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Summary 

The retention and elution of acetylcholinesterase from bovine erythrocytes 
and electric eel on N-methylacridinium affinity columns have been compared 
at various ligand concentrations. A soluble 7.7 S dimeric form of bovine 
erythrocyte acetylcholinesterase required a ligand concentration of 2.0--2.8 
#mol/ml  in 0.1 M NaC1 for retention, compared to 0.44 ~mol/ml for various 
forms of the electric eel acetylcholinesterase. The difference in the retention of  
acetylcholinesterase from these two sources could not  be explained by differ- 
ences in their oligomeric structure. The affinity of bovine erythrocyte acetyl- 
cholinesterase for N-methylacridinium was 13-fold or more lower than the 
electric eel acetylcholinesterase at similar ionic strengths. N-Methylacridinium 
appeared to react selectively with the catalytic anionic site of both enzymes. It 
was concluded that the affinity of the side arm ligand was the major determi- 
nant of the differences in the retention properties of the eel and erythrocyte 
acetylcholinesterase. The difference in affinity for N-methylacridinium proba- 
bly reflects differences in the organic cation binding region of the two enzymes. 

Introduct ion 

Affinity chromatography is one of the most widely used methods for the 
purification of  acetylcholinesterase (acetylcholine acetylhydrolase, EC 3.1.1.7) 
from a variety of sources [1--3]. Berman [1] purified bovine erythrocyte and 
electric eel acetylcholinesterase to specific activities of 2300 and 10 000 units/ 
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mg protein, respectively, with meta-(erythrocyte) and para-(eel) phenyltri- 
methylammonium affinity ligands. Subsequently, the phenyltrimethylammo- 
nium ligand was used for the purification of human erythrocyte acetylcholin- 
esterase [3--5]. More recently, lO-methyl-9-[N-fl-(6-amino-hexanoyl)-fi-amino- 
propylamino]acridine has been used extensively for the purification of eel 
[6--9] and brain [10] acetylcholinesterase, as it offered a number of advan- 
tages over the phenyltrimethylammonium ligand. Specifically, N-methyl- 
acridinium exhibits a higher affinity for acetylcholinesterase than the phenyl- 
trimethylammonium ligand at high ionic strength and allows preferential reten- 
tion of the 18 S plus 14 S forms from a mixture of these and the 11 S proteo- 
lytic derivative [9]. Reavill and Plummet [10] found N-methylacridinium to be 
more efficient than the phenyltrimethylammonium ligand for the purification 
of acetylcholinesterase from pig cerebral cortex. In the present study we have 
investigated the suitability of N-methylacridinium for the purification of 
bovine erythrocyte acetylcholinesterase from a commercial source and have 
compared the affinity chromatographic behaviour of this enzyme with the 
behaviour of a dimeric species of eel acetylcholinesterase under similar condi- 
tion. 

Methods 

The 6-aminohexan6yl derivative of N-methylacridinium was synthesized and 
coupled to Sepharose 2B as described by Webb and Clark [9], at nominal 
ligand concentrations of 0.5, 1.0, 2.0 and 2.8 #mol per ml Sepharose 2B. 

Affinity chromatography of erythrocyte acetylcholinesterase. 250 units of 
bovine erythrocyte acetylcholinesterase (Sigma Chemical Company), dissolved 
in 200 ml of 0.1 M NaC1 and 20 mM sodium phosphate, pH 7.4 (Buffer L), was 
loaded onto affinity columns (3 ml) equilibrated with Buffer L, as described 
previously [9]. Following washing of the column with 10 vol. Buffer L, 
enzyme retained by the column was eluted with 20 mM decamethonium 
bromide in Buffer L. Fractions eluted from the column were dialyzed for 16 h 
against Buffer L before assay. Acetylcholinesterase activity was assayed by 
a radiometric method in the presence of 0.1 M sodium phosphate buffer, pH 
7.4, as previously described [11]. Protein was determined both by the method 
of Lowry et al. [12] and Murphy and Kies [13]. 

Preparation and affinity chromatography of guanidine-dissociated electric eel 
acetylcholi[zesterase. Acetylcholinesterase purified from high salt extracts of 
electric organ tissue as described previously [9], and comprised of approxi- 
mately equal amounts of 18 S and 14 S acetylcholinesterase and negligible 11 S 
acetylcholinesterase, was dissociation with guanidine-HC1 to obtain acetyl- 
cholinesterase dimers and dimers plus 'tail'. Acetylcholinesterase (1 mg/ml) was 
sonicated in 2.7 M guanidine-HC1 and 1 M NaC1, 20 mM sodium phosphate (pH 
7.0) in a final volume of 1.0 ml, using a Braun sonicator at setting 40. The 
sample was sonicated in three 10-s bursts with 30-s cooling periods in between in 
an ice bath. The sample was then dialyzed for 5 h against 500 ml of the above 
buffer and diluted with 100 ml of Buffer L containing 10 mg of bovine serum 
albumin. This solution was loaded onto a 5 ml N-methylacridine affinity 
column at a ligand concentration of 0.46 #mol/ml gel. 
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Following loading and washing [9] the column was eluted with 20 mM 
decamethonium in 0.1 M NaC1, then equilibrated in 1.0 M NaC1, 20 mM 
sodium phosphate, pH 7.0 (Buffer H) and finally eluted with 20 mM deca- 
methonium in Buffer H. The guanidine-dissociated enzyme and the column 
eluates were characterized by gel permeation chromatography and sucrose 
gradient sedimentation as described previously [9]. In some characterizations 
of  the guanidine-dissociated enzyme active-site-radiolabelled acetylcholin- 
esterase, prepared as previously described [14],  was used to facilitate the detec- 
tion of  small quantities of  enzyme. 

Kinetic studies. Inhibition of  acetylcholinesterase by N-methylacridinium 
was determined using acetylthiocholine substrate, by the method of Ellman et 
al. [15]. The assay conditions were similar to those described by Wermuth and 
Brodbeck [16].  The reaction was started by the addition of  various concentra- 
tions of acetylthiocholine to a mixture containing (in a final concentration) 
5,5'-dithiobis(2-nitrobenzoic) acid (0.125 mM), bovine serum albumin (0.01%) 
and acetylcholinesterase (0.62 units/3 ml) in 25 mM sodium phosphate, pH 
7.4. The initial velocity was determined during the first 1--2 min from a 
recording of  the change in absorption at 412 nm with time. 

The effect  of calcium on N-methylacridinium inhibition was determined by 
the pH-stat method at 25°C (Radiometer).  N-Methylacridinium-purified bovine 
erythrocyte  acetylcholinesterase (0.5 units) was incubated with N-methyl- 
acridinium at the required concentration for 5 min in the absence or in the 
presence of  0.1 mM CaC12. The reaction was started by the addition of 0.4 mM 
acetylcholine. Experiments were done in the absence of  added ion or in the 
presence of  40 mM NaC1. 

Materials. N-Methylacridinium was synthesized and purified as described by 
Mooser et al. [17].  [1-14C]Acetylcholine iodide (1--5 Ci/mol) was from New 
England Nuclear. Acetylcholine perchlorate was from British Drug Houses. 
Acetylthiocholine iodide, 5,5'-dithiobis(2-nitrobenzoic acid), decamethonium 
bromide, acridine and iodomethane were purchased from Sigma. All inorganic 
salts were of  analytical reagent grade. 

Resul ts  

Affinity chromatography of bovine erythrocyte acetylcholinesterase 
The relative amounts of bovine erythrocyte  acetylcholinesterase retained and 

eluted on N-methylacridinium-affinity columns are shown in Fig. 1. As the 
ligand concentration was increased from 0.5 to 2.8 #mol/ml gel, more of the 
enzyme activity was retained during the loading and buffer-wash steps. Whereas 
very little enzyme activity was retained at ligand concentrations of 0.5 and 1.0 
/~mol/ml, the enzyme was retained at ligand concentrations of 2 and 2.8 tzmol/ 
ml, and was eluted with 20 mM decamethonium. A single affinity purification 
of  the bovine erythrocyte  acetylcholinesterase at a ligand concentration of 2.8 
pmol/ml of gel yielded preparations with a specific activity of 60 pmol /mg per 
min; this was increased to 420 tzmol/mg per min after a second passage through 
the column. 

Composition of guanidine-dissociated electric eel acetylcholinesterase 
Sonication of  18 S plus 14 S eel acetylcholinesterase in the presence of  
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2.7 M guanidine hydrochloride,  followed by brief dialysis, completely altered 
the sucrose gradient profile, as shown in Fig. 2. The 18 S form of the enzyme 
was greatly reduced while a considerable proportion of the total enzyme 
sedimented more slowly than the tetrameric 11 S form. Gel permeation 
chromatography carried out  on the fractions designated I and II in Fig. 2 eluted 
in the same volume as previously reported for the tail-containing forms of eel 
acetylcholinesterase [14]. The fractions labelled III showed approximately 
equal amounts of  11 S and taft-containing acetylcholinesterase forms, while the 
fractions designated IV eluted after the tetrameric 11 S form on the gel column 
(data not  shown). These data are consistent with the conclusion that  the 
species arising from sonication of  18 S plus 14 S acetylcholinesterase in the 
presence of guanidine hydrochloride is the 8 S dimeric form of the eel enzyme 
previously described in a catalytically inactive or degraded state [18]. 

Affinity chromatography of guanidine-dissociation electric eel acetylcholin- 
esterase 

At low ionic strength (Buffer L), all forms of acetylcholinesterase generated 
by sonication of  18 S and 14 S eel acetylcholinesterase were retained on the 
affinity column. The column elution profile is shown in Fig. 3; three peaks of 
acetylcholinesterase activity were generated by the three solutions used (A--C). 
The composition of the three peaks was analyzed on sucrose gradients (results 
not  shown). Tetrameric (11 S) and dimeric (8 S) forms of acetylcholinesterase 
co-eluted from the affinity resin in the presence of decamethonium at low ionic 
strength, while larger forms were released only at high ionic strength. 
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Fig. 1. Af f in i ty  c h r o m a t o g r a p h y  of  bov ine  e r y t h r o c y t e  ace ty lchoHnes te rase  on  N - m e t h y l a c r i d i n i u m -  
Sepharose  2 B  c o l u m n s  at  var ious  l igand concen t r a t i ons .  Th e  c o l u m n s  were  l oaded  as descr ibed  in 
Methods .  A t  the  first a r r o w  m a r k e d  'Buf fe r ' ,  Buf fe r  L was  appl ied  to  the  c o l u m n s  to  r e m o v e  u n b o u n d  
ace ty lcho l ines te rase  and  nonspec i f ica l iy  a d s o r b e d  p r o t e i n s .  At  the  a r ro w  m a r k e d  'Deca ' ,  20 m M  d e c a -  
m e t h o n i u m  was appl ied.  F rac t ions  (1.4 ml )  w e r e  a d d a y e d  f o r  a c e t y l c h o l i n e s t e r a s e  act iv i ty  by  t h e  radio-  
m e t r i c  assay.  T he  l igand c o n c e n t r a t i o n s  were  0 .49  /zmol /ml  (e) ;  0 .99  ~tmol/ml (v ) ;  1 .97 ~umo]/ml (e) ;  
a n d  2.8 ~tmol /ml  (a) .  ACHE, ace ty lcho l ines te rase .  
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Fig. 2. Sucrose  g rad ien t  s e d i m e n t a t i o n  profi le  of  guanidine  h y d r o c h l o r i d e  son ica ted  eel aee ty lcbol in-  
esterase.  Fresh  a f f in i ty  c h r o m a t o g r a p h y - p u r i f i e d  and  act ive-s i te-radiolabel led [14 ]  18 S plus  14 S eel 
ace ty lcho l ines te rase  was son ica ted  in the  p resence  of  guanidine  h y d r o c h l o r i d e  as descr ibed u n d e r  Methods  
(e o). Also s h o w n  are prof i les  ob t a ined  for  in tac t  18 S plus 14 S ace ty lcho l ines te rase  ( ), an d  
for  t ryps in-d iges ted  11 S ace ty lcho l ines te rase  ( . . . . . .  ), cen t r i fuged  s imu l t aneous ly  in separa te  sucrose  
gradients .  T he  f rac t ions  des igna ted  I, II ,  I l l  and  IV  were  sub jec ted  to  gel p e r m e a t i o n  c h r o m a t o g r a p h y  as 
discussed in the  t ex t  (f igures no t  shown) .  S e d i m e n t a t i o n  was f r o m  r ight  to lef t  and  ace ty lcho l ines te rase  
c o n c e n t r a t i o n  is n o r m a l i z e d  to the  s ame  m a x i m u m  value  for  all profiles.  

Kinetics o f  N-methylacridinium inhibition o f  bovine erythrocyte acetylcholin- 
esterase 

To investigate the nature of  the interaction between N-methylacridinium and 
bovine erythrocyte  acetylcholinesterase, the kinetics of  inhibition was studied. 
Lineweaver-Burk plots show that both Km(app) and V were altered by 
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Fig. 3. Aff in i ty  c h r o m a t o g r a p h y  e lu t ion  profi le  of  son iea ted  guanidine-dissocia ted  ace ty lcho l ines te rase  
f r o m  electric eel. A 5 ml  be d  v o l u m e  af f in i ty  ~o lumn con ta in ing  N - m e t h y l a c r i d i n i u m  l igand a t  0 .46  # too l /  
ml  was loaded  wi th  guanidine  HCl-dissociated eel ace ty lcho l ines te rase  in 0.1 M NaCl. Th e  d o t t e d  line 
indica tes  the  ace ty lcho l ines te rase  ac t iv i ty  of  the  so lu t ion  appl ied  to  the  co lumn .  Af t e r  loading was com-  
ple te ,  the  c o l u m n  was  washed  wi th  20 vol. Buf fe r  L and e lu t ion  was car r ied  ou t  wi th  2 vol. 20 mM deca- 
m e t h o n i u m  (Deca)  in the  s ame  buf fe r ,  fo l lowed  by  2 vol. Buf fe r  L (peak  A). The  c o l u m n  was t h e n  
equi l ibra ted  wi th  4 vol.  Buf fe r  H (peak  B) a nd  t h e n  e lu ted  wi th  20 m M  d e c a m e t h o n i u m  in this  bu f f e r  
(peak  C). All ope ra t ions  were  d o n e  a t  4°C.  The  f rac t ion  size was  a b o u t  2 ml  and  the  f low ra te  t h r o u g h o u t  
was 2 ml /h .  ACHE, ace ty lchol ines te rase .  
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N-methylacridinium (Fig. 4), indicating mixed (competitive/uncompetitive) 
inhibition. Replots of the slopes and 1/v-intercepts against N-methylacridinium 
concentration [16] yielded a K i value of 0.1 /~M for the competitive 
component  and a K~ value of 2.0 ttM for the uncompetitive component  (results 
not  shown). 

The effect of Ca 2÷ on the inhibition of bovine erythrocyte acetylcholinester- 
ase by N-methylacridinium in the absence of other added ions was also 
examined. CaC12 (0.1 mM) shifted the inhibition curve (v/vo) to higher 
N-methylacridinium concentrations, indicating that CaC12 antagonized the 
inhibition of the enzyme by N-methylacridinium (results not  shown). CaC12 
(0.1 mM) shifted the apparent K i for N-methylacridinium inhibition from 0.1 
pM (compared to 0.016 pM in similar ionic conditions for eel acetylcholin- 
esterase [17]) to 0.22 ttM (results not  shown). The antagonism by CaC12 was 
abolished in the presence of 40 mM NaC1 (results not  shown). 
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Fig. 4. N-Methylacridinium inhibi t ion of bovine erythrocyte  acetylcholinesterase.  Acetyl th iochol ine  
(AcSh) was assayed by the colorimetric method  [14].  The N-Methylacridinium concentra t ion was zero 
(v), 1.15/.tM (o), 1.84 ~uM (@), 2.76 ~M (0) and 3.58 ~zM (m). 
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Discussion 

The present s tudy shows that acetylcholinesterase derived from bovine 
erythrocytes and electric eel exhibit different retention and elution behaviour 
on N-methylacridinium-Sepharose 2B affinity columns. A high salt extract of 
eel acetylcholinesterase is optimally retained by the affinity column at a ligand 
concentration of 0.44--0.98 t~mol/ml [9]. By contrast, the erythrocyte  enzyme 
was not  retained at these ligand concentrations, even at a salt concentration 
1/10 that used for purification of  the eel enzyme. Retention of  the bovine 
erythrocyte  enzyme occurred at a ligand concentration of 2.0--2.8 t~mol/ml. 
Under these conditions the eel enzyme is very tightly retained, and is eluted 
in only poor  or zero yield by decamethonium [9]. 

A number of  possible reasons for the differential behaviour of  the enzyme 
from these two sources were considiered. In particular, the differential 
behaviour could be due to differences in their structure, in their affinity for the 
N-methylacridinium ligand or in their mode of  interaction with the ligand. 

(a) Effect of structure 
Since it was shown previously that differences in affinity chromatographic 

retention of  various molecular forms of eel acetylcholinesterase was due to 
simultaneous interaction of  more than one ligand with the larger oligomeric 
molecular forms, we have now compared the retention of the dimers of bovine 
erythrocyte  and eel acetylcholinesterase. Sonication of 18 S plus 14 S forms of  
eel acetylcholinesterase in the presence of guanidine hydrochloride generates a 
catalytically active dimeric form of acetylcholinesterase with a sedimentation 
coefficient of approx. 8 S, which elutes after the 11 S form on a Sepharose 4B 
column. In the present s tudy it has been shown that both the 8 S and 11 S 
forms from the guanidine-treated eel acetylcholinesterase were retained at a 
ligand concentration of 0.46/xmol/ml at a low salt concentration (0.1 M NaC1). 
Under similar ionic strength conditions, the bovine erythrocyte  acetylcholin- 
esterase, which is a dimer of  sedimentation coefficient 7.7 S [19],  was not  
retained, suggesting that the difference in behaviour of the two enzymes cannot  
be readily explained on a structural basis. 

(b) Affinity for ligand 
The inhibition constant,  K i, for the competitive component  of N-methyl- 

acridinium inhibition of  bovine erythrocyte  acetylcholinesterase (1.0 pM) is 
13-fold [20] or more [21] higher than for eel acetylcholinesterase at a similar 
ionic strength. A 10-fold decrease in binding affinity of the aminohexanoyl 
derivative of phenyl t r imethylammonium with increasing ionic strength correlates 
with the marked dependence of  acetylcholinesterase retention on ionic strength 
in affinity columns containing this ligand [22--24,9].  The difference in 
N-methylacridinium binding affinity between the eel and erythrocyte  enzymes 
is entirely adequate, therefore, to account  for the observed differences in 
affinity chromatographic behaviour between the two enzymes on N-methyl- 
acridinium affinity columns. 

(c) Site of inhibition 
The mixed competi t ive/uncompeti t ive inhibition of  bovine erythrocyte  
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acetylcholinesterase by N-methylacridihium was also found in the inhibition of 
the electric eel enzyme [20], suggesting that  the ligand reacts with both 
enzymes at similar sites. The uncompetit ive component  has been attr ibuted to 
binding of N-methylacridinium to the acetylated-enzyme intermediate of 
acetylcholinesterase [20]. Alternatively, mixed inhibition could occur as a 
result of  binding of  N-methylacridinium to the peripheral anionic site on 
acetylcholinesterase (Ref. 25 and  Roufogalis, B.D., unpublished observations). 
In a previous paper [25] it was shown that  the influence of Ca :+ on the inhibi- 
tion is diagnostic of  the relative affinity of a ligand for the catalytic and 
peripheral anionic sites. Low Ca :+ concentrations enhance the inhibition of the 
enzyme when the ligand-affinity for the peripheral site is high, while Ca 2÷ 
antagonizes the inhibition when the peripheral site-affinity is low [25]. The 
antagonism by Ca :÷ at low ionic strength, and the loss of antagonism in 40 mM 
NaC1 in the present results, suggest that  N-methylacridinium inhibits bovine 
ery throcyte  acetylcholinesterase by binding predominantly at the catalytic 
anionic site. Linear slope replot of  the Lineweaver-Burk plots and linear Dixon 
plots [26] obtained in this study support this conclusion. Although a similar 
kinetic s tudy was not  made with eel acetylcholinesterase, fluorescent measure- 
ments show that  N-methylacridinium also binds selectively to the catalytic 
anionic site on this enzyme [20,21]. Thus the different behaviour of the 
ery throcyte  and eel acetylcholinesterase on N-methylacridinium affinity 

J 

columns canot  be accounted for by a different site of interaction of the ligand 
on the side-arm with the two enzymes. 

In summary,  it appears that the lower retention of bovine erythrocyte  
acetylcholinesterase on N-methylacridinium-affinity columns is adequately 
explained by a 13-fold or more lower affinity of this enzyme, compared to the 
eel enzyme, for the side-arm ligand in the chromatographic conditions. The 
lower affinity of N-methylacridinium for bovine erythrocyte  acetylcholinester- 
ase also limits the usefulness of N-methylacridinium as a fluorescent probe for 
this enzyme (Sekar and Roufogalis, unpublished observation), while it has been 
used successfully with the eel enzyme [20,21]. Kinetic differences between the 
acetylcholinesterases of  other tissues have also been reported [27]. The results 
obtained could be explained if the hydrophobic region surrounding the anionic 
site of  eel acetylcholinesterase, thought  to be a t ryptophan moiety which 
avidly binds organic cations [28], is either lacking or is in a different spatial 
arrangement with respect to the anionic site in the bovine erythrocyte  enzyme. 
This possibility is consistent with the different amino acid composition of 
acetylcholinesterase from these two sources [1]. Paradoxically, while bovine 
ery throcyte  acetylcholinesterase appears to be an integral membrane protein 
[30,19], eel acetylcholinesterase is peripherally associated with the post- 
synaptic membrane [30], and does not  have extensive hydrophobic areas on its 
surface [32]. The effect  of  environment and the contribution of cardiolipin 
tightly associated with the ery throcyte  enzyme [19,32] on the kinetic proper- 
ties remain to be determined. 
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