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Abstract-Liver and plasma acetylcholinesterase (AChE), butyrylcholinesterase (BChE), and car- 
boxylesterase activities of the chick embryo and adult chickens were separated by sucrose density 
gradient sedimentation and further differentiated by their lectin affinities and organophosphate sensi- 
tivites. Changes in plasma cholinesterases during development indicated a characteristic shift in tetra- 
merit (G4) isoforms from a slightly larger G4 AChE in the embryo to G4 BChE in the adult. These 
changes were not reflected in isoform patterns of liver homogenates, however. Interestingly, the time 
course of an increase in plasma BChE activity corresponded to the time course of a decrease in liver 
BChE activity, as if this enzyme was being mobilized and released. The distribution of liver esterases 
included both monomeric (G,) and G4 BChE and a large p-nitrophenylacetate (p-NPA) esterase 
activity that was separated into two main peaks by density gradient ultracentrifugation. The effects of 
organophosphate inhibitors indicated that the two liver p_NPA esterase activities may be regarded 
as carboxylesterases; however, these enzymes showed very different sensitivities to paraoxon and 
diisopropylfluorophosphate (DFP), with ICKY values differing by 3 and 4 orders of magnitude. Lectin 
affinity studies with multiple esterase forms suggested a heterogeneous group of glycoproteins that were 
packaged at different sites in the liver cell and were consistent with the presence of an intracellular 
precursor form to plasma BChE. 

Cholinesterases and carboxylesterases (EC 3.1.1.1) 
in plasma and liver are pharmacologically important 
organosphosphate-sensitive esterases (B-type ester- 
ases [l]). These esterases hydrolyze drugs, pesti- 
cides, and other chemical agents [2-51, as well as 
scavenge organophosphorus compounds (OPs [6,7] 
that might otherwise be available to inhibit acetyl- 
cholinesterase (AChE, EC 3.1.1.7) in nerve and 
muscle. Because of the role of esterases in the detox- 
ication of numerous compounds, alterations of their 
activities have been implicated in both drug-induced 
toxicity [8] and in the potentiation of pesticides and 
nerve agents [9, lo]. The extraordinary sensitivity of 
these enzymes to the OP-ester poisons in pesticides, 
plasticizers and nerve gas has fostered a continued 
interest in the diversity of esterases and their roles 
and regulations. 

Previously, we identified changes in plasma chol- 
inesterase activities during development of the chick 
using selective inhibitors and substrates [ll]. Sep- 
aration of the multiple molecular forms by gel elec- 
trophoresis indicated changes in plasma 
cholinesterase patterns from AChE bands that are 
typical of the embryo to butyrylcholinesterase 
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(BChE , EC 3.1.1.8) bands typical of the adult. Since 
plasma cholinesterases and other serum esterases are 
believed to be formed in the liver, we compared 
plasma and liver esterase molecular forms and 
changes taking place during development. Multiple 
esterase activities were separated by sucrose density 
gradient centrifugation, and different metabolic and 
catalytic species were investigated with sugar-specific 
lectins and OP inhibitors. 

MATERlALS AND METHODS 

Chemicals. Diethyl p-nitrophenyl phosphate 
(paraoxon) was obtained from the Aldrich Chemical 
Co. and was purified further (97%) by fraction dis- 
tillation performed by M. McChesney, Department 
of Environmental Toxicology, University of Cali- 
fornia at Davis. Lectins and all other chemicals were 
purchased from the Sigma Chemical Co. and were 
of the highest purity commercially available. 

Animals. White Leghorn eggs were obtained from 
Hyline, and incubated at 37.5” and 85% humidity, 
with rotations every hour. Eggs were selected for 
fertility and normal embryonic development by 
candling. Chicks were maintained at 37” with a 
16 : 8 hr light: dark cycle and fed chick starter ration. 

Tissue preparations. Heparinized blood samples, 
for determination of plasma cholinesterase activity, 
were obtained by cardiac puncture and were centri- 
fuged at 800 g for 5 min to remove blood cells. As 
much as 1 mL of blood could be collected from 18- 
day embryos, while blood from 1Cday embryos was 
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pooled. Livers were perfused via the heart with ice- 0.7 

cold 0.9% sodium chloride and were further rinsed 
three times and blotted dry after removal from the 0.6- 

embryo. Livers were homogenized with 10% (w/v) 
ice-cold extraction buffer [Triton X-100 (OS%, 

z 

v/v), l.OM NaCl, 0.2 mM EDTA, and 50mM 
> 0.5 - 
‘- 

Tris-HCI], using a close-fitting Kontes/glass F 

homogenizer, and centrifuged in an SM-24 rotor for 
$ 0.4- 
5 

30 min at 28,000 R and 4” using a Sorvall RCZ-B 
centrifuge. Supernatants were collected and further 

,$ 0.3- 

diluted for assays and sucrose gradients. tr 
Enzyme afsafis. Cholinesterase activity was deter- Z 0.2- 

mined spectrophotometrically by acetylthiocholine 
t 
a 

(4 mM) hydrolysis with dithiobisnitrobenzoate 0.1 - 
(DTNB), according to Ellman etal. [121, scaled down 
for a microplate assay with a final volume of 250 ,uL 

I 
0, ,,,I ,I ,,I, /I I,, I, ,I 

of phosphate-buffered medium (0.1 M, pH 8). BChE 12 14 16 18 20 2 4 6 8 10 

was djstinguished from AChE activity by inc~lbations IN OVO 
DAYS 

POST-HATCH 

12 

with a 1 mM concentration of the selective BChE 
inhibitor iso-OMPA (tetraisopropylpyrophospho- 
ramide) for 5 min, at 22-25”. Carboxylesterase activi- 
ties were determined in sucrose gradient fractions 
with p-nitrophenylacetate (p-NPA) hydrolysis 
according to Ljungquist and Augustinsson [13] 
adapted for a microplate assay using a final reaction 
volume of 3OOyL of Tris-HCl buffer, pH 7.5, and 
10mM substrate. A substrate blank (without 
enzyme) was run in the same manner for all enzyme 
assays. To determine ICED, values (concentration 
of inhibitor producing 50% decrease in activity), 
carboxylesterase fractions were incubated with 
increasing concentrations of inhibitors, DFP 
(diisopropylfluorophosphate), paraoxon, 
physostigmine, or bis(p-nitrophenyl)-phosphate 
(BPNP) for 5 min at 22-25”. The IC~(, values were 
calculated by a log concentration-probit inhibition 
linear regression. For cholinesterase and carboxy- 
lesterase assays, changes in absorbance at 410nm 
were determined for 6min in an automated 
microplate reader (Bio-Tek Instruments Inc.), the 
data transferred to a microcomputer, and the rates 
of hydrolysis calculated by software written in the 
laboratory. Specific activities were based on protein 
content determined according to Lowry et al. [14]. 

Sedimentat~un analysis. Esterase multiple mol- 
ecuiar forms were determined by 5-20% sucrose 
density gradient centrifugation for 26-28 hr at 
202,000 g using a Beckman SW 40 rotor and a Sorvall 
OTD-50 ultracentrifuge [15]. Mean sedimentation 
coefficients (SZo,w) for three separate determinations 
were obtained with sedimentation markers: horse 
liver alcohol dehydrogenase (4.8 S), Escherichia coli 
alkaline phosphatase (6.1 S), yeast alcohol dehydro- 
genase (?.4S), and horse liver catalase (11.4s) 
assayed according to standard techniques [ 161. Chol- 
inesterase molecular forms, G,, G3 and G,, were 
identified by their Sz+ value [17] and confirmed 
by the behavior of indrvidual forms under reducing 
conditions with 20 mM dithiothreitol (DTT) for l- 
2 hr at 22-25”. 

Pectin interactions. Glycosylations of cholinester- 
ases and carboxylesterases were studied with con- 
canavahn A (Con A), wheat germ agglutinin 
(WGA), coral tree lectin (Erythrinu cristagelli). and 
horseshoe crab lectin. Liver (1: 19 and 1: 39. w/v) 
and plasma (1: 3. v/v) were incubated with iectins 

Fig. 1. Changes in plasma AChE and BChE activities 
during development of the chicken. Key: (0) AChE and 
(0) BChE. The broken vertical line represents the day of 
hatching. The points are mean 5 SE values of three to 
four animals. (Adult plasma BChE and AChE values. 
respectively, were 0.725 2 0.0788 ymol/min/mL and 
0.0201 i_ 0,#804~~rnol~rni~/rnL~ mean I SD for ten 

animals.) 

(1 mg/mL) for 0.5 hr in an EDTA-free, Tris-Triton 
extraction buffer containing high calcium (20 mM 
CaC12) to facilitate Iectin interactions. Samples 
(200 ,&) were loaded onto sucrose gradients and 
interactions of the lectins with individual chol- 
inesterase and carboxylesterase forms were detected 
by changes in the sedimentation rate of these activi- 
ties during ultracentrifugation. In some runs, lectin- 
specific interactions with esterases were validated 
by the ability of lectin specific sugars (1OOmM) to 
compete with these interactions and the failure of 
non-specific sugars to compete. 

RESULTS 

Plasma and liver ~hol~~e~t~r~e ievels and multiple 
rno~e~u~~r forms d~r~~~g development. Figure 1 dep- 
icts changes in plasma cholinesterase levels from 
days 14 in ovo to 11 days post-hatch. AChE activity 
reached a peak around hatching and then declined, 
while BChE activity rose from low levels (lO-20% 
that of adult). 

Distribution of cholinesterase activities in embry- 
onic and adult plasma and liver were obtained on 
sucrose density gradients. Figure 2 shows a typical 
pattern of plasma cholinesterase forms in embryonic 
(3 E-day-old) and adult chicken. 

Embryonic plasma contained mostly G4 AChE 
(&,,W, 11.7 t 0.3) and little G4 BChE, in contrast to 
adult plasma which contained mostly GI BChE 
(.S,,,,,, 11.1 rfr 0.3) and Iittle G4 AChE. G, BChE 
(S20.W t 3.9*0.2),GzBChE(Szo ,,“, 5.9+0.3)andG2 
AChE (S2c,.w, 6.5 rt 0.2) were other forms that were 
identified in the plasma. Changes in pIasma chol- 
inesterase molecular form patterns did not reflect 
changes in the liver. Liver homogenates contained 
two BChE forms (Fig. 3) for both l&day embryo 
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Fig. 2. Developmental changes in the distribution of plasma cholinesterase multiple molecular forms. 
AChE (top) and BChE (bottom) forms in the plasma of 18-day embryo and adult chicken were separated 
on S-20% sucrose density gradients and identified by methods described in Materials and Methods. 

Arrows indicate the positions of sedimentation markers. 
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Fig. 3. Cholinesterase molecular forms of a liver extract of H-day embryo (left) and adult chicken 
(right). AChE activity in embryo and adult liver homogenates was too low for detection of indiv~dua~ 

AChE forms by these methods. Arrows indicate the positions of sedimentation markers. 

and adult: G, BChE (S20;wr 3.9 ir 0.3) and G4 BChE 
(Sz*,w, 11.0 20.2). 

Eighteen-day embryo and adult livers contained 
similar cholinesterase activities, with AChE account- 
ing for less than 5% of the total liver cholinesterase 
activity. We compared changes in BChE levels in 
the plasma to those occurring in the liver around 
hatching. There was a reproducible decrease in liver 
activity. (I.U. per gram wet weight and per milligram 

protein) corresponding to the time course of increase 
of plasma BChE; by day 10 however, liver activity 
had returned to adult levels (Fig. 4). 

Lectin interactions with cholinesterases and non- 
specific esterases. Lectin affinities of esterases formed 
in the liver and present in the plasma suggested that 
there was a heterogeneous group of glycoproteins 
formed by an orderly sequence of glycosylations. 
Although lectins did not inhibit esterase activity 
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Fig. 4. Changes in BChE activity in the liver and plasma of 
the developing chick. The broken vertical line represents 
the day of hatching. Liver (0) and plasma (A) activities 
(mean + SEM for three to four animals) are expressed as 
a percentage of adult. (Adult liver BChE values were 
2.99 2 0.488 !Jmol/min/g. mean f SD for five animals). 

(even at the highest concentrations tested, 5 mg/ 
mL lectin), incubation of samples with sugar-specific 
lectins, followed by centrifugation, resulted in 
reduced esterase activities in gradient fractions, 
Apparentiy the reduced activity was not due to an 
inhibitory effect of the Iectins, but to the ability of 
these sugar-specific proteins to bind to and pre- 
cipitate esterase giycoproteins found at the bottom 
of the centrifuge tube. Increased activity at the bot- 
tom of the tube following ultracentrifugation was 
observed when there was a lectin interaction. How- 
ever, activity was never fully recoverable due to the 
loss of activity in the high-density (60%) sucrose. 

Esterases in chick embryo liver and plasma were 
mostly glycoproteins (Table l), as indicated by their 

affinity for Con A, a general marker for glycoproteins 
that recognized mannose (181 added in the early steps 
of the glycosylation pathway [ 191. Cholinesterases 
released to the plasma contained additi~~nai gly- 
cosylations that were identified by their affinities for 
WGA and coral tree lectin. BChEs had a greater 
affinity for galactose-specific coral tree lectin than 
did AChE. and both enzyme species had a strong 
affinity for WGA, which recognizes N-acetylglu- 
cosamine. 

Liver G, and G, BChE demonstrated different 
affinities for lectins (Fig. 5). G, BChE had no observ- 
able affinity for WGA and coral tree lectins, unlike 
G4 BChE. which completely interacted with these 
lectins in a manner similar to released BChE forms. 
Horseshoe crab lectin did not interact with any BChE 
forms. which was expected, because hepatic 
secretory glycoproteins in the chicken are usually 
terminated by galactose and not sialic acid j2Oj. 

Organophosphatc-sensitive esterases of liver nnd 
plasma. p-NPA esterase activities in embryo and 
adult chicken liver were partially resolved into two 
peaks on sucrose density gradients (Fig. 6). Incu- 
bations of esterase fractions with lo-‘M or 
5 x 10e5 M DFP allowed for complete separation of 
two p-NPA esterase activities (SzO.w, 2.8 -C 0.1 and 
4.3 2 0.3). 

The lcsO values for OP inhibitors and physo- 
stigmine were determined by collecting the peak 
esterase activities from chick embryo liver gradients 
and examining their p-NPA hydrolyses over a wide 
range of inhibitor concentrations (experiments 
summarized in Table 2). The ~~~~~ values shown here 
were estimated for 18-day embryos. Similar results 
were obtained for adult chickens. Plasma p-NPA 
esterase had a sedimentation coefficient, &, w 
4.2 2 0.3, similar to that of G, BChE. However, it 
is unlikely that this activity was due to a plasma 
cholinesterase because p-NPA esterase activity was 
undetectable in gradient fractions containing G, 

Table 1. Lectin affinities of cholinesterase and nonspecific esterase molecular forms 
in chicken plasma and liver 

Molecular forms Con A 
% Lectin binding 

WGA Coral tree 

Plasma 
AChE 

EZ 

BChk 

89-99 82-93 20-33 
91-99 82-94 18-33 

G,, Gz 
G, 

Liver 
BChE 

:: 
Nonspecific esterases 
(l-5 S range} 

95-101 86-97 83-91 
96-100 94-99 87-95 

89-98 o-3 1-6 
92-99 89-98 86-97 

67-72 o-5 o-4 

Percent lectin binding was determined as follows: gradient fractions containing 
activities for individual esterase peaks were pooled and the difference in activity 
between control (peak activity = 100%) and lectin-treated samples (peak activity = 
percent activity remaining) was defined as percent lectin binding. Numbers are the 
range of percent values obtained with two separate experiments. G designations are 
according to Bon et al. 1171. 
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Fig. 5. Lectin interactions with BChE molecular forms (G, and G4) of an extract of H-day chick embryo 
liver (see text). Control activities (-) and activities in the presence of lectins (A): (A) Con A, (B) 
WGA, (C) coral tree lectin and (D) horseshoe crab lectin. Arrows indicate the position of sedimentation 

markers. 
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Fig. 6. Distribution of p-NPA esterases of an extract of 18- 
day chick embryo liver. Key: (0) total hydrolysis of p- 
NPA, (A) activity after preincubation with 50 FM DFP, 
and (0) activity that was inhibited by DFP. No significant 

activities were detected above the 7.4 S range. 

cholinesterases. Plasma p-NPA esterase activity 
(0.0420 ? 0.0108 pmol/min/mL for ten adult chick- 
ens) was close to the lower limits of detection fol- 
lowing fractionation in sucrose gradients. For this 
reason, the variance in activity from sample to 
sample made it difficult to obtain an accurate esti- 
mate of lqo values for this enzyme. 

DISCUSSION 

The purposes of this study were to extend the 
present knowledge of the diversity of liver and 
plasma esterase activities and to determine whether 
changes in plasma cholinesterase isoforms were 
related to changes in the liver during development 
of the chick. 

The liver is widely recognized as the source of 
plasma BChE. Since there is relatively little AChE 
activity in liver homogenates, the source of plasma 
AChE is still unknown. Avian erythrocytes contain 
little or no acetylcholinesterase activity [21], so that 
the presence of AChE in plasma is unlikely to be 
due to contamination with red blood cells. It has 

Table 2. OP sensitivity of two p-nitrophenylacetate (p-NPA) esterase activities in embryo 
liver gradients 

Peak 
(%I.lv) Paraoxon DFP BPNP Physostigmine 

2.8 2.0 x 1om9 7.9 x 1o-4 1.0 x 10-j 2.9 x lo-’ 
4.3 3.2 x lo-” 5.0 x 10-R 2.5 x lo-’ 1.3 x 10-Z 

* The ICKY values for physostigmine and OP inhibitors were determined by collecting 
peak activities from chick embryo liver gradients and examining p-NPA hydrolyses over a 
wide range of inhibitor concentrations. Values are the means of three separate deter- 
minations and in all cases yielded a correlation coefficient (r) greater than 0.98. BPNP refers 
to his@-nitrophenyl)-phosphate. 
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been shown previously that, in dystrophic chickens. 
a highly increased level of AChE occurs in the plasma 
that corresponds to abnormally high activity in the 
muscle [ll-221. We have noted that developing 
muscle and brain contain high AChE activity (over 
100 times more AChE activity per gram tissue than 
the liver) and that muscle and neurons in culture 
release a sizeable fraction of AChE [23,24]. raising 
the possibility of extrahepatic sources for this 
enzyme. 

Our findings with plasma BChE activity, and 
studies of other species, with the possible exception 
of the rat [7], indicate that plasma BChE activity is 
low in embryo and newborn in comparison wrth 
adults [II, 22,25-271. In the experiments presented 
here, there was a sharp rise in plasma BChE activity 
during development of the chicken, accompanied by 
a transient decrease in liver BChE activity as if liver 
BChE had been mobilized and released at this time. 
Grieninger and Granick have observed that chick 
embryo liver cells begin to release adult plasma 
proteins in culture that were not present in embry- 
onic plasma [28], and we have observed that there 
was little BChE released from newly isolated liver 
cells; however, after 24 hr of culture, the enzyme 
steadily accumulated in the medium (unpublished 
results). 

The approach using sugar-specific lectins, intro- 
duced by Rotundo [291, suggested that there are 
different sites of packaging of cholinesterases before 
their release to the plasma. Con A identifies an early 
step in the glycosylation pathway presumably taking 
place in the endoplasmic reticulum (ER), whereas 
WGA and coral tree lectin have high affinities for 
sugars acquired in the Golgi complex [IS, 191. One 
of the most interesting findings was the difference in 
lectin affinities for the G, and G3 BChEs in the liver. 
consistent with an intracellular Gr precursor to GJ 
BChE [30]. Lectin interactions suggested that Gj 
BChE was localized in the Golgi; however, the 
assembly of GJ AChE and BChE is thought to take 
place in the ER [311. The inability to detect an 
intermediate species of Gj or. for that matter, liver 
G, BChE could be due to their short half-life. 

Kinetic studies with different substrates and inhibi- 
tors provide evidence for more than one car- 
boxylesterase in the chicken liver 1.321. In the present 
investigation, liver p-NPA esterase activities were 
separated into two peaks (2.8 and 4.3 S) by sucrose 
density gradient sedimentation, and it was demon- 
strated that these activities showed very different 
sensitivities to OPs. Of the OPs tested, paraoxon 
was the most potent inhibitor of the 2.8 S activity, 
whereas DFP was the most potent inhibitor of the 
4.3 S activity. We were unable to detect any p-NPA 
activity in gradient fractions, indicating the presence 
of a DF-hydrolyzing esterase (A-esterase 111). It is 
possible that the relative insensitivitv of the 2.8 S 
esterase to DFP is due to alternative inter- or intra- 
molecular DFP-binding sites competing with the 
catalytic center. The extreme sensitivity of the 2.8 S 
activity to paraoxon (and not DFP) deserves further 
attention. 

In conclusion, changes in plasma cholinesterase 
isoforms during development of the chick did not 
reflect changes in liver cholinesterase forms. 

However. an intracellular form suggestive of a pre- 
cursor to plasma BChE was detected, along with 
two carboxyiesterase activities with very different 
sensitivities to OPs. The approach taken in this study 
could be useful in investigating the roles of specific 
esterase isoforms in the detoxication of xenobiotics 
and in identifying distinct esterase metabolites in the 
glycosylation pathway. 
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