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Gastropod mollusk Aplysia californica has significant levels of cholinesterase in its
circulation. Hemolymph (blood) cholinesterase of Aplysia has both cholinergic and non-
cholinergic functions, which include promoting neurite growth. In order to understand the
structure-function relationship of hemolymph cholinesterase, we purified and
characterized this enzyme and compared it to the cholinesterase present in the ganglia of
the central nervous system of Aplysia. Our results show that the cholinesterases from the
CNS and hemolymph of Aplysia are acetylcholinesterases, which differ from that of the
vertebrates in their unique heavy molecular form. The enzyme from the CNS differs from
that of the hemolymph in its rate of hydrolysis, substrate preference profiles and molecular
forms, suggesting the presence of two kinds of cholinesterases in Aplysia.

The enzyme acetylcholinesterase (AChE) which cata-
lyzes the hydrolysis of acetylcholine (ACh) is ubiquitous in
the animal kingdom [1]. It is a well-characterized enzyme
in the vertebrates due to its critical catalytic function at the
cholinergic synapses. AChE is also present in blood, cere-
brospinal fluid and non-cholinergic cells and the signifi-
cance of its presence at these sites is poorly understood.

In Aplysia, a marine gastropod, it is present in the gill
[2], in the blood (hemolymph) and in the cholinergic as
well as non-cholinergic neurons in the central ganglia of
the nervous system [3, 4]. AChE activity in the hemolymph
of Aplysia is of a greater magnitude than in other tissues
and its activity levels change with age [4]. AChE from the
CNS and the hemolymph of Aplysia has been described
before [3, 5]. A high level of AChE activity in the
hemolymph and its cholinergic and non-cholinergic effects
on neurons [6—8] prompted us to further characterize this
enzyme from these two sources as an initial step towards
understanding the structure-function relationship of this
molecule.

We purified the AChE in the hemolymph by affinity
column chromatography and extracted the enzyme from the
central ganglia of Aplysia sequentially using low salt, deter-
gent and high salt buffers. Analysis of the properties of the
enzyme from the two sources show that the cholinesterase
from the CNS and hemolymph of Aplysia is true acetylcho-
linesterase . However the enzyme from the CNS differs
from that of the hemolymph in its rate of hydrolysis and
substrate preference profiles. The details on the methods
and the results are reported here.

METHODS
Enzyme preparation for assays. Hemolymph and the
central ganglia (CNS) of sexually mature adult Aplysia sup-
plied by Marinus (Long Beach, CA) were used in this
study. Hemolymph was drawn from the hemocoel using

sterile needle and syringe and was centrifuged filtered
through Filtron microsep tubes (membrane molecular
weight cut off was at 100 kd). The concentrated
hemolymph was used to purify AChE. Epoxy-activated
Sepharose 6B (Pharmacia) was coupled to 0.2 M edropho-
nium chloride (Sigma) following the procedure described
by Hodgson and Chubb [9]. Hemolymph was mixed with
the gel at a ratio of 10:1 and packed carefully in a Bio
Rad Econo-column (1.0x20 c¢cm) avoiding air being trapped.
The column was washed with 10 column volumes each of
50 mM sodium phosphate buffer, pH 8.0, followed by 50
mM sodium phosphate containing 0.5M sodium chloride.
AChE was eluted with 12 mM of edrophonium chloride in
phosphate buffer (50 mM, pH 8.0) containing 0.5 M sodi-
um chloride. The eluted AChE was concentrated and de-
salted using Amicon Centricon centrifugal filter devices
(MW 10,000) and Sephadex J PD-10 (Pharmacia) columns.

For isolating the ganglia, the animals were anesthetized
by injecting isotonic MgCl, the volume of which was 1/3
of the animal’s body weight (vol/wt). They were perfused
with several volumes of cold , filtered artificial sea water
(ASW) directly through the heart to remove traces of
hemolymph. The ganglia were dissected out, rinsed in sev-
eral changes of ASW and were homogenized as follows:
CNS from twenty animals were homogenized in 0.01M
Tris-HCI, pH 7.4 containing 1M NaCl and 0.5% Triton
X-100. This homogenate was centrifuged at 30.000 rpm
for 30 minutes and the supernatant was used for enzyme-
substrate and enzyme-inhibitor interactions. CNS from an-
other group of six Aplysia were homogenized sequentially
in low salt buffer (LSS), low salt buffer containing deter-
gent Triton X-100 (DSS) and high salt buffer containing
Triton X-100 (HSS) as described by Bon and Massoulie
[10]. Each time the homogenate was centrifuged as before
and the supernatant was used to determine the solubility
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characteristics of Aplysia cholinesterase. Protein concentra-
tions of purified AChE from hemolymph and CNS homo-
genate were determined using Pierce BCA / micro BCA
protein assay reagents (Pierce, Rockford, III).

Enzyme activity measurement. Cholinesterase activity
was assayed by the spectrophotometric procedure of Ell-
man et al. [11]. Acetyl, butyryl and propionyl thiocholine
iodides (Sigma) were used as substrates and BW284c51
(1,5-bis(4 -allyldimethyl ammoniumphenyl)-pentan
3-one dibromide, Sigma), iso-OMPA (Sigma) and ethop-
ropazine (Sigma) were used as inhibitors.

Density gradient centrifugation. Hemolymph and CNS
homogenate were layered on separate 5-20% sucrose gradi-
ents in a high salt buffer (NaCl, 1M; MgCl,, 0.05M; Tris-
HCI, 0.01M, pH 7.4) and centrifuged with a Beckman
TLSS55 rotor at 45,000 rpm, for 16 hours at 4°C. At the
end of the run, fractions were collected by puncturing the
bottom of the tubes. Enzyme activity was assayed in these.
The standards used were E. Coli - galactosidase (16S) and
beef liver catalase (11.4S).

All values given are averages of three or more repeats.

RESULTS AND DISCUSSION

Substrate specificity. The hemolymph cholinesterase as
well as the enzyme in the CNS homogenate showed a
preference for acetylcholine over butyryl or propionylcho-
line as their substrate. As Fig. 1 shows when assayed for
cholinesterase activity using 1mM of acetyl, butyryl and
propionyl thiocholine iodide, the ratio of the rates of hy-
drolysis of these substrates by CNS enzyme was
178:26:19. Thus CNS cholinesterase hydrolyzed acetylth-
iocholine iodide 7 times faster than butyrylcholine and
9 times faster than propionyl choline and hence is acetyl-
cholinesterase. However this enzyme also exhibited a mod-
est rate of hydrolysis with increasing concentrations of bu-
tyrylcholine suggesting that the CNS enzyme may have a
mixture of or properties of both acetyl and butyrylcholinest-
erases. In a similar assay of hemolymph cholinesterase, the
ratio of the rates of hydrolysis of these respective substrates
was 619:26:7. Hemolymph cholinesterase hydrolyzed
acetylthiocholine iodide 24 times faster than butyrylcho-
line and 88 times faster than propionylcholine and hence
is acetylcholinesterase (Fig. 1). Though the enzyme from
hemolymph as well as from CNS were acetylcholinest-
erases, they differed in their rates of hydrolysis of acetyl-
choline since hemolymph acetylcholinesterase had a pref-
erence for acetylcholine 3.5 times greater than CNS ace-
tylcholinesterase.

Inhibition profile of hemolymph and CNS cholinest-
erases of Aplysia. Aliquots of CNS homogenate and the
enzyme purified from hemolymph were pre-incubated with
increasing concentrations of (a¢) BW284c51 which inhibits
vertebrate acetylcholinesterase at UM concentration, (b)
ethopropazine and (c) iso-OMPA , both of which inhibit
pseudocholinesterase at UM concentrations in vertebrates
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Fig. 1. Aplysia CNS homogenate and purified enzyme from hemolymph were

assayed for cholinesterase activity using 1 mM of acetyl, butyryl and propionyl

thiocholine iodide. The rate of hydrolysis is expressed setting the hydrolysis of

acetylcholine as 100%. The two enzymes clearly showed a preference for
acetylcholine as substrate
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Fig. 2. Aliquots of CNS homogenate and purified enzyme from hemolymph
were pre-incubated with increasing concentrations of (a) BW284c51 which
inhibits vertebrate acetylcholinesterase at LM concentration, (b)
ethopropazine and (c) iso-OMPA , both of which inhibit pseudocholinesterase
at M concentrations in vertebrates and assayed for enzyme activity. Since
BW284c51 inhibited >75% of activity at 0.1 JUM concentration and iso-
OMPA did not inhibit even at a high concentration, the enzyme from the two
sources are acetylcholinesterases

[12] and assayed for enzyme activity. Since BW284c51 in-
hibited 75% of CNS enzyme activity at 0.1 pM concentra-
tion and ethopropazine inhibited most of the CNS enzyme
activity only at 1mM concentration, the enzyme present in
CNS is confirmed to be acetylcholinesterase (Fig. 2).
However unlike ethopropazine, iso-OMPA did not inhibit
the enzyme activity even at ImM concentration indicating
that this enzyme has a unique inhibition profile. The en-
zyme in hemolymph turned out to be a more of a true
acetylcholinesterase than that of the CNS since
BW284c¢51 inhibited 85% of hemolymph enzyme activity
at 0.1 uM concentration and ethopropazine inhibited only
65% of the activity even at ImM concentration (Fig. 2).
However higher concentrations of ethopropazine (>1 mM)
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Fig. 3. Purified hemolymph cholinesterase activity was assayed with

increasing concentrations of acetylthiocholine iodides as substrate.

Enzyme activity started to decline at substrate concentrations > 3 mM.

Concentrations of acetylcholine higher than 10 mM inhibited the activity

of the enzyme showing that the hemolymph cholinesterase is inhibited by
the presence of excess substrate

0.005

0.004

0.003

000z

Enzyme A& ctivity (Ratef3mi:

0001

0 01 02 03 04 05 06 0F 08 09 1 2 3 4 5 6
Conc. of Substrate

Fig. 4. CNS cholinesterase activity was assayed with increasing

concentrations of acetyl thiocholineiodide as substrate. At

concentrations of acetylcholine higher than 3 mM, the rate of 9

hydrolysis reached a plateau indicating that this enzyme was not
inhibited by excess substrate

did not inhibit the enzyme 4 activity any further indicat-
ing that the hemolymph enzyme behaves differently com-
pared to that of CNS in binding with ethopropazine as
well as with BW284c51. Giller and Schwartz [3] suggest-
ed that the hemolymph enzyme might not be a true ace-
tylcholinesterase based on their comparison of its inhibi-
tion by eserine to that of the CNS enzyme. Eserine sul-
phate is a non-specific cholinesterase inhibitor [12]. Fur-
ther we used specific acetylcholinesterase and pseudocho-
linesterase inhibitors and determined the dose response of
the enzyme in hemolymph and CNS in this study. Hence
our results clearly show that the hemolymph enzyme is
indeed a true acetylcholinesterase.

Michaelis-Menten Constant (K,). In order to deter-
mine the K, of the two enzymes, cholinesterase activity
of the two samples was assayed with increasing concen-

trations of acetylthiocholine iodides as substrate. As
shown in Fig. 3, at concentrations of acetylcholine high-
er than 3mM the rate of hydrolysis of hemolymph en-
zyme started to decline and reached total inhibition at
10mM. Hence this enzyme exhibits excess substrate inhi-
bition, a characteristic of most of the vertebrate acetyl-
cholinesterases showing that with regards to this feature,
the hemolymph cholinesterase is similar to vertebrate
acetylcholinesterase. A similar result was reported by
Giller and Schwartz [3]. The rate of hydrolysis of CNS
cholinesterase with increasing concentrations of acetylth-
iocholine was different from that of hemolymph cho-
linesterase. The rate showed a steady increase up to
4mM of acetylthiocholine and then reached a plateau
(Fig. 4). Thus the CNS enzyme failed to show inhibition
by excess substrate. The differences in the kinetic behav-
ior between the CNS enzyme and the hemolymph en-
zyme are reflected in the Michaelis-Menten Constant
(Km) of CNS AChE being 0.2201Mm and of hemolymph
AChE being 0.1219Mm based on their respective Lin-
eweaver-Burke plots.

Molecular forms of hemolymph and CNS AChE of
Aplysia. The sequential extraction of CNS Senzyme using
low salt, detergent and high salt buffers showed that the
CNS enzyme exists primarily as a less salt soluble (58.6%)
and a detergent soluble form (38.8%) with a very minor
fraction of high salt soluble form (2.6%). Sucrose density
gradient centrifugation of purified AChE from the
hemolymph and CNS homogenates revealed similarity as
well as differences in the molecular forms between the en-
zymes from the two sources. CNS homogenate showed the
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Fig. 5. CNS homogenate and purified enzyme from hemolymph were
layered on separate 5-20% sucrose gradients in a high salt buffer (NaCl,
IM; MgCl,, 0.05M; Tris-HCI, 0.01 M, pH 7.4) and centrifuged with a
Beckman TLSS55 rotor at 45,000 rpm, for 16 hours at 4°C. Fractions were
collected by puncturing the bottom of the centrifuge tubes and assayed for
acetylcholinesterase activity. CNS homogenate showed the presence of a
4.5 S and a heavier molecular form of acetylcholinesterase. Hemolymph
enzyme showed the presence of a single heavier molecular form of
acetylcholinesterase. The standards were E. Coli B-galactosidase (arrow 1,
16S) and beef liver catalase (arrow 2, 11.4S)



BECTH. MOCK. YH-TA. CEP. 2. XUMUA. 2003. T. 44. Ne 1

65

presence of a 4.5S, and a heavier molecular form of acetyl-
cholinesterase (Fig. 5) based on the standards E. Coli
B-galactosidase (16S) and beef liver catalase (11.4S).
Unlike the CNS enzyme hemolymph enzyme showed the
presence of only a single heavier molecular form of acetylcho-
linesterase (Fig. 5) and this is not due to its aggregation in a
low ionic strength buffer or due to its presence as an am-
phiphilic particulate protein since centrifugation in a high salt
gradient containing Triton X-100 did not alter its sedimen-
tation profile. The molecular forms of Aplysia acetylcho-
linesterase differs from the dimeric and tetrameric forms of
acetylcholinesterase reported to be present in the gastropod
mollusk, Murex brandaris [13]. Thus the presence of a very
heavy molecular form (>18S) of acetylcholinesterase ap-
pears to be unique to Aplysia.

Our results show that the cholinesterase present in the
hemolymph and CNS of A4plysia is acetylcholinesterase.

The hydrolysis and the inhibition profiles of the enzyme
from the CNS and hemolymph indicate that the
hemolymph enzyme is more of a true acetylcholinest-
erase than the enzyme from the CNS. The CNS may
contain a mixture of acetyl and butyryl cholinesterases
or an acetylcholinesterase, which also has characteristics
of butyryl cholinesterase. The CNS 6 enzyme exists pri-
marily as a less salt soluble and a detergent soluble
form with a very minor fraction of high salt soluble
form. Acetylcholinesterase present in the hemolymph
exists as a very heavy molecular form while the enzyme
from the CNS appears to exist as a monomeric globular
form in addition to having the heavy molecular form.
Aplysia hemolymph consists of a considerable amount of
acetylcholinesterase with a unique molecular form and
thus provides an excellent source to investigate the mo-
lecular evolution of this enzyme.

We thank Mr. Charles Payne for the excellent technical help. This study was supported by a grant from NINDS
(NS35864) to MS.
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IToctynuna B pegakuuto 25.10.02

HEHWPOHAJIBHBIE U MIEPUGUPUYECKUE ICTEPA3BI
N3 MOPCKOI'O MOJIIOCKA APLYSIA CALIFORNICA

®@aiit Yan, CpuBarcan Manaru

(Kagheopa gusuonoeuu, Meouyunckuii koaineoxc, Yuueepcumem wmama Kenmyxku,

Jlexcunemon)

Bproxonoruii mosutiock Aplysia californica umeer BbICOKHMii YpPOBeHb XOJIMHICTEPa3bl B
nUpKyJupyomeii remoanMpe. XoauHicrepasa remoauMdpbl (KpoBH) BBINOJIHAET KAK XO0-
JIMHIPTHYeCKY10, TAK W HEXOJIHHIPIHYECKYI0 (PYHKIUH, 3aKII0YAI0IHAEC B CTHMYJIAIUA
pocta HelpuToB. C 1e/bI0 U3yYeHHUs] CTPYKTYPHO-(PYHKIMOHAJIBLHOI B3aMMOCBSI3M reMo-
JUMGOUUTAPHOI X0JIUHICTEPa3bl, 3TOT (pepMeHT ObLJI NOJIYyYeH B YUCTOM BH/Ie U OXapaKTe-
pu3oBaH. Ero cpaBHM/IM ¢ XOJIHHAICTEPA30ii, MIPUCYTCTBYIOLIEH B raHIIUSAX HEHTPAJIbLHOM
nepBHoii cuctembl (ITHC) Aplysia. Bouio noka3ano, uro xouudcrepasbl u3 ITHC u remo-
Jaumdni Aplysia oTIIHYAIOTCS OT XOJIMHICTEPA3 MO3BOHOYHBIX HATHYHEM YHHUKAJIbHBIX TS-
JKeJIbIX MOJIEKYJISIPHBIX (popMm. DPepMeHTHI, NpucyTcTBY0OIUe B remonume u IIHC, otiin-
YaKTCsl N0 CKOPOCTH TUApoau3a, npoduiasMm cydocTpaTHol cnenu(UIHOCTH, a TaAKKe MO
MOJ1eKyJIsIpHOIi hopMe, YTO Npeano/araeT NPUCyTCTBHE ABYX THIIOB X0JMHICTEpPa3 B Opra-

Huzme Aplysia.



