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SUMMARY 

I. Cholinesterase act ivi ty  in insect head extracts was investigated by disc 
electrophoresis followed by spectrophotometric  analysis. The supernat  ant  of ioo ooo × g, 
I h, revealed the presence of  four isozymes in the housefly, two in the American cock- 
roach and only one in the southern a rmy worm. 

2. The four isozymes, present in the head extract  of  houseflies, were total ly 
inhibited by IO/~M guthoxon or eserine but  were unaffected by  IO/,M p-chloromercuri-  
benzoate (PCMB) or tri-o-cresylphosphate. All four isozymes had higher act ivi ty  
with acetylthiocholine than butyrylthiocholine as substrates;  indicating they are 
isozymes of acetylcholinesterase. 

3. Centrifugation at 200 ooo X g for 4 h precipitated 66% of the acetylcholin- 
esterase originally present in the supernatant  of  IOO ooo × g for I h but  the four 
isozymes remained soluble and were est imated to have molecular weights of less than 
500 ooo. 

4. Two methods of gel staining were used to detect esterase activity,  the direct- 
coloring thiocholine method using acetylthiocholine as a substrate and the modified 
Gomori method using a-naphthylacetate .  The first proved to be effective for detecting 
cholinesterase act iv i ty ;  but  at least two of  the eserine-sensitive bands found by  the 
technique of GOMORI 2° were not cholinesterase. 

INTRODUCTION 

The term "cholinesterase" will be used as a generic term to cover both  acetyl- 
cholinesterase and butyrylcholinesterase. Cholinesterase from various sources has 
usually been treated as a single molecular form. Since the pioneering work of  MARKERT 
AND MOLLER 1 on lactate dehydrogenase isozymes, a large number  of  enzymes have 
been shown to exist in multiple molecular forms 2. A purified preparat ion of  serum 
butyrylcholinesterase was shown to have two components  tha t  were separable electro- 
phoretically, chromatographical ly  and by  ultrafiltration ~,4. These forms were inhibited 
at different rates by  organophosphates.  Recent ly  seven molecular forms were isolated 

Abbreviation : PCMB, p-chloromercuribenzoate. 
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from serum butyrylcholinesterase, and they were all interconveltible and inhibited 
by eserine 5. It  was also shown, by kinetic evidence, that  serum butyrylcholinesterase, 
as well as erythrocyte acetylcholinesterase, were each made up of more than one form ; 
varying significantly in their reaction with organophosphates 6. Three acetylcholin- 
esterase isozymes from heads of face flies, Musca antumnalis De Geer 7, three from 
the nerve cords of the cricket Acheta domesticus (L.) 8 and ten from rat retina 9 were 
also shown electrophoretically. 

The brain of the housefly was found to be rich in cholinesterase 1°, and its extract 
was used to measure the potency of organophosphate and carbamate anticholin- 
esterases. The preparations ranged from crude homogenates 1°-a2 to partially purified 
extracts~3, ~4, and the cholinesterase present was always treated as a single form. The 
present study was designed to investigate mainly the cholinesterase of the housefly 
brain and to see whether it is present as a single or multimolecular form. 

METHODS 

Extraction 
Heads of houseflies, Musca domestica L., Wilson strain, susceptible to insectic- 

ides, were harvested by the method of MOOREFIELD 15 and homogenized in a Sorvall 
Omni-Mixer (Norwalk, Conn.) as a 20% (w/v) aqueous suspension. The homogenate 
was filtered through cheesecloth and centrifuged at IOO ooo × g for 60 min at 4 °. 
The supernatant fraction was stored frozen at --18 ° and used over months without 
loss of activity. 

Electrophoresis 
Polyacrylamide gel electrophoresis was carried out in the analytical model, 

Canalco (Rockville, Md.), using 7% separating gel and a Tris-glycine buffer (pH 8.3). 
The formation of a sample gel was bypassed and the sample, instead, layered on top 
of a 4% spacer gel TM. Electrophoresis was performed at 4 ° and 2.5 mA per column. 

Enzyme assay 
The gel column was frozen onto the stage of a tissue slicer and sectioned o.5-mm 

sections. The enzyme activity in each section was measured by the method of ELL- 
MAN 17 as described previously TM. A minimum of three runs were performed, each con- 
sisting of six gel columns, two of which were randomly selected for sectioning and 
further testing. 

Staining 
The direct-coloring thiocholine method for cholinesterase 19, which utilizes 

acetylthiocholine as a substrate, was used to localize enzyme activity in the gel. Also 
employed was the GOMORI 2° method, modified by TRIPATHI AND DIXON 21, for de- 
termining esterase activity using a-naphthylacetate as a substrate in the gel. The gels 
were incubated for 1.5 h at room temperature with continuous shaking for choline- 
sterase and IO rain for esterase activity. Amido black in 7% acetic acid was used to 
stain proteins. A minimum of ten replicates were made for each test. 
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TABLE I 

C H O L I N E S T E R A S E  A C T I V I T Y  O F  T H E  E X T R A C T S  O F  H O U S E F L Y  H E A D S  

M. E. ELDEFRAWI eg al. 

Fraction t~moles acetyl6holine % 
hydrolyzed/min per ml A ctivity 

Total homogenate  o.o74 ioo 
Superna tan t  of ioo ooo x g, 60 min .025 34 
Superna tan t  of 2o0 ooo x g, 240 min .OlO 13. 5 

RESULTS 

Cholinesterase activity in extracts of housefly brain was assayed spectrophoto- 
metrically and compared with those in similar extracts of the American cockroach, 
Periplaneta americana (L.), and the southern army worm, Prodenia eridania (Cramer). 
Whereas the head extract of the housefly contained four electrophoretically separable 
peaks of activity, the American cockroach showed two and the army worm only one 
(Fig. i). Extracts from the three species also showed a peak of strong cholinesterase 
activity that remained on top of the spacer gel, presumably due to particles which 
were too large to penetrate the gel. These peaks do not appear in Fig. I, which shows 
only the separating portion of the gel column. To separate the soluble and particulate 
fractions present in the housefly head supernatant of ioo ooo x g for I h, the latter 
was centrifuged at 200 ooo x g for 4 h. The resultant supernatant, expected to retain 
molecules with molecular weights below 500 ooo (S value below I3.5), contained 

o /  40/o of the cholinesterase activity as measured by a pH-stat (Table I). Assayed 
electrophoretically, no activity appeared at the origin, and all activity was in the 
same four peaks in the gel, indicating that the cholinesterase forms were all relatively 
small molecules. 

To characterize the esterases present in the housefly head supernatant of ioo ooo 
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Fig. i. Spectrophotometr ic  assay of cholinesterase activity in sectioned gel columns containing 
the electrophoresed superna tan t s  of ioo ooo x g, z h, of head extracts  of three insect species. 
0 - - - 0 ,  Musca; X - - X ,  Periplaneta;  O - - -O ,  Prodenia. 

Fig. 2. The effect of various esterase inhibitors on the act ivi ty of the acetylcholinesterase isozymes 
of  the housefly brain. O---Q, no inhibitor;  O - - O ,  tr i-o-cresylphosphate;  X - - X ,  PCMB; 
0 - - - 0 ,  gu thoxon;  x - - x ,  eserine. 
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× g for I h, the effect of several inhibitors was studied by preincubating each gel 
section for 15 rain in a final concentration of IO #M solution of the inhibitor before 
transferring it to the substrate solution. As shown in Fig. 2, guthoxon and eserine, 
both inhibitors of butyrylcholinesterase (EC 3.1.1.8)  and acetylcholinesterase (EC 
3.1.1.7), totally inhibited the four peaks, On the other hand, PCMB, an inhibitor of 
arylesterase (EC 3.1.1.2), and tri-o-cresylphosphate, an inhibitor of aliphatic or 
carboxyesterase 2z,2~ (EC 3.1.1.I), had no effect. This indicated that  all four forms were 
cholinesterases. Their activity was tested on different substrates: acetylthiocholine, 
on which acetylcholinesterase is more active, and butyrylthiocholine, on which 
butyrylcholinesterase is more active. All four enzyme forms acted as acetylcholin- 
esterases in that  they showed higher activity with acetylthiocholine than butyryl-  
thiocholine (Fig. 3). Additional evidence was obtained by  use of iso-OMPA at o.i mM ; 
this concentration inhibits butyrylcholinesterase but  not acetylcholinesterase~*, 2s 
(confirmed experimentally by  the pH-s ta t  method for horse serum butyrylcholin- 
esterase and erythrocyte acetylcholinesterase). None of the four housefly enzyme 
forms was inhibited. 

I t  was of interest to localize the cholinesterase enzymatic activity in the gel 
with an alternative technique, namely, direct staining of the gel (without slicing) by 
the two methods mentioned above. Using acetylthiocholine as a substrate, zymograms 
of the extract  of the housefly head showed the same four peaks previously found by  
the spectrophotometric assay, and the four inhibitors had the same effects (Fig. 4). 
However, when a-naphthylacetate was used as a substrate, seven zones with esterase 
act ivi ty appeared in the gel. PCMB and tri-o-cresylphosphate had no effect on any 
of these esterases, but guthoxon inhibited five and eserine three of the latter. 

When a gel column was split longitudinally, and half was stained using acetyl- 
thiocholine as a substrate and the other using a-naphthylacetate,  and then the two 
halves matched, it was shown that  the zones with esteratic activity were not quite 

0.15 

QIO 

A 

0.(~ 

I I I 
6 12 18 

MIGRATION DISTANCE (ram) 

[ - - 1  ~o~u~tr=e I 

i - - - - - - 1  ~u,,,o×o~ I HF4 

I I Eserine [~ H~]~ 

H H H ~] I PcM,::, H HNHH II 

[~ ~1 H I~ I TOCP H H HHHH I 

H H B B [ control H H HilHH | 
1 2 3 4 1 234567 

illH Hllll I 
Protein staining 
Amido black, 

Fig. 3- The act ivi ty of the acetyleholinesterase isozymes of the housefly brain on two substra tes ,  
acetylthiocholine ( H )  and butyryl thiochol ine ( × - -  × ). 

Fig. 4. The eleetrophoretic pa t t e rn  of esterase act ivi ty in the housefly brain extract  and the 
effect of four inhibitors. Zymograms  on the left are developed with the thiocholine method 
(acetylthiocholine as a substrate)  and on the r ight  with the modified GOMOR120 method (a-naphthyl-  
acetate as a substrate) .  Gel at  bo t tom is stained wi th  amido black to show protein pat tern.  
TOCP = tri-o-eresylphosphate.  
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superimposed. Staining another gel column with amido black resulted in the ap- 
pearance of several closely packed proteins. Each stained zone of esteratic activity, 
shown by acetylthiocholine or a-naphthylacetate,  usually covered an area occupied by 
more than a single protein (Fig. 4). 

DISCUSSION 

According to MARIZERT 26, "once the accepted criteria for defining a collection 
of molecules as an enzyme have been successfully applied, and if these molecules can 
be separated into distinguishable types by any means (electrophoretic, chromato- 
graphic, solubility, immunochemical.. ,  etc.), then these separate types represent 
isozymic forms". The evidence presented above (Figs. 2 and 4) suggests the presence 
of four cholinesterase isozymes in the brain extract of the housefly. The effect of 
inhibitors and the higher activity shown by the four forms towards aeetylthiocholine 
compared to butyrylthiocholine (Fig. 3) are evidence that  they are in fact acetyl- 
cholinesterases. This agrees with earlier reports that  the fly head cholinesterase is 
similar to the acetylcholinesterase of mammals1°, 2~ and that  it is doubtful that  a 
butyrylcholinesterase is present in the housefly. Acetylcholinesterase polymorphism 
has been observed in other insects. Using the thiocholine staining methed on gel 
columns and the effect of eserine and organophosphate inhibitors, three acetyl- 
cholinesterase zones were resolved electrophoretically from the face fly~ and three 
from the cricket Acheta domesticus 8. 

Comparing the isozymes present in the brain extracts of the three insect species 
tested (Fig. I), it appears that  there are specific differences either in the nature of the 
isozymes or in the manner the brain tissues lent themselves to the extraction proce- 
dures. 

I t  was suggested earlier that  cholinesterase, present in homogenates of housefly 
heads, was distributed between a soluble and a particulate fraction2S; the soluble 
fractions referred to in these studies were the supernatants of 26 ooo × g and 50 ooo × g. 
The present study showed that  even the supernatant of ioo ooo × g contained 66% 
of its activity in a particulate form, which sedimented upon further eentrifugation 
(Table I) and failed to penetrate the gel upon eleetrophoresis. This agrees with recently 
published data, whereby 73 % of the cholinesterase of the aqueous extract of housefly 
heads was retained in the Io 5 ooo × g for I h supernatant ~. The aeetylcholinesterase 
of rat  brain 3° and of the electric eel 3~ were also found to occur in soluble and particulate 
forms. The existence of two forms may be due to the fact that  acetyleholinesterase 
tends to form reversible aggregates in solution and distributes itself between them 
and the soluble fraction in proportions dependent upon the ionic strength and pH of 
the fluid. 

The four isozymes of the housefly brain were present in the supernatant of 
200 ooo × g of 4 h and therefore had a molecular weight of less than 500 ooo, assuming 
that  the particles were perfect spheres. An earlier determination of the molecular 
weight of a partially purified housefly cholinesterase was on the order of 3" lO6-4 . lO6 
(ref. 13). That  figure represents a value closer to the weight of the larger aggregates. 
A later determination of the soluble form was approx. 16o ooo (ref. 32). The molecular 
weight of acetylcholinesterase extracted and purified from the electric eel Electro- 
phorus was calculated to be 260 ooo (ref. 33). I t  was also found that  the latter enzyme 

Biochim. Biophys. Acta, 212 (197 o) 3o8-314 



A C E T Y L C H O L I N E S T E R A S E  ISOZYMES 313 

was made of four equal weight subunits, and two subunits were necessary to form a 
monomer with a single catalytic site; but the enzyme was present naturally in the 
dimer form 3~. The enzyme tended to form reversible aggregates in solution ~1. These 
findings raise the possibility tha t  what is seen as isozymes in the present study may  
be nothing more than variable size aggregates of a single moleculai form, separated 
by the sieving action of the gel. There is also the remote possibility that  there exists 
in vivo only a single molecular form, which is acted upon by a proteinase present in 
the extract  ; but this is unlikely in view of the fact that  all manipulations took place 
at 4 ° . To answer these questions, one should separate in pure form each of the proteins 
and determine their molecular weights, interconvertabili ty in the presence of protein 
unfolding agents and substrate and inhibitor interactions. Such a goal is presently 
being pursued starting with their separation by  preparative electrophoresis. This has 
been partially achieved for serum butyrylcholinesterase, whose seven multimolecular 
forms, separated electrophoretically, were found to be interconvertible either by con- 
centration or by  storage for 3 days at IO ° (ref. 5). 

The a-naphthylacetate method of GOMORI 2° has been used for measuring acetyl- 
cholinesterase in gels, on the assumption that  the eserine-sensitive esterases were chol- 
inesterasesl~,13, 35-3~. However, Fig. 4 shows that  there are only three eserine-sensitive 
bands (No. 5, 6 and 7) revealed by a-naphthylacetate,  whereas the acetylthiocholine 
stain reveals four, of which No. I,  2, and 3 have mobilities clearly different from any 
of the a-naphthylacetate bands. The spectrophotometric method (Fig. 2) fully confirms 
the results obtained by  gel staining. Consequently, the technique of GOMORI 2° is 
unsuitable for studying cholinesterases. Bands 6 and 7 must represent eserine-sensitive 
and PCMB-insensitive esterases which are not cholinesterase. 

I t  has been shown that  isozymes of horse serum butyryleholinesterase and 
erythrocyte acetylcholinesterase varied significantly in their reaction with organo- 
phosphates3, 6. I t  is thus possible that  we would find similar differences amongst the 
four acetylcholinesterase isozymes of the housefly. An interesting question would 
then be whether selection pressure exerted by  the use of an anticholinesterase in- 
secticide would favor the dominance of the less sensitive isozymes. There is a precedent : 
cholinesterase of the Leverkusen organophosphate-resistant strain of mites, Tetra- 
nychus urticae, was found to be IOOO times less sensitive to organophosphates than that  
of the parent susceptible strain, and this contributed to its resistance 39. Once the 
housefly acetylcholinesterase isozymes are isolated and their interactions with inhi- 
bitors studied, it will be interesting to compare them in susceptible and resistant 
strains. 

ACKNOWLEDGMENTS 

We are grateful to Dr. Y. E. Chiu for performing the pH-s ta t  experiment and 
Dr. A. Toppozada Eldefrawi for her constructive criticism of the manuscript. 

Financial support is gratefully acknowledged from U.S. Public Health Grants 
GM o78o 4 and SO 4 FR o6oo2. 

R E F E R E N C E S  

I C. L. MARKERT AND F. MOLLER, Biochemistry, 45 (I959)  753. 
2 E.  S. VESSELL, Ann. N . Y .  Acad. Sci., 151 (1968) I .  

Biochim. Biophys, Acta, 212 (197 o) 3 o 8 - 3 1 4  



314 M.E. ELDEFRAWI et al. 

3 E. HEILBRONN, Biochim. Biophys. Acta, 58 (1962) 222. 
4 E. REIN1~R, W. SEUFERTH AND W. HARDEGY, Nature, 205 (1965) IIIO.  
5 R. V. LAMOTTA, R. B. McCoMB, C. R. NOLL, JR., H. J. WETSTONE AND R. F. REINFRANK, 

Arch. Biochem. Biophys., 124 (1968) 299. 
6 A. R. MAIN, J. Biol. Chem., 244 (1969) 829. 
7 C. O. KNOWLES AND S. ARURKAR, J. Kansas Entomol. Sot., 42 (1969) 39. 
8 J. S. EDWARDS AND D. GOMEZ, ].  Insect Physiol., 12 (1966) lO61. 
9 G. A. DAVIS AND B. W. AGRANOFF, Nature, 220 (1968) 277. 

IO R. L. METCALF AND R. B. MARCH, J. Econ. Entomol., 43 (195o) 67o. 
I I  L. E. CHADWICK, J. B. LOVELL AND V. E. EGNER, Biol. Bull., lO 4 (I953) 323 . 
12 K. VAN ASPEREN, J. Insect Physiol., 3 (1959) 306. 
13 W. C. DAUTERMAN, A. TALENS AND K. VAN ASPEREN, J. Insect Physiol., 8 (1962) i. 
14 K. HELLENBRAND, J. Agr. Food Chem., 15 (1967) 825. 
15 H. H. MOOREFIELD, Contrib. Boyce Thompson Inst., 18 (1957) 463 • 
16 ]3. L. DAVIS, Ann. N . Y .  Acad. Sci., 121 (1964) 404 . 
17 G. L. ELLMAN, K. D. COURTNEY, V. ANDRES AND R. M. FEATHERSTONE, Biochem. Pharmacol., 

7 (1961) 88. 
18 M. E. ELDEFRAWI, Anal. Biochem., submit ted  for publication. 
19 M. J. KARNOVSKY AND L. ROOTS, J. Histochem. Cytochem., 12 (1964) 219. 
2o G. GOMORI, J. Lab. Clin. Med., 42 (1953) 445. 
21 R. K. TRIPAXHI AND S. E. DIXON, Can. J. Zool., 46 (1968) lO13. 
22 D. STEGWEE, Nature, I84 (1959) 1253. 
23 R. D. O']3RIEN, Toxic Phosphorus Esters, Academic Press, New York, 196o, p. 254. 
24 W. N. ALDRIDGE, Bioehem. J., 53 (1953) IiO. 
25 A. N. DAVlSON, Biochem. J., 60 (1955) 339. 
26 C. L. MARKERT, Ann. N .Y .  Acad. Sci., 151 (1968) 14. 
27 L. S. WOLFE AND B. N. SMALLMAN, J. Cellular Comp. Physiol., 48 (1956) 215. 
28 B. N. SMALLMAN AND L. S. WOLFE, J. Cellular Comp. Physiol., 48 (1956) 197. 
29 J. L. KRYSAN AND L. E. CHADWICK, J. Insect Physiol., 16 (197o) 75. 
3 ° H. C. LAWLER, Biochim. Biophys. Acta, 81 (1964) 280. 
31 M. A. GRAFIUS AND D. ]3. MILLAR, Biochemistry, 6 (1967) lO34. 
32 J. L. KRYSAN AND L. E. CHADWICK, J. Insect Physiol., 12 (1966) 781. 
33 W. LEtlZlNGER AND A. L. BAKER, Proc. Natl. Acad. Sci., 57 (1967) 446. 
34 W. LEUZINGER, M. GOLDBERG AND E. CAUVIN, Mol. Biol., 4 ° (1969) 217. 
35 R. S. HOLMES AND C. J. MASTERS, Biochim. Biophys. Acta, 132 (1967) 379. 
36 R. S. HOLMES AND C. J. MASTERS, Biochim. Biophys. Aeta, 146 (1967) 38. 
37 R. S. HOLMES AND C. J. MASTERS, Biochim. Biophys. Acta, 15o (1968) 81. 
38 D. B. MENZEL, R. CRAIG AND W. M. HOSKINS, J. Insect Physiol., 9 (1963) 479. 
39 H. R. SMISSAERT, Science, 143 (1964) 129. 

Biochim. Biophys. Aeta, 212 (197 o) 3o8-314 


