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Abstraet--A comparative study was carried out of the substrate and inhibitory specificity of cho- 
linesterase preparations from squids, representatives of 3 genes and 5 species of the Gonatidae 
family: Berryteuthis (B. magister and B. anonichos), Gonatus ( G. kamtschaticus and G. tinro), and 
Gonatipsis (G. borealis), that have overlapping habitation areals in the Bering Sea. As substrates, 
there were used bromides of acetylthiocholine, propionylthiocholine, and butyrylthiocholine, as 
organophosphorus inhibitors, diisopropylfluorophosphate, a cation-containing inhibitor, and 4 
hydrophobic compounds. The homogeneity of the cholinesterase activity in these preparations has 
been shown, the intergenus and interspecies differences in the enzyme properties are revealed, and 
also the peculiarity of properties of enzymes from Gonatidae squids is emphasized in comparison 
with cholinesterase from the Pacific squid Todarodespacificus and "standard" mammalian enzymes 
(from human erythrocytes and horse blood serum). The revealed interspecies differences are dis- 
cussed in terms of evolutionary development of the Gonatidae family. 

INTRODUCTION 

More than 30 years ago we started a systematic 
study of the substrate-inhibitor specificity of cho- 
linesterases (ChE) from optical ganglia of squids 
[1, 2]. This comparative enzymologic study of 
many species of this suborder of cephalopod mol- 
luscs [3] was carried out using a large set of ChE 
effectors: substrates, onium reversible inhibitors 
and irreversible organophosphorus inhibitors (OPI) 
[4]. The ChE substrate-inhibitor specificity was 
studied in the greatest detail in the Pacific squid 
Todarodespacificus [5, 6] and in the Commodore 
squid Berryteuthis magister [7, 8]. Our studies 
[4] have revealed both interspecies and intraspe- 
cies differences in ChE reactivity, which has al- 
lowed us to use parameters of the ChE specificity 
as a tool for specification of taxonomic position 
of squids [9]. 

Recently [10] we have got an opportunity to 

study ChE properties in squids, representatives of 
one family, Gonatidae, that have a limited hab- 
itation area in the Bering Sea aquatorium, some 
of the studied squid species of this family being 
considered more ancient, while others, younger 
and more changeable in the evolutionary aspect 
[11]. Such comparative study of the substrate- 
inhibitor specificity will allow more substantiated 
conclusions to be made about intergenus and in- 
terspecies differences. 

MATERIALS AND METHODS 

The study was performed on 5 species of squids 
of the Gonatidae family, which belong to 3 genes: 
Berryteuthis (B. magister and B. anonichos), Go- 
natus ( G. kamtschaticus and G. t/nro) and Gonatip- 
sis (G. borealis). Freshly caught squids (5 and more 
individuals of each species without differentiation 
by sex) collected on the research ship "Profes- 

0022-0930/00/3603-0249525.00 �9 2000 MAIK "Nauka/Interperiodica" 



250 ROZENGART, BASOVA 

Table 1. The substrate-inhibitory analysis of homoge- 
neity of cholinesterase preparations from optical gan- 
glia of squids of the family Gonatidae 

kll , M -! min-! 
Enzyme OPI Substrates 
SOU rce  

AThCh PThCh BThCh 

Gonatopsis I 8.9 x 102 
boreali~ II 8.4 x 104 

IIl 3.9 • 102 

Berryteuthis I 2.7 • 106 
magister II 2.1 x 107 

Il l  6.1 • 105 

Berryteuthis I 8.1 • 105 
anonychos II 1.4 x 107 

III 4.2 • 105 

Gonatus I 4.0 x 105 
kamtschaticus II 1.4 x 106 

III 2.7 x 104 

Gonatus tinro I 2.8 x 105 

II 1.6 x 106 

III 3.5 x 104 

6.1 • 102 

1.2 x 104 

2.3 x 102 

2.8 x 106 

1.3 x 107 

4.6 x 105 

9.3 • 105 

1.5 • 107 

6.8 x 105 

4.5 x 105 

1.6 x 106 

6.0 x 104 

2.5 x 105 

2.0 x 10 6 

3.4 x l0 4 

1.9 • 103 

2.4 x 104 

3.9 • 102 

3.1 • 106 

1.3 x 107 

7.1 x 105 

1.3 x 106 

9.6 • 10 6 

8.0 • 10 5 

4.9 x 105 

2.0 x 106 

5.7 • 104 

2.9 • 105 

2.2 x 106 

4.0 x 104 

Note: AThCh--acetylthiocholine bromide; PThCh--pro- 
pionylthiocholine bromide; BThCh--butyrylthio- 
choline bromide; OPI--organophosphorus inhibilors 
(see their formulas in "Materials and Methods"); klt-- 
bimolecutar rate constant of the OPI interaction with 
enzyme (see "Results and Discussion"). The same is 
in Tables 2 and 3. 

sor Kiziwetter" in different zones of the Bering 
Sea aquatorium (the Olyuter Bay, East Kamchat- 
ka, Northern Kuril Islands), were totally frozen at 
-18~ and delivered to TINRO (Vladivostok), 
where their taxonomic position was determined. 
After that, their optical ganglia were isolated and 
stored at -18~ [10]. The source of enzyme was 
supernatant (800 g, 15 min) of water homogenate 
(3 mg/ml) of the ganglion tissue. The cholinest- 
erase activity was determined by colorimetric Ell- 
man's method [12] using bromides of acetylthio- 
choline (AThCh,  propionylthiocholine (PThCh), 
and butyrylthiocholine (BThCh) (Chemapol) as 
substrates. The following OPI were studied: 

[(CH3)2CHOI2P(O)F (I) (Merck), C2HsO(CH3) 
P(O)SC2H4S+(CH3)C2H5" CH3SO4 (II), C2H50 
(CH3)P(O)SC2H4SC(CH3) 3 (III), C2H50(CH3) 
P(O)SCsHI1 (IV), C2H50(CH3)P(O)SC6H13 
(V), C2H50(CH3)P(O)SCTHI5 (VI) (the OPI 
I I - -VI  were synthesized at the Laboratory of  
N.N.  Godovikov of  Nesmeyanov  Insti tute of  
Organoelement Compounds of the Russian Acad- 
emy of Sciences [4]). 

RESULTS AND DISCUSSION 

First of all it was necessary to check whether 
the studied enzyme preparation contains only one 
ChE or a mixture of several ChE (like the ner- 
vous tissue of  some animals [4]). 

To determine homogeneity of the studied cho- 
linesterase preparations, the most adequate is the 
method of substrate-inhibitor analysis, using dif- 
ferent specific effectors [4, 13]. Thus, the specif- 
ic OPI (Table 1) were used in this study: diiso- 
propylfluorophosphate (I) specific for butyrylcho- 
linesterase (BuChE) [4], cation-containing OPI 
(II) specific for AChE [4], and the hydrophobic 
OPI, containing tert-butyl group (III) specific 
for ChE from the Pacific squid Todarodes pacifi- 
cus [6], as well as 3 thiocholine substrates, in- 
cluding butyrylthiocholine (BThCh), specific sub- 
strate of BuChE [4]. If the anticholinesterase po- 
tency of OPI (the bimolecular constant of the in- 
hibition rate kli = 1/([I1 t) ln (Eo /E t )  [4]) does 
not depend on nature of substrate used for mea- 
surements of the initial (Eo) and residual (Et) 
ChE after t min of incubation with OPI (I), i t  
may be concluded that the tissue contains only 
one ChE [13]. As seen from Table 1, the kll 
values for each of the tested OPI, determined 
with the aid of three substrates, are close to each 
other. Thisal!ows the conclusion that ChE prep- 
arations from the studied Gonatidae family repre- 
sentatives are homogeneous,  i.e., they contain 
only one enzyme. 

The studied ChE preparations differed essen- 
tially by values of  the specific activity measured 
from the rate of  hydrolysis of different substrates 
(Table 2). Thus, the highest specific activity while 
using AthCh, was observed in B. magister and B. 
anonichos; it was 5 times lower in G. kamtschati- 
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Table 2. Parameters of the substrate specificity of ChE of optical ganglia of squids of the family Gonatidae 

Parameters Substrates B. magister B. anonichos G. kamtschaticus G. tinro G. boreal& 

0.355 0.067 Specific activity, 
pmol mg -1 min -1 

Vn~ x, mM min -1 

Vmw rel. % 

K~ mM 

Vn~/ K~, ~ min -1 

AThCh 

PThCh 

BThCh 

AThCh 

PThCh 

BThCh 

AThCh 

PThCh 

BThCh 

AThCh 

PThCh 

BThCh 

AThCh 

PThCh 

BThCh 

5.33 

2.17 

2. 17 

100 

40 

2.90 

1.19 

0.71 

2 

Note: Vmax--maximal rate of enzymatic hydrolysis; KN 

100 

0.357 

0.~ 

5.36 

4.00 

4.06 

75 

0.20 

0.12 

1.82 

25 

~7 

0.117 

1.01 

2.11 

1.75 

100 

175 

0.82 

1.81 

0.41 

0.084 

0.041 

2.41 

1.26 

0.61 

50 

25 

1.09 

1.69 

1.34 

2 

--Michaelis constant [4]. 

0.286 

0.385 

4.65 

4.29 

5.78 

100 

0.27 

0.49 

2.16 

10 

cus. At the same time, the PThCh and BThCh 
hydrolyses were catalyzed at the highest rate by 
ChE of G. borealis and B. anonichos, and at the 
lowest (3-10 times lower), by the enzyme of 
G. t/nro. There were very significant interspecies 
differences in K M values for each of the substrates. 
Thus, for enzymes of B. magister and B. anoni- 
chos, which belong to one genus Berryteuthis, 
these differences were 10-15-fold in the cases of 
AThCh and PThCh. The K M values for BThCh 
were 50 times lower in ChE of G. kamtschaticus, 
than that of G. borealis. 

When comparing substrate specificity of cho- 
linesterases, usually two indexes are considered: 
qualitative, the relative rate of substrate hydroly- 
sis in a row of several substrates, and quantita- 
tive, the Vmax/K M ratio value that reflects, to a 
degree, the substrate affinity to enzyme [4]. Us- 
ing the both indexes, essential interspecies differ- 
ences have been revealed. Thus, ChE of B. mag- 
ister and B. anonichos hydrolyze PThCh and 
BThCh at equal rate, while AThCh 1.5-2 times 

faster, which distinguishes the enzyme of these 
species not only from mammalian ChE (the ratio 
of AThCh : PThCh : BThCh hydrolysis rates is 
100 : 55 : 5 for erythrocyte ACHE, and 100 : 140 : 
230 for serum BuChE [4]), but also from the 
Pacific squid Todarodespacificus ChE (100 : 100 : 
50) [5]. The properties of ChE from other Go- 
natidae species also are different from each other 
and from "standard" enzymes, and ChE of 
G. kamtschaticus should be classified by the ac- 
cepted criterion [4] as PChE, while ChE of 
G. borealis, as BuChE (with the reservation that 
this is hydrolysis of thiocholine substrates). The in- 
terspecies differences in the substrate "affinity" to 
the studied enzymes (by the Vmax/K M ratio values) 
are found. Thus, in the B. anonichos and G. bo- 
realis ChE the "affinity" to BThCh is lower, and 
in the G. kamtschatieus ChE, on the contrary, 
higher, than to AThCh and PThCh. Besides, it 
is interesting to note that the "affinity" to PThCh 
in the B. anonichos ChE was 70 times higher, 
than in the (7. tinro ChE. 
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Table 3. Inhibitory specificity (log kli ) of ChE in optical ganglia of squids of the Gonatidae family 

Enzyme source 

Gonatopsis borealis 

Berryteuthis magister 

Berryteuthis anonychos 

Gonatus kamtschaticus 

Gonatus tinro 

Todarodes pacOqcus [61 

Human erythrocyte AChE [4] 

Horse serum BuChE [4] 

Substrate 
Organophosphorus inhibitors 

I II III IV V VI 

AThCh 2.95 4.38 2.59 2.00 2. 12 3.00 

PThCh 2. 78 4. 08 2. 36 1.78 2. 17 3. 11 

BThCh 3.28 4. 38 2. 59 2. 18 2. 04 3. 23 

AThCh 6.43 7.32 5.79 3.52 3.64 3.76 

PThCh 6.45 7. 12 5.66 3.64 3.74 3.95 

BThCh 6.49 7. 11 5.85 3.21 3.96 3.84 

AThCh 5.91 7. 15 5.62 3.36 3.76 3.88 

PThCh 5.97 7. 16 5.83 3.25 3.86 3. 89 

BThCh 6. I1 6.98 5.91 3.41 4.06 3.96 

AThCh 5.60 6. 14 4. 43 3.41 3.36 3.03 

PThCh 5. 65 6. 21 4. 78 3.56 3. 16 3.25 

BThCh 5.69 6. 30 4. 76 3.61 3.57 3.54 

AThCh 5. 45 6. 19 4. 55 3.79 3.74 4. 00 

PThCh 5.40 6. 30 4. 53 3.64 3.83 3.78 

BThCh 5.46 6 . 3 4  4.60 4.00 4.00 3.84 

ACh 6.84 7.64 6.41 5.03 5.38 4.90 

BCh 6. 86 7. 56 6. 30 - 5.44 - 

ACh 4.98 8. 12 3.20 3.42 4.20 4.33 

ACh 7.18 6.57 3.68 3.42 3.58 3.52 

Note: ACh--acetylcholine chloride, BCh--butyrylcholine 

Ratio Ofkll values 

I i t l i i  I I l /V  

6O 3 

50 2 

6O 3 

35 140 

30 85 

45 80 

35 75 

25 100 

15 70 

50 10 

30 40 

30 15 

45 7 

60 5 

55 4 

15 10 

20 7 

10 5 0.1 

10 3 1 

iodide, AChE--acetylcholinesterase, BuChE--butyrylcholinesterase. 

For analysis of inhibitor specificity of the stud- 
ied ChE preparations (Table 3), the OPI differing 
in their structure were tested: the effective phos- 
phorylating agent diisopropylfluorophosphate (I), 
the cation-containing OPI (II), and a group of 
hydrophobic OPI ( I I I -VI) .  The intergenus and 
interspecies differences were revealed in sensitivi- 
ty of ChE to some of  the studied OPI. Thus, 
reaction capability of the G. borealis ChE to most 
OPI was several orders lower, than of other ChE. 
It is for the first time that ChE of squids show 
such a low sensitivity to the OPI that are as effi- 
cient as diisopropylfluorophosphate ( I ) a n d  cat- 
ion-containing II. ,among the mollusc enzymes, 
this is rather similarity perhaps with ChE from 
hemolymph of the Pacific mussel [14]. The de- 

gree of inhibition by specific OPI ( I - l l I )  (see 
above) of ChE from the Berryteuthis genus was 
somewhat higher, than from the Gonatus genus. 
To analyze effects of the OPI structure, using a 
small set of  inhibitors, we compared two pairs: 
the cation-containing OPI (II) with the structur- 
ally similar hydrophobic (the influences of cat- 
ionic grouping) OPI (III) ,  as well as the OPI 
containing a ten-butyl grouping (III) with its iso- 
mer of  a normal structure (V) (the influence of 
the "neo-hexyl" structure specific of the squid ChE 
[6]). As a whole, "the effect of cationic group- 
ing" was practically identical for ChE of  the Go- 
natidae family representatives, but it was some- 
what higher than for ChE of  T. pacificus (proba- 
bly, due to the high specificity of  III to this ChE 
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[6]). As to the so-called "isomeric effect" (advan- 
tage of the "neo-hexyl" structure over the n-hex- 
yl one [6]), it was the most expressed in ChE of 
the Berryteuthis genus squids, the value of the kii 
ratio of III to V being much higher in the Go- 
natidae ChE, than in the T. pacificus ChE. The 
comparison of the squids ChE with the "standard" 
mammalian ChE has confirmed the peculiarity of 
properties of squid enzymes [4, 6]. 

Thus, the performed study of properties of ChE 
preparations from squids, representatives of three 
genes and five species of the Gonatidae family, 
which inhabit the overlapping Bering Sea areas, 
has shown homogeneity of the cholinesterase ac- 
tivity of these preparations, has revealed interge- 
nus and interspecies differences in their substrate 
and inhibitory specificity, and also has empha- 
sized a peculiarity of properties of ChE from Go- 
natidae squids in comparison with ChE from the 
Pacific squid T. pacificus, the human erythrocyte 
AchE, and the horse blood serum BuChE. There 
is a suggestion that evolution of Gonatidae pro- 
ceeds from the pelagic to benthic mode of life, 
and the studied squid species differ in the degree 
of "evolutionary changeability:" B. anonichos, G. 
kamtschaticus, and G. t/nro are considered to be 
more ancient species of this family, while B. mag- 
ister and G. borealis, younger and more change- 
able in the evolutionary aspect [3, t l ] .  The re- 
vealed interspecies differences in the substrate- 
inhibitor specificity of enzymes seem to be due to 
that "the Gonatidae are in the process of evolu- 
tion on their pathway of specialization and devel- 
opment of the life form <,the squid, a predator of 
depths,>" [3]. 
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