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Separation and Characterization of Heterodera glycines 
Acetylcholinesterase Molecular Forms 1 

S. C H A N G  AND C .  H .  O P P E R M A N  2 

Abstract: T h e  compos i t ion  and  biochemical  p roper t ies  o f  acetylcholinesterases isolated f r o m  Hete- 
rodera glycines were de t e rmined .  Heterodera glycines conta ins  th ree  separable  A C h E  molecu la r  f o r m s  
tha t  can  be  g r o u p e d  into two classes c o r r e s p o n d i n g  to classes A and  C f o u n d  in some  o the r  n e m a t o d e  
species. T h e  a p p a r e n t  lack o f  class B AC hE  is u n u s u a l  and  may  have  signif icant  behavioral  ramifi-  
cations. T h e  class C enzyme  isolated f r o m  H. gl~cines is similar to tha t  f r o m  Meloidogyne arenaria a n d  
M. incognita bu t  is somewha t  m o r e  sensitive to A C h E  inhibitors such  as eserine.  Heterodera glycines 
possesses  a l a rger  pe rcen tage  o f  its total acetylcholinesterase as class C t han  o the r  n e m a t o d e s  thus  far  
e x a m i n e d .  

Key worda: acetylcholinesterase,  carbamate ,  enzyme,  Heterodera glycines, nemat ic ide ,  nema tode ,  or- 
g a n o p h o s p h a t e ,  soybean  cyst nema t ode .  

Multiple molecular  forms of  acetyl- 
chol ines terase  (ACHE) have been de- 
scribed from a number of  animal species, 
including the nematodes Ascaris lumbri- 
coides, Caenorhabditis elegans, Meloidogyne 
arenaria, M. incognita, and PanagreUus redi- 
vivus (3,6,7,9,10). Biochemical character- 
ization of  ACHE, however, has been re- 
ported for only C. elegans, M. arenaria, and 
M. incognita (3,7,8). In these species, AChE 
molecular forms can be grouped into three 
discrete classes based on biochemical prop- 
erties, including substrate affinity, inhibi- 
tor sensitivity, detergent sensitivity, and 
thermolability (3,7). In C. elegans, these 
AChE classes are controlled (and probably 
encoded) by three unlinked genes (7). Mu- 
tational analysis has demonstrated that loss 
of  any one or two classes is not lethal, and 
the remaining forms are able to compen- 
sate, at least partially, for the missing 
AChE (7). Therefore,  it is believed that the 
nematode AChE forms have overlapping 
functions. 

Of  particular interest in the character- 
ization of  nematode AChE has been the 
identification of  the class C form. This en- 
zyme possesses a constellation of biochem- 
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ical properties that are unique among 
known ACHE, both vertebrate and inver- 
tebrate. Class C AChE has a remarkably 
high affinity for the native substrate acetyl- 
choline as it exhibits a K m in the range of  
10 nM (3,8). Additionally, class C AChE is 
relatively insensitive to carbamate and or- 
ganophosphate  AChE inhibitors when 
compared to other nematode AChE classes 
or to vertebrate AChEs (3,8). The func- 
tional significance of class C is not known, 
nor have many cellular localization exper- 
iments been performed.  Class C AChE 
probably does occur in or near the CAN 
cells in C. elegans, a pair of neurons associ- 
ated with the excretory canals (7). In con- 
trast, classes A and B occur primarily at the 
neuromuscular junctions in the dorsal and 
ventral cords (6,7). Mutants that lack class 
C, however, are viable and behave like wild 
type nematodes (7). Strains that lack both 
classes A and B are uncoordinated, though 
developmentally normal, indicating that 
class C is unable to compensate completely 
for the loss of the other classes (8). Specific 
functions for any nematode AChE class 
have yet to be assigned. 

Plant-parasitic nematode response to 
carbamate and organophosphate nemati- 
cides is likely related to the distribution 
and relative abundance of AChE molecu- 
lar forms. Besides the classic symptom of 
paralysis on exposure to AChE inhibitors, 
plant-parasitic nematodes exhibit an array 
of sublethal behavioral abnormalities at 
subparalytic dosages (11,14). Inhibition of  
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only the most sensitive AChE forms and 
incomplete compensation by the uninhib- 
ited or partially inhibited forms may cause 
these behavioral  abnormalit ies.  Nema- 
todes may recover from exposure to car- 
bamate and organophosphate nematicides 
(2,4,12,14). In some cases, r ecovered  
nematodes still had approximately 90% of 
their AChE activity inhibited, even though 
they appeared to move and behave nor- 
mally (12). These phenomena are presum- 
ably related to relative sensitivity and rates 
of  inactivation or reactivation of  the vari- 
ous nematode AChE classes. 

The soybean cyst nematode, Heterodera 
glycines Ichinohe, is an important economic 
pest of  soybeans in the United States and 
o ther  soybean-growing  regions of  the 
world. In general, carbamate and organo- 
phosphate nematicides are not economi- 
cally viable control measures for H. gly- 
cines, and many growers rely on strategies 
involving resistant soybean cultivars. In 
vivo bioassays have suggested that H. gly- 
cines is less sensitive than Meloidogyne to 
carbamate and organophosphate nemato- 
cides (5), and examination of  crude nema- 
tode AChE response to these compounds 
supports this finding (11). These results 
may be related to the composition of  H. 
glycines AChE molecular forms and to dif- 
ferential compensation rates on exposure 
to various nematicide concentrations. In 
this study, we report  the separation and 
characterization of  H. glycines AChEs and 
demons t ra te  substantial  d i f ferences  in 
composition and inhibitor sensitivity be- 
tween these forms and those in M. arenaria 
and M. incognita. 

MATERIALS AND METHODS 

Nematode culture: Heterodera glycines race 
1 (Wilmington, NC) was increased on soy- 
bean (Glycine max (L.) Merrill cv. Lee 68) in 
the greenhouse,  and second-stage juve- 
niles (]2) were prepared as previously de- 
scribed (11). The nematodes were pelleted 
by centrifugation (718g, 5 minutes), resus- 
pended in 1-2 volumes of 50 mM Tris- 

HCI (pH 7.5), and stored frozen at - 8 0  C 
until used. 

Acetylcholinesterase preparation: Nematode 
acetylcholinesterases were prepared and 
assayed as previously described (3,11). To 
extract nematode ACHE, 0.6 ml of  packed 
J2 in approximately 4 ml of  50 mM Tris- 
HC1 (pH 7.5) were added dropwise to liq- 
uid nitrogen and pulverized twice. Ex- 
tracts were centrifuged (l l0,000g) for 1 
hour at 4 C in a Beckman Type 70.1 rotor 
and the supernatants were saved (3). The  
pellet was re-extracted with Tris buffer  
and centr i fuged,  and the supernatants  
were pooled to yield the buffer-soluble 
fraction. The pellet was further extracted 
twice more with Triton X-100 to yield the 
detergent-soluble fraction. Protein in each 
fraction was determined by the Bradford 
method with bovine serum albumin (BSA) 
as a standard (1). 

Preparative sucrose gradient centrifugation: 
Nematode AChE forms were separated 
from buffer-soluble and detergent-soluble 
supernatants on 5-20% linear sucrose gra- 
dients  with a Renogra f in -76  cush ion  
(Squibb Diagnostics, New Brunswick, N J), 
as previously described (3). Gradients were 
centrifuged (90,000g) in a Beckman SW28 
rotor for 40 hours at 4 C. Approximately 
1-ml fractions were collected, and 50 p~l 
was assayed with 1 txM [3H]acetylcholine 
chloride (1.68 Ci/mM, TRA-277, Amer- 
sham, Arlington Heights, IL) or [SH]ace- 
tylcholine iodide (73.7 mCi/mM, NET- 
113, DuPont NEN, Boston, MA) in a total 
reaction volume of 100 Ixl. Samples were 
counted in a Packard Tri-Carb 3255 liquid 
scintillation counter  (3). Total available 
substrate was determined by complete hy- 
drolysis with electric eel AChE (1 unit), 
and blanks contained no nematode prepa- 
ration. Tubes  corresponding to enzyme 
peaks were pooled, dialyzed in 20 mM 
Tris-HCl (pH 7.5), and stored at - 8 0  C. 
These experiments were repeated a mini- 
mum of 5 times. 

Ion-exchange chromatography: To further 
separate AChE forms, pooled sucrose gra- 
dient fractions were loaded onto a 1 × 20 
cm Whatman DE-52 (diethylaminoethyl 
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cellulose) column previously equilibrated 
with 20 mM Tris-HC1 at pH 7.5, (plus 
0.1% Triton X- 100 for detergent-soluble 
f rac t ions) ,  washed  with equi l ib ra t ion  
buffer,  and eluted with 120 ml of  a 0-0.5 
M NaC1 linear gradient in equilibration 
buffer  at a flow rate of  16 ml/hour. Frac- 
tions of  2 ml were collected and assayed 
with both 1 p~M and 10 nM [3H]ACh in 
microfuge tubes. In order  to determine 
the elution profile, conductivity of  some 
fractions was measured with a Beckman 
m o d e l  RC 16B2 conduc t iv i ty  b r i d g e  
equipped with a YSI 3403 platinum elec- 
trode. Tubes  corresponding to peaks of  
enzyme activity were pooled into dialysis 
tubing with an exclusion limit of  12,000- 
14,000, concentrated with sucrose powder, 
dialyzed in 50 mM Tris-HC1 (pH 7.5), and 
stored at - 8 0  C. SM-2 Bio-Beads (Bio- 
Rad, Richmond, CA) were used to remove 
Triton X-100 from detergent solubilized 
samples.  These  expe r imen t s  were re- 
peated two to four times. 

Kinetic experiments: Acetylcholinesterase 
forms separated by density centrifugation 
and ion-exchange chromatography (25- 
37.5 p,g protein) were assayed at substrate 
concentrations ranging from 1 nM to 200 
~M in 100-M reaction volumes with two 
replications per substrate level (3). Incuba- 
tions were carried out at ca. 24 C in 4.5-ml 
scintillation vials, and the exper iments  
were performed a minimum of  two times. 

Calculation of I so: Aldicarb, fenamiphos, 
eserine, and neostigmine were formulated 
in acetone and stored at - 2 0  C. Enzyme 
(25-37.5 ~xg protein),  purif ied by ion- 
exchange chromatography, was preincu- 
bated with 2 p.1 inhibitor ranging from 3 × 
10 -~ to 3 x 10 -ix M (final reaction con- 
centration) for 20 minutes prior to intro- 
duction of  10 nM or 1 p.M [3H]ACh in a 
total reaction volume of  100 p~l (3,11). 
There  were three replications per inhibi- 
tor concentration. Incubations were per- 
fo rmed at room tempera ture  in 4.5-ml 
scintillation vials. These experiments were 
repeated a minimum of four times. 

Thermal inactivation: Enzyme purified by 
ion-exchange chromatography was diluted 

sixfold with a solution of  1 mg/ml BSA in 
50 mM Tris-HC1 (pH 7.5) preequilibrated 
to 45 C. At predetermined time intervals 
from 0 to 1 hour, two 80-1xl samples of  the 
enzyme mixture were transferred to mi- 
crofuge tubes on ice and kept there until 
all samples had been removed. Samples 
were allowed to warm to room tempera- 
ture before assay with 20 ~1 of  10 nM or 1 
~M [SH]ACh. Controls consisted of  en- 
zyme samples similarly diluted but equili- 
brated at room temperature. These exper- 
iments were performed one to two times. 

RESULTS 

Velocity sedimentation of  the buffer-  
soluble fractions resulted in one well- 
defined activity peak at approximately 12S 
and an amorphous  region sedimenting 
higher in the gradient (Fig. IA). The de- 
tergent-soluble fractions yielded two dis- 
crete activity peaks that sedimented at 12S 
and 7S (Fig. 1B). Analysis of  the separated 

A C h E s  on ion-exchange media revealed 
that the buffer-soluble 12S fraction had 
only one activity peak eluting at 100 mM 
NaC1, whereas activity f rom the amor- 
phous region was not recoverable despite 
repeated attempts (data not shown). Chro- 
matography of  the 12S detergent-soluble 
fraction also resulted in isolation of  a sin- 
gle activity peak eluting at 100 mM NaC1 
(data not shown). Analysis of  the deter- 
gent-soluble 7S fraction,  however ,  re- 
vealed the presence of  two distinct AChE 
forms (Fig. 1C), respectively, eluted with 
ca. 100 mM and 250 mM NaC1. Further 
examination of  these forms by lowering 
the substrate concentration from 1 IxM to 
10 nM showed a large increase in activity in 
the later eluting peak, whereas activity of  
the early eluting peak remained approxi- 
mately the same, and extremely low, at 
both substrate levels (Fig. 1D). This en- 
hanced activity at low substrate levels was 
not observed in any of  the other fractions. 

Kinetic experiments with the separated 
fractions demonstrated that the early elut- 
ing 7S peak had no repeatably detectable 
activity. The three isolated forms fell into 
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FxG. 1. Separation of Heterodera glycines acetylcholinesterase molecular forms by sucrose gradient sedimen- 
tation of buffer-soluble and detergent-soluble fractions and ion-exchange chromatography. The AChE activity 
is plotted as fractional conversion of substrate, i.e., - ln(l  - [(assay CPM - blank)/(total CPM - blank)]). 
Differences in the numbers of fractions collected were compensated by plotting fractions at their fractional 
positions from the gradient top. Approximate sedimentation coefficients were determined by parallel gradi- 
ents with previously characterized Caenorhabditis elegans AChE molecular forms (5). A) Buffer-soluble fraction. 
B) Detergent-soluble fraction. C,D) Ion-exchange chromatography of Heterodera glycines 7S AChE forms as- 
sayed at 1 p.M ACh (C) or 10 nM ACh (D). 

two discrete g r o u p s  based  on  substra te  af- 
finity (Krn) (Table  1). T h e  buffer -so luble  
12S a n d  de te rgen t - so lub le  12S fo rms  had  
Kms o f  4.7 × 10 -5  and  12.0 × 10 -5  M, 
respectively,  whereas  the late e lut ing 7S 
peak  had  a Kr,  o f  10.3 X 10-9  M (Table  1, 
Fig. 2). O t h e r  tests f u r t h e r  de l ineated  the 
fo rms  into two groups ,  with the two 12S 
fo rms  d i f f e r ing  f r o m  the 7S (Table  1). T h e  
7S f o r m  was not  sensi t ive to d e t e r g e n t  
t r ea tment ,  unl ike the 12S forms.  T h e  12S 
fo rms  were  also m o r e  stable to heat,  re- 
ma in ing  active for  p r o l o n g e d  per iods  o f  
incubat ion at 45 C. T h e  7S f o r m  exhibi ted 

r e m a r k a b l e  thermolabi l i ty ,  as it lost ove r  
50% ac t iv i ty  in less t h a n  10 m i n u t e s  
(Fig. 3). 

Fu r the r  expe r imen t s  with AChE inhibi- 
tors d e m o n s t r a t e d  a m a r k e d  d i f fe rence  in 
sensitivity be tween  the  late-elut ing 7S f o r m  
and  the o thers  (Table  1). T h e  late-elut ing 
7S f o r m  was insensitive to ca rbama te  and  
o r g a n o p h o s p h a t e  inhibitors,  whereas  the 
12S fo rms  were  very sensitive. A l though  
this d i f fe rence  was evident  with aldicarb 
and  fenamiphos ,  it was m u c h  m o r e  sub- 
stantial with the a romat ic  ca rbamates  es- 
er ine  and  neos t igmine  (Fig. 4). 
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TABLE 1. Proper t ies  o f  separa ted  Heterodera gly- 0.8 
cines acetylchol inesterase  molecu la r  fo rms .  

o 0.7 
X 

12St 12S 7S __. 0.6 

Class A A C O O 0.5 
K m (~M) 47.5 120.0 0.01 u~ 
NaC1 (mM)$ 100 100 250 ~ 0.4 
T h e r m a l  sensitivity§ low low h igh  
T r i t o n  sensitivity II + + / _  _ ~ 0.3 

pI~o¶ ~ 0.2 
aldicarb 6.4 5.5 4.7 m 
eser ine  9.9 8.9 5.6 .~. 0.1 
neos t igmine  9.7 9.3 4.4 
f e n a m i p h o s  5.5 3.9 3.6 0 

? Approximate sedimentation position in a 5-20% linear 
sucrose gradient based on comparison to standard AChE 
from Caenorhabditis elegans. 

Concentration of NaC1 necessary to dissociate AChE 
from a Whatman DE-52 ion-exchange column. 

§ Sensitivity to thermal inactivation (Ts0 < 10 minutes). 
li + = >50% inhibition by 0.05% Triton X-100, + / -  = ca. 

50% inhibition, - = <50% inhibition. 
¶ - l og  (inhibitor concentration necessary to decrease em 

zyme activity by 50% compared to untreated enzyme). 

DISCUSSION 

Heterodera glycines contain three easily 
separable forms of  acetylcholinesterase. 
The two 12S forms have similar, though 
not identical, properties, and may repre- 
sent differentially soluble species of  the 
same form. Based on a set of  biochemical 
characteristics, including inhibitor sensitiv- 
ity, substrate affinity, and thermolability, 
these forms can be g r o u p e d  into two 
classes. These classes roughly correspond 
to classes A and C previously repor ted 
from C. elegans, M. arenaria, and M. incog- 
nita (3,7). Substrate affinity is very similar 
among the respective classes from each 
nematode  species. Also, characteristics 
such as detergent sensitivity, thermolabil- 
ity, and class A sensitivity to AChE inhibi- 
tors are consistent across C. elegans, H. gly- 
cines, M. arenaria, and M. incognita. There 
are, however, some substantial differences 
between the AChE forms isolated from H. 
glycines and those from Meloidogyne species. 
The  class C form in Meloidogyne is less sen- 
sitive to inhibitors than that in H. glycines 
(3). Additionally, the NaC1 elution profiles 
from ion-exchange columns are quite dif- 
ferent, with H. glycines class C AChE re- 
quiting higher salt concentrations to disso- 
ciate from the DE52 column. Finally, only 
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FIG. 2. Hanes -Wool fe  plots o f  subs t ra te  affinit ies 
o f  separa ted  A C h E  fo rms  f r o m  Heterodera glycines. 
Substra te  concent ra t ions  r a n g e d  f r o m  0 .5 -200  o~M 
A C h  (A,B) and  1-30 nM (C). Incuba t ion  t imes  were  
ad jus ted  to yield be tween  2 -30% convers ion  rates. 
T h e  ratio o f  subst ra te  concent ra t ion  to velocity was 
plot ted against  subs t ra te  concent ra t ion ,  and  the  Km 
was d e t e r m i n e d  by l inear  regress ion.  

three separable forms were found in H. 
glycines, compared with five from Meloido- 
gyne (3). 
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S o m e w h a t  surpr i s ing ly ,  f o rms  cor re -  
sponding  to class B type AChE were not  
recoverable  in H. glycines. Class B AChE in 
M. arenaria and  M. incognita is a de tergent -  
soluble fo rm that  co-sediments with class C 
in sucrose gradients.  These  classes can be 
separa ted  by ion-exchange chromatogra-  
phy  and  by their  very d i f fe ren t  substrate 
affinities. Al though  class B exhibits similar 
substrate affinity to class A, it is not  deter-  
gent-sensitive and is 10-100 times less sen- 
sitive to carbamate  and o rganophospha t e  
inhibitors than  is class A. Repea ted  efforts  
were made  to character ize the early eluting 
7S minor  peak that  was separa ted  f rom the 
class C-like AChE by ion-exchange chro- 
m a t o g r a p h y ,  b u t  t he  e a r l y  p e a k  was 
present  in very small quantities and  consis- 
tent  activity was not  obtained.  This  peak 
was possibly a degrada t ion  p roduc t  f rom 
one  o f  the o the r  forms because its appear-  
ance was variable. I f  not  a deg rada t ion  
product ,  it must  represen t  a very minor  
f o r m  of  ACHE. T h e  fact that  its activity was 
not  enhanced  by low substrate levels indi- 
cates that  it was not  re la ted to the later 
eluting, more  a b u n d an t  class C peak. 

F rom a behavioral  s tandpoint ,  the lack 
o f  class B AChE activity may affect  imme- 
diate sensitivity to low doses o f  nemati-  

cides. Class A type AChE is the most  sen- 
sitive class to inhibitors and is t hough t  to be 
most likely to occur  extracellularly at the 
neu romuscu la r  synapse, whereas  class B 
and C type AChE forms are likely to be 
intracellular and m e m b r a n e  b o u n d  (6,13). 
Because classes A and B occur  at the neu-  
romuscu la r  junc t ions ,  species tha t  have 
class B type ACHE, such as Meloidogyne, 
may c o m p e n s a t e  fo r  class A inh ib i t ion  
more  rapidly u n d e r  low dosage stress. Mu- 
tational analysis in C. elegans indicates that  
class C AChE is unable  to completely com- 
pensate  for  the loss o f  the o the r  AChE 
classes (7). Because H. glycines has only 
classes A and C ACHE, sublethal behav- 
ioral effects may occur  at lower inhibi tor  
doses dur ing  the initial exposure  per iod  
than in nematodes  with classes A, B, and  C. 
Compensat ion  by class C may ei ther  take 
longer  to be implemen ted  or  is not  com- 
plete. 

Nevertheless,  H. glycines possesses a re- 
serve o f  class C ACHE. Previous studies 
have revealed that  class C is relatively in- 
accessible to inhibitors (13). Exper iments  
in o u r  l abora tory  ( O p p e r m a n ,  unpubl . )  
have d e m o n s t r a t e d  that  H. glycines pos- 
sesses significantly m o re  class C AChE ac- 
tivity per  mg  prote in  than do ei ther  C. ele- 
gain or  Meloidogyne spp. Thus ,  H. glycines 
probably tolerates h igher  doses o f  carbam- 
ate  an d  o r g a n o p h o s p h a t e  n e m a t i c i d e s  
than species with lesser amounts  o f  this en- 
zyme type, such as Meloidogyne spp. For  ex- 
ample,  in M. arenaria and M. incognita, the 
7S detergent-soluble  peak is composed  o f  
bo th  classes B and C ACHE, whereas  in H. 
glycines it is almost entirely class C. This  
distribution accounts for  the lower overall 
sensitivity o f  H. glycines c rude  AChE prep-  
arations and  the lower in vivo sensitivity to 
conventional  dosages o f  carbamate  and or- 
ganophospha te  nematicides  than  respec- 
tive proper t ies  o f  Meloidogyne species. Ad- 
ditionally, once an H. glycines female has 
initiated a feed ing  site and has lost the abil- 
ity to move, it m a y u t i l i z e  class C AChE 
exclusively for  the pha ryngea l  muscula-  
ture.  I f  this is the case, then  systemic nema-  
ticides may not  have much  effect  on  nema- 
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FxG. 4. Effects of inhibitors on classes A (solid line) and C (broken line) AChE from Heterodera glycines. 

Activities are plotted as 1 - [(treated CPM - blank)/(untreated CPM - blank)] x 100. Class A (buffer-soluble 
12S form) was assayed at 1 IIM ACh, and class C (late eluting, detergent-soluble 7S form) was assayed at 10 nM 
ACh. Inhibitor  concentrations ranged from 3 x 10 -3 M to 3 x 10-1t  M. A) Aldicarb. B) Fenamiphos. C) 
Eserine. D) Neostigmine. 

todes already within roots. Although these 
scenarios have yet to be fully examined, 
they indicate the critical need to under- 
stand the developmental biochemistry of 
target pests when nematicides are applied. 
Further analysis will be necessary to un- 
derstand the relative roles of  AChE molec- 
ular forms in plant-parasitic nematode be- 
havior. 
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