
and 4) for the approximation of CTXs with the peripheral site
(also called periphera anionic site (PAS)). On the other hand,
the periphera ste of AChE is adso named the “Aromatic
gorge” because nearly 40% of itslining is composed of aring
consisting of 14 conserved aromatic amino acids (Harel et al.,
1993) and many other hydrophobic residues. It is our opinion
that loop 1l on the CTXs can interact with the peripheral site
of AChE through a hydrophobic interaction. This interaction
could be the cause of prohibiting the easy (normal) entrance
of the subgirate to the active site gorge. Thus, the enzyme
activity is being decreased in lower substrate concentrations,
and (2), according to the steric blockage model (Rosenberry et
al., 1999), in higher concentrations, the substrates bind to the
periphera site of AChE and block the product release. This
accounts for the phenomenon of substrate inhibition.
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Fig. 3. Accessible surface area (ASA) of CTXs I, II, 111, IV, V,
and FAS. (Crystdlographic data of CTX nis not in PDB).

Furthermore, it is believed that in higher subsrate
concentrations, CTXs occupy the periphera ste of AChE
(location of binding of substrate in higher concentrations for
the formation of steric blockage model and occurring of
substrate inhibition) causing the disappearance of the substrate
inhibition.

FAS is a sdlective inhibitor of the peripherd site of AChE.
FAS was sdlected because of its suitable inhibitory model to
study the mechanism of the CTXs-AChE complexes. FAS has
four arginine residues; a positive cluster, a hydrophobic cluster
(including Pro30 and Pro31) at loop II, and one accessible
arginine residue Argll (ASA isequa to 213, Table 4) on the
tip of loop | (Figs. 3 & 4 and Table 2). A comparison of the
amino acid sequence of 175 snake toxins that are homologous

with FAS showed that Argll and Arg27 are unique for FAS.
FAS via Pro30, Pro 31, and Arg27 of loop Il can interact with
11€30, Leu289, and Trp286 of AChE, respectively (Bourne et
al., 1995). We caculated the distance between al of the
amino acid residues of FAS with Trp86 of AChE from the
crystallographic data (Bourne et al., 1995). The results
showed that the best interaction (7 A) belonged to Argll on
loop | of FAS with Trp86 of AChE. Thus, Argll of FAS and
Trp86 of AChE are the two key amino acid residues for the
inhibition of AChE by FAS. Previous studies also showed that
the modification of the Argll residue decreased AChE
activity by 73% (Cervenansky et al., 1995); however, when
Ala was subdgtituted for Trp86 of AChE, FAS became
allogterictly an activator instead of an inhibitor (Radic et al.,
1995). For the inhibition of AChE, the ligand must interact
with Trp286 at the periphera site and with Trp86 at the rim
(Harel et al., 1993). Cation-nt interaction is an essential
element for these interactions (Harel et al., 1993). The tip of
loop Il of CTXs congists of hydrophobic amino acids and it
can interact with the periphera site of AchE, where the tip of
loop | contains no arginine. It was suggested that amino acid
Trp86 could not be connected to loop | on CTXs. FAS (in
Trp86 Ala mutation) (Radic et al., 1995) and CTXs cause a
very smdl inhibition of AChE in low substrate concentrations
and the activation of the enzyme in high concentrations of the
substrate. The reason for this phenomenon may be the
interaction of just one loop (loop 1) of toxin to AChE. Thus,
FAS causes the blocking of Trp86, and CTXs hold Trp86 of
AChE in the free stage. The functional and non-functional
conformations of AChE are related to Trp86 (Radic et al.,
1995). We believe that the arginine side chain, in comparison
with the lysine sde chain, plays an essentiad role in the
inhibition of AChE because of the similarities of the space
volume of the arginine side chain (guanidino group) with
guaternary ammonium cationic substrates and the inhibitors of
AChE. On the other hand, when fasciculin is present, the
gorge width distribution is atered and the gorge is more likely
to be narrow (Tai et al., 2002). Our theoretical data showed
that in the presence of CTXs, the gorge width was atered and
the gorge was more likely to be broader (data not shown).
AChE in the presence of the CTX type IV shows substrate
inhibition. CTX IV has a cationic cluster that is comprised of
positively-charged residues on the concave sde of the
molecule. CTX IV and CTX Il differ in their amino acid
sequence by a single amino acid a the N-terminal end.
Leucine at the N-terminal end of CTX Il is replaced by the
arginine residue in CTX IV (Fig. 4). CTX IV is a unique
snake venom with a postively-charged residue at the N-
terminal amino acid. All of the other CTXs have a
hydrophobic amino acid (leucine or isoleucine) at their N-
terminal end. Similar clusters, consisting of positively-charged
residues are not found in other CTXs (Jang et al., 1995).
Therefore, only CTX 1V, in addition to a hydrophobic loop
(loop 11), has a positive cluster. We believe this positive cluster
is an anchoring site for the substrate for the formation of a



2CDX
1CRE
2CRT
1KBS
1CHV

1FscC

Modification of Substrate Inhibition of Synaptosoma Acetylcholinesterase by Cardiotoxins

CTXI

3--Loop I--14

LKCNKLIPIA

CTXII LKCNKLVPLF
CTXIIILKCNKLVPLF
CTXIV RKCNKLVPLF

CTXV
CTXn
FAS2

LKCNKLVPLF
LKCNQLIPPF
TMCYSHTTTS

SKTCPAGKNL
YKTCPAGKNL
YKTCPAGKNL
YKTCPAGKNL
YKTCPAGKNL
YKTCAAGKNL
RAILTNCGEN

3----LOOP I---17

20----LOOP
CYKMFMMSDL
CYKMFMVSNL
CYKMFMVATP
CYKMFMVSNL
CYKMFMVSNK
CYKMFMVAAP
SCYRKSRRHP

II1----38

TIPVKRGCID
TVPVKRGCID
KVPVKRGCID
TVPVKRGCID
MVPVKRGCID
KVPVKRGCID
PKMVLGRGCG

42---111---53

VCPKNSLLVK
VCPKNSALVK
VCPKSSLLVK
VCPKNSALVK
VCPKSSLLVK
VCPKSSLLVK
CPPGDDNLEV

YVCCNTDRCN
YVCCNTDRCN
YVCCNTDRCN
YVCCNTDRCN
YVCCNTDRCN
YVCCNTDRCN
KCCTSPDKCNY

22----LOOP II----39 40---III---52

Fig 4. Comparison of the sequence of CTXs I, II, 11l IV, V, n, and FAS. The amino acid residues #3-14, #20-38, and #42-53 of CTXs
correspond to loops I, 11, and 1lI, respectively. The amino acid residues #3-17, #22-39, and #40-52 of FAS correspond to loops I, I,
and |1, respectively. 2CDX, 1CRE, 2CRT, 1KBS, 1CHV, 1FSC are from the protein databank (PDB) ID for CTXs I- V, and FAS,
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respectively. CTX n has no PDB ID. FAS has one more amino acid than CTXs.

seric blockage moddl. In addition, CTX IV has the lowest
amount of He of CTXs and cannot be compared with high
substrate concentrations in the interaction with the peripheral
gte. This is the reason for the small amount of substrate
inhibition upon the interaction of AChE with CTX V.

FAS has hydrophobic and hydrophilic clusters at loop Il
(Fig. 2); whereas, CTXs have just a hydrophobic cluster
without a cationic cluster at loop Il (Fig. 2). On the other
hand, FAS has 5 arginine residues. CTXs I, Il, 1lI, V, and n
have 2 arginine residues, and CTX IV has 3 arginine residues
(Table 2). It is extremely important to note that FAS with the
lowest Ho (possession of a cationic cluster, and possession of
five (5) Arg) shows an inhibitory effect on AchE. However;
CTXs|, I, 111, V, and n (without a cationic cluster and with
only two (2) Arg and a higher Heo) are the activators of AchE.
Also, CTX 1V that hasthe lowest Ho of CTXswith acationic
cluster shows aminimal disappearance of substrate inhibition.
Accordingly, a “cationic’ cluster that is comprised of
positively-charged residues on the concave sde of the
molecule, the number and the location of Arg residues, and a
low Ho is necessary for the enzyme inhibition. The AchE
inhibition is dependent on the following factors: (1) the
hydrophobicity of the ligand, as well as (2) the number,
position of tertiary structure, and types of basic amino acids.
A comparison of the curves of the hydrophobicity profiles and
ASA show the parts of the hydrophobic centers that interact
with AChE. Tables 3 and 4 show ASA in the CTXs and FAS
contribution as the result of its positive-charge groups. The
sde chains of the Arg and Lys residues contribute to the
formation of the cationic cluster on the protein surface. Our
results showed the same behaviour in the free enzyme relative
to the membrane-bound enzyme (data not shown).

In conclusion, FAS dtahilizes the inactive conformation and
CTXsdabilize the active conformation of AChE. Therefore, the
exigence of the pogtive charge and the hydrophobic clugtersin
loop 11 of the peptide are necessary for their interactions with
the enzyme. It is clear that in addition to these clugters, an
accessible arginine at loop | of the peptide that interacts with
Trp86 of the enzyme helps the inhibition of AChE.
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