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Abstract 

Soreq and Gnatt 

Cholinesterases (ChEs) are highly polymorphic proteins, capable of rapidly hydrolyzing the neurotransmi t- 
ter acetylcholine and involved in terminating neurotransmission in neuromuscular junctions and cholinergic 
synapses. In an attempt to delineate the structure and detailed properties of the human protein(s) and the 
gene(s) coding for the acetycholine hydrolyzing enzymes, a human cDNA coding for ChE was isolated by use 
of oligodeoxynucleotide screening of cDNA libraries. For this purpose, a method for increasing the effective- 
ness of oligonucleotide screening by introducing deoxyinosine in sites of codon ambiguity and using tetra- 
methyl-ammonium salt washes to remove false-positive hybrids was employed. The resulting isolated 2.4- 
kilobase (kb) cholinesterase cDNA sequences encode for the entire mature secretory protein, preceded by an 
N-terminal signal peptide. The human ChE primary sequence shows almost no homology to other serine 
hydrolases, with the exception of a hexapeptide at the active site. In contrast, it displays extensive homology 
with acetycholinesterase form Torpedo californica and Drosophila melanogaster as well as with bovine thyroglob- 
ulin. These extensive homologies probably suggest the need of the entire coding sequence for the physiological 
function(s) fulfilled by the enzyme and further suggest a common, unique, ancestral gene for these cDNAs. In 
turn, the cDNA was used as a probe to isolate genomic DNA sequences for the 5'-region of the human ChE gene. 
The genomic DNA fragment encoding part of the 5'-region of ChEcDNA was detected by DNA blot hybridiza- 
tion, enriched 70-fold by gel electrophoresis and electroelution, cloned in x phage and isolated. Sequencing of 
the cloned DNA revealed that it did indeed include part of the 5'-region of ChEcDNA, starting at an adjacent 
5'-position to the nucleotides coding for the initiator methionine, and ending with an EcoRI restriction site 
inherent to the ChEcDNA sequence. The isolated fragment of the human cholinesterase gene is currently 
employed to complete the structural characterization of this and related genes. 

Index Entries" Human genes, encoding cholinesterases; cholinesterase; protein polymorphism; neurotrans- 
mission; acetylcholine; butyrylcholine. 

Introduction 

Human Cholinesterases 

Cholinesterase Classes and Their 
Physiological Significance. 

Cholinesterases (ChEs) are scarce polymor- 
phic proteins capable of rapidly degrading the 
neurotransmitter acetylcholine (Silver, 1974). 
Two major classes of the enzyme exist, which 
differ in the nature of their preferences for sub- 
strate: acetylcholine for acetylcholinesterase 
(ACHE, true ChE, acetylcholine acetylhydro- 
lase, EC 3.1.1.7) and butyrylcholine or propion- 
ylcholine for pseudocholinesterase (,vChE, 
pseudoChE, acylcholine acylhydrolase, EC 

3.1.1.8). Both are generally distinguished by 
their susceptibility to inhibitors (Austin and 
Berry, 1953). Acetylcholinesterase is the major 
class in neuromuscular junctions ranging from 
fish to human and a key element in certain cho- 
linergic synapses. At the neuromuscular junc- 
tion and cholinergic synapse, it terminates the 
electrophysiological response to acetylcholine. 

True AChE occurs in multiple molecular 
forms, exhibiting different sedimentation coef- 
ficients on sucrose gradients (Massoulie and 
Bon, 1982). Further polymorphism can be dis- 
tinguished according to the interactions of such 
forms with nonionic detergents (Grassi et al., 
1982). In mammalian nervous tissue there exist 
forms of AChE that are secreted, cytoplasmic, 
membrane-associated (Massoulie and Bon, 
1982), and bound to the basal lamina (Dreyfus et 
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al., 1983). Heavier ChE forms have been shown 
to be associated with a collagen-like tail (Anglis- 
ter and Silman, 1978). The hydrophobic proper- 
ties of some forms might be explained by the 
finding of hydrophobic domains (possibly a C- 
terminal peptide) (Rosenberry and Scoggin, 
1984) or tight interactions with phospholipid 
moieties (i.e., phosphatidyl inositol) (Futerman 
et al., 1985, 1986). Although such subcellular 
segregation suggests the existence of different 
domains in various ChE classes, pharmacologi- 
cal and kinetic evidence show similar catalytic 
properties (Vigny et al., 1978). ~gChE is similarly 
polymorphic, and many forms of ~ChE can be 
said to be homologous to the true AChE forms 
(Silman et al., 1979). 

The existence of a ChE form that differs from 
AChE was shown by Alles and Hawes (1940), 
who found that human serum and red blood cell 
enzymes are qualitatively different. Mendel 
and Rudney (1943) have shown that the serum 
ChE (later designated as ~gChE) hydrolyzes bu- 
tyrylcholine and propionylcholine faster than 
the cell-bound ChE. This class is the principle 
one found in the serum, and, until recently, no 
known biological role has been found for it. 
However, it has recently been shown that the 
sole ChE in the Torpedo marmorata heart muscle 
is ~trChE (Toutant et al., 1985), although in higher 
vertebrates both classes exist in the heart. 
Humans having nonfuntional ~K2hE in the se- 
rum show no known  symptoms of illness 
(Hodgkin et al., 1965) and  exhibit normal mus- 
cular and neuronal activity. Altogether this may 
indicate that in ancestral species each enzyme 
had specific localized roles, and, with the evolu- 
tion of the two enzyme classes, the acetylcholine 
binding site in serum grChE became less physi- 
ologically important. 

Tissue and Cell Type Specificity 

Although ChEs are abundant  in nerve and 
muscle, they may be found in other tissue and 

cell types, including the erythrocyte (Silver, 
1974), adrenal medulla, ovarian follicles (Karn- 
ovsky and Roots, 1964), and megakaryocytes 
(Burstein et al., 1980). Cholinesterases have 
been reported in a number  of embryonic tissues 
(Drews, 1975). In addition, considreable levels 
of ChEs were detected in various neoplastic 
tissues, such as ovarian carinomas (Drews, 
1975) and brain tumors of glial and mesenchy- 
mal origin (Ord and Thompson, 1952; Razon et 
al., 1984). The various ChEs localized in differ- 
ent tissues and cell types vary in their sedimen- 
tation properties, hydrophobicity, and glyco- 
sylation patterns (Massoulie and Bon, 1982; 
Razon et al., 1984; Meflah et al., 1984; Zakut et 
al., 1985). The physiological role of the enzymes 
in tissues other than brain or muscle remains 
unknown.  

Regulation of Expression of 
Cholinesterase Genes 

To comprehend the regulation of biosynthe- 
sis of ChEs fully, it is important to understand 
the genetic make-up of the ChE genes. In the 
nematode earthworm Caenorhabditis elegans two 
forms of ChEs were shown to exhibit different 
kinetic properties, though both enzyme classes 
(A and B) appear to be AChEs (Johnson and 
Russell, 1983). Two distinct genes, ace-1 and ace- 
2 (probably structural genes) were shown to be 
responsible for the expression of these classes 
(Johnson et al., 1981, Culloti et al., 1981). Muta- 
tions occurring in either the A class alone or the 
B class alone do not change the phenotype. If, 
however, mutations occur in both genes, a new, 
uncoordinated phenotype is observed (Culloti 
et al., 1981). The double mutations do not have 
a lethal effect, in contrast with mutations in the 
Drosophila ace locus (the only AChE locus in the 
Drosophila; for a review, see Hall, 1982). This ob- 
servation led to the discovery of a third class of 
ACHE, the C class, whose kinetic properties 
differ greatly from those of A and B, suggesting 
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the existence of a different active site (Johnson et 
al., 1981; Johnson and Russell, 1983; Kolson and 
Russel, 1985a,b). 

In humans, two codominant alleles at a single 
locus, which has not been genetically mapped, 
are responsible for phenotypic variants of eryth- 
rocyte AChE (Coates and Simpson, 1972). In 
contrast, two genetically independent loci, 
namely E 1 and E 2, have been genetically linked 
to alterations in serum ~ChE (Silver, 1974; Whit- 
taker, 1980). Genetic linkage studies suggest 
that the generally expressed E~ locus is situated 
on the long arm of chromosome no. 3 (Arias et 
al., 1985), in linkage with the transferrin (TF) 
gene (Sparkes et al., 1984), mapped at 3q31- 
q26.1 (Huerre et al., 1984), the ceruloplasmin 
gene, and the transferrin receptor gene (TFRC) 
(reviewed by Kidd and Gusella, 1985). Muta- 
tions in this ChE gene result in the appearance of 
the "atypic" and "silent" forms of serum ~ChE. 
The E 2 gene is expressed in 8% of the caucasian 
population and is responsible for the produc- 
tion of the common C~ variant of serum ~K:hE. 
This form has been suggested to be the result of 
the E 2 gene protein binding to the E~ ~ChE 
protein, which causes a change in the mobility of 
~ChE. It also increases the activity of ~ChE by 
up to 48% (Simpson, 1966). Genetic linkage 
studies suggested a possible linkage between 
the E2gene and the c~-haptoglobin gene (Lovrien 
et al., 1978), which maps in a region on chromo- 
some no. 16, distal to the fragile site 16q22 
(Simmers et al., 1986). 

Recent in situ hybridization to human chro- 
mosomes, using cDNA probes encoding human 
ChE, revealed that two structural ChE genes 
exist in the areas where the E~ and E 2 genes have 
been shown to reside (Soreq et al., submitted). 
This suggests that the E 2 gene might, by itself, 
encode for a catalytic subunit of ChE, which 
causes increased activity either related to its 
own enzymatic properties or by affecting the E~ 
subunit conformation, creating an increase in 
the activity of the composite enzyme molecule. 

Oocyte microinjection experiments (Soreq et 
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al., 1984) and in vitro translation of ChEmRNAs 
(Sikorav et al., 1985; Schumacher et al., 1986) 
suggest that the polymorphism of the ChE pro- 
teins extends to the level of mRNA. Crossed 
immunoelectrophoretic analysis of ChEmRNA 
products indicates that various ChEmRNA 
species encode the biosynthesis of electro- 
phoretically distinct ChE polypeptides in a tis- 
sue-specific manner (Djiegielewska et al., 1986; 
Soreq et al., 1986). However, it is not yet clear 
what the differences are between the various 
species of ChEmRNAs in general, and, particu- 
larly, in humans. Furthermore, it is impossible 
as yet to link particular ChE forms and specific 
ChEmRNA species to defined ChE genes in- 
cluded in the human genetic repertoire. 

Why Search for Human 
Cholinesterase Genes? 

Cholinesterase as a Neurobiological 
Model for Termination of 

Neurotransmission 

The presence of an acetycholine-hydrolyzing 
protein seems to be an essential requirement in 
cholLnergic synapses, as is evident from the 
genetic experiments described above, as well as 
from the lethal effects of cholinesterase inhib- 
itors (see following sections for details). In 
addition, the structure of ChE molecular forms 
is related to the nature of the synapse. For ex- 
ample, neuromuscular junctions are rich in col- 
lagen-tailed asymmetric ACHE, whereas mus- 
carinic brain synapses mainly contain slightly 
hydrophobic AChE tetramers (Massoulie and 
Bon, 1982; Zakut et al., 1985). This divergent 
distribution of ChEs may be relevant to the 
physiological properties of particular synapses. 

Recently accumulated evidence reveals that 
the primary struc~res of several major proteins 
play important roles in regulating the pace and 
mode of function of particular types of syn- 
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apses. For example, molecular cloning of the 
nicotinic (Sumikawa et al., 1982; Claudio et al~ 
1983; Noda et al., 1983) and muscarinic (Kubo et 
al., 1986) cholinergic receptors has shown that 
these two proteins, both of which bind acetyl- 
choline, have completely different primary 
sequences. Production and mutagenesis of the 
synthetic nicotinic acetylcholine receptor from 
cloned DNA in heterologous expression sys- 
tems, such as microinjected Xenopus oocytes 
(Mishina et al., 1984), has been performed by 
genetic engineering techniques. These studies 
linked many of the electrophysiological proper- 
ties characteristic of the nicotinic synapse to 
primary sequence epitopes in the various 
subunits of the nicotinic acetylcholine receptor 
molecule. In contrast with this advanced stage 
of study of receptor proteins, little has been 
done to investigate the precise involvement of 
ChEs, functioning as the h.wning-off signal, in 
regulating cholinergic transmission. The 
extensive similarities between polymorphic 
cholinesterases suggests considerable homolo- 
gies also at the level of nucleotides. However, 
the various ChEmRNAs coding for the different 
ChEs present in fast- and slow-twitch muscles 
(Jedrzejczyk et al., 1984) may carry form-spe- 
cific differences contributing to the electro- 
physiological properties of such synapses. This 
suggestion and parallel questions may today be 
approached by gene transfection and site-di- 
rected mutagenesis studies to determine the 
significance of the structure of the ChE protein 
in termination of neurotransmission. 

Cholinesterases as a Model System for 
Regulation of  Protein Polymorphism 

As mentioned previously, ChEs are extreme- 
ly polymorphic proteins. They exist as mono- 
mers, dimers, and tetramers. Some forms are 
globular, and others, which are assymetric, are 
associated with a collagen-like tail (for a review 
of the forms, see Massoulie and Bon, 1982). In an 

attempt to understand the underlying causes of 
such polymorphism of proteins, high-level pro- 
duction of the various ChE forms in cell culture 
would be useful. It seems that the information 
localizing the asymmetric AChE within the 
quaff muscle membrane is acquired in the Golgi 
apparatus (Rotundo, 1984), al though the 
mechanism of this polymorphic determination 
is unknown. The polymorphism of ChEs could, 
in principle, be a result of different genes encod- 
ing various primary structures. However, this 
seems less likely than other possibilities because 
in situ chromosomal mapping (Soreq et al., sub- 
mitted) and genomic DNA blot analysis using 
an isolated human ChEcDNA (Prody et al., 
1987) suggest that the structural cholinestease 
genes do not exist in as many copies as the num- 
ber of existing molecular forms. Other pos- 
sibilities include posttranscriptional (see, for 
example, Amara et al., 1985) and/or  posttrans- 
lational processing events, such as glycosyl- 
ation, formation of intramolecular and inter- 
subunit S--S bonds, distinct assembly patterns, 
and binding of the collagen-like tail. Since all of 
these processes do take place during ChE bio- 
synthesis, the ChEs are appropriate to be used as 
a model system to study the regulation of pro- 
tein polymorphism. 

Clinical Potential to the Study of 
Cholinesterase Genes 

Prolonged Apnea Following Succinylcho- 
line Administration. Succinylcholine, which 
acts as a competitive analog of acetylcholine, is 
often used in surgery as a short-term muscle 
relaxant. Since the drug is hydrolyzed by ~ChE, 
its administration into individuals carrying 
genetically abnormal ~/ChE causes prolonged 
apnea (Thompson and Whittaker, 1966). The 
most common variant with this problem is the 
atypical variant E ~1 for which 3-6% of the Cauca- 
sian population is heterozygous and about 
0.05% is homozygous (Kalow and Gunn, 1959). 
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This enzyme hydrolyzes acetylcholine, but not 
succinylcholine (Whittaker, 1980). Another 
variant, E s, which causes the complete absence 
of catalytically active serum ~ChE in homo- 
zygotes, is also associated with this clinical 
problem (Hodgkin et al., 1965). This type of 
"silent" enzyme cannot hydrolyze any ChE sub- 
strate, nor can it bind organophosphate com- 
pounds (Lockridge and La Du, 1986). High 
frequency of atypical and silent ~ChE genes was 
reported among Iraqi and Iranian Jews (11.3% 
for heterozygotes and 0.08% for homozygotes, 
respectively) (Szeinberg et al., 1972). This could 
explain the high frequency of reports of pro- 
longed apnea following surgery in Israel. It is 
likely that ~ChE could be used intravenously to 
rid the body of the succinylcholine in cases of 
prolonged apnea. For such use large amounts of 
the purified functional human ChE would be 
necessary. Since human ChEs cannot be puri- 
fied in sufficient quantities, a cloned product 
would be necessary for such a purpose. 

Organophosphate Poisoning. Complete 
inhibition of ChEs, for example, by the admini- 
stration of organophosphorous (OP) poisons, is 
lethal (Koelle, 1972). This inhibition is achieved 
by formation of a stable stoichiometric (1:1) 
convalent conjugate with the active site serine 
(Aldridge and Reiner, 1972), and may be fol- 
lowed by a parallel competing reaction, termed 
"aging." This in turn transforms the inhibited 
ChE into a form that cannot be regenerated by 
the commonly used reactivators (Aldridge and 
Reiner, 1972), such as active-site-directed nu- 
cleophiles (e.g., quaternary oximes), which de- 
tach the phosphoryl moiety from the hydroxyl 
group of the active site serine (Hobbiger, 1963). 
The aging process is believed to involve deal- 
kylation of the covalently bound OP group 
(Aldridge and Reiner, 1972) and renders ther- 
apy of intoxication by certain organophophates, 
such as sarin, diisopropylfluorophosphate 
(DFP), and Soman, exceedingly difficult 
(Loomis, 1963). The cloned ~ChE protein could 
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potentially be produced in large quantities and 
used prophylactically (e.g., in people who 
handle agricultural OP insecticides) and in 
place of oximes after intoxication. This prospect 
is strengthened by the recent observation that 
injection of highly purified fetal bovine serum 
AChE into mice protects them against organo- 
phosphate poisoning and by the positive effects 
of injected purified serum cholinesterase on 
patients suffering from alkyl phosphate poison- 
ing (Klose and Gustensohn, 1976). 

Open Neural Tube in Human Embryos. 
Neural tube defects in human embryos are bio- 
chemically characterized by secretion of a 10S 
tetrameric form of AChE into the amniotic fluid 
(Bonham and Atack, 1983). The detection of 
alterations in the level and isoform composition 
of AChE is currently carried out by sucrose 
gradient sedimentation of amniotic fluid, fol- 
lowed by enzymatic assays of ChE activity 
(Atack et al., 1983). In an alternative, less-quan- 
titave method, amniotic fluid samples are sep- 
arated by gel electrophoresis, and AChE activity 
is detected by specific staining (Brock and 
Bader, 1983). It would be particularly desirable 
to have a simple, specific procedure to deter- 
mine the level of specific ChE forms in the am- 
niotic fluid. This could be made possible by 
amino acid sequence determination, molecular 
cloning, and expression of the peptide regions 
specific to this cloned protein in sufficient quan- 
tities as to allow production of type-specific 
antibodies. Such antibodies could possibly be 
used in a radioimmunoassay to detect the exis- 
tence of the enzyme isotype and thereby, the 
open neural tube itself. 

Detection of ChE in Other Disorders. Modi- 
fications of human brain AChE have been re- 
ported in several neurological or genetic disor- 
ders, such as Alzheimer's disease (Coyle et al., 
1983) and Down's syndrome (Yates et al., 1980). 
In the brains of patients with presenile dementia 
of the Alzheimer type (SDAT; about 5% of the 
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population above 65), the levels of AChE in 
cholinergic brain areas drop by about 50% 
(Atack et al., 1983). This particularly refers to 
soluble AChE tetramers (Fishman et al., 1986). 
However, it is not clear at what step through the 
pathway of gene expression this decrease is 
controlled. Probes for ChE genes and good anti- 
bodies for the various forms of AChE affected in 
such disorders will help to shed more light on 
this issue. 

Technical Approaches and 
Methodology 

The Use of  Synthetic Ofigodeoxy- 
nucleofides as Probes and~or 
Primers for Sequencing 

Peptide sequencing information is often us- 
ed to devise synthetic oligodeoxynucleotide 
probes, which may in turn be employed in vari- 
ous ways for hybridization with particular 
cDNA sequences (Wallace et al., 1981). 
Throughout the studies described in this re- 
view, oligodeoxynucleotides were prepared by 
phosphoramidite chemistry, first based on 
published peptide sequencing information 
(Lockridge, 1984) and then based on DNA se- 
quences der ived  in our laboratory for 
ChEcDNA (Prody et al., 1986, 1987). The se- 
quences and origin of part of these probes are 
detailed below, in Table 1. For example, the 
three probe mixtures designated OPSYN in- 
clude all of the possibilities that could encode 
for the active site ChE hexapeptide (Lockridge, 
1984). It was initially decided to limit the active 
site probe length to this hexapeptide since this 
was a consensus sequence identical in human 
~ChE and Torpedo AChE (Lockridge, 1984; Mc- 
Phee-Quigley et al., 1985). Further publications 
revealed that the limitation of these probes' 
lengths was crucial to the success of the screen- 

ing project since the human wChE active site 
sequence that was published in 1986 (Lockridge 
and La Du) differed from that of 1984 (Lock- 
ridge, 1984) by 4 out of 29 amino acids. 

Because of codon ambiguity, a total of 384 
possibilities existed for the composition of the 
particular 17-long active site oligonucleotide. 
Therefore, it was essential to divide the OPSYN 
mixture of probes into three groups, to ensure 
that the specific activity of each individual se- 
quence would be high enough to be detected in 
an autoradiogram. The ChEcDNA-derived oli- 
gonucleotide probes prepared later had the ad- 
vantage of representing a single sequence each, 
which allowed a much higher specific activity in 
their use for hybridization experiments and 
eliminated the problem of faLse-positive hy- 
brids. 

To be used as probes in hybridization reac- 
tions, the synthetic oligodeoxynucleotides were 
end-labeled at their 5' end, with 7~2P, using the 
enzyme polynucleotide kinase (Prody et al., 
1986). Hybridization and washing of hybrids 
using such probes was carried out with special 
caution because of the short nucleotide chains 
(Wallace et al., 1981); this also increases the 
probability of false-positive hybrids. To mini- 
mize such errors, 3M tetramethylammonium 
chloride [(CH3)4NC1] was employed to discrimi- 
nate against short GC-rich hybrids in a base 
composition-independent manner (Wood et al., 
1985). 

Two cDNA clones were isolated from the fetal 
brain library by screening with the OPSYN IX 
probe (Gnatt, 1986). These could represent 
members of the cholinesterase family or be 
false-positives. To distinguish between these 
possibilities and to characterize the oligode- 
oxynucleotide-cDNA hybridization, DNA se- 
quencing was performed by the Sanger dide- 
oxy-sequencing technique (Sanger, 1977), with 
the s ing le -s t randed  vectors M13mp10, 
M13mp11, and M13mp19 (Messing, 1983). 
Similar techniques were employed for the char- 
acterization of other clones, including those 
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TABLE 1 

Oligodeoxynucleotides ~ 

Name 
DNA sequences 

5'--3' 
Encoded 

polypeptide Origin 

Pseudo-C-term 
(-)80 

Opsyno (-) 151 

Opsyn I (-) 

Opsyn II(-) 

Opsyn III(-) 

N-term (-) 200 

SP (+) 212 

TH2 (+) 214 

SP (+) 216 

A A C 
AGCCCNAC CA CT TC 

G G T 

A A C 

CT CT 
G G T A 

AC IGCIGCICCIGC TCICC AA 
IGI C G 

IGA 
T 

A A 
C G C C A 

CC G C  CT TC CC A A  

G A T G G 

T T 

A A 
C G C C A 

CC GC GA TC CC AA 
G C T G G 
T T 

A A 
C A C C A 

CC GC GA TC CC AA 
G T T G G 
T T 

TGTTG CAATI'ATGATGTCATCTTC 

GGATTCTTAGCTI'TGCC 

GGATCAGAGATGTGGAA 

TTGGAGAAAGTGCAGGA 

1864-1881 1 

742-770 1 

742-758 2 

None 2 

None 2 

160-183 1 

613-629 1 

391-407 1 

743-759 1 

Molecular Neurobiology 
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TABLE 1 (continued) 

Oligodeoxynucleotides ~ 

Encoded 
Name DNA sequence, 5'-->3' polypeptide Origin 

N-term (+) 217 GATGACATCATAATTGC 163-179 1 

SP (-) 220 AGCCCIACICAICTITC 1864-1880 1 

SP (+) 226 GAIAGITGIGTIGGGCT 1864-1880 1 

SP (+) 232 AAAGATGAAGGGACAGC 1126-1142 1 

SP (+) 233 AATFATCAGTGCTCTGC 2187-2203 1 

SP1424 (-) 250 AAAGGCATrATTrCCCC 1424-1440 1 

SPl175 (-) 253 AGGAGCACCATAGACTA 1175-1191 1 

SP1715 (-) 254 GCACGTAGTrTCGTCAT 1715-1732 1 

SP2012 (-) 252 TCCTTCTGGCATTrGTG 2012-2028 1 

308IV (-) ACTrAACCAAGGCTGAA Genomic 3 

309IV (+) TTCAGCC'FFGGTrAAGT Genomic 3 

Nt-true 121 A A None 4 
A C C C C 

GG TC TC GG CC TC 
G T G G T 

T T 

~OLigonucleotides u s e d  as probes a n d / o r  pr imers  for sequencing.  Part of the synthetic oligodeoxy- 
nucleot ides e m p l o y e d  th roughout  this work as probes a n d / o r  pr imers  are presented.  (+): the m R N A  
(coding) strand; (-): the cDNA (noncoding) strand. Under l ined  nucleot ides represent  mistakes 
related to p r imary  sequencing  only from one strand,  which  were found  after extensive sequencing. 
The po lypep t ides  encoded  by these ol igodeoxynucleot ides  are n u m b e r e d  according to the nucleic 
acid residue n u m b e r s  in the full-length ChEcDNA (see results). Origin refers to the source of infor- 
mat ion  by which  these sequences were determined.  Probes labeled 1 were synthesized according to 
nucleot ide sequences  found  in the isolated ChEcDNA. Those labeled 2 were  d e d u c e d  form pept ide  
sequencing data pub l i shed  by Lockridge (1984). Those labeled 3 were de t e rmined  from genomic 
nucleot ide sequences,  inc luded in phages hybr idiz ing wi th  ChEcDNA probes, and  those labeled 4 
follow the sequence of  Haas and  Rosenberry for the N-terminal  pept ide  of h u m a n  erythrocyte AChE 
(1985). 
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coding for cholinesterase from fetal brain and 
liver (Prody et al., 1986,1987; see further sections 
for details). 

Isolation and Characterization of 
Genomic DNA Fragments Hybridizing 
with Cholinesterase cDNA Probes 

ChEcDNA was employed as a probe for the 
screening of genomic DNA libraries to detect 
and isolate DNA fragments from the human 
ChE gene(s). In addition, special attention was 
paid to the 5'-terminal region of such genes. In 
genomic DNA blots, EcoRI-digested DNA from 
all of the tissue origins checked to date gave 
seemingly identical patterns when hybridized 
with ChEcDNA probes (see further sections for 
details). When this hybridization was carried 
out using the 5'-terminal fragment of the human 
brain cDNA coding for ChE, one major band of 
approximately 4.7+ 0.5 kilobase (kb) was visible 
and was, therefore, presumed to contain DNA 
fragments complementary to the 5'-terminal 
domain of the ChE gene. The DNA fragment 
containing the 5'-terminus is of particular inter- 
est to us since it should lead to the promotor 
region and possibly other sequences that might 
shed light on the regulation of ChE expression. 

In order to isolate the 5'-terminal domain of 
the ChE gene, genomic DNA fragments cut with 
EcoRI were separated electrophoretically, and 
the electrophoresed DNA fragments in the size 
range of 3.7-4.7 kb were electroeluted and con- 
centrated by chromatography on a DEAE cellu- 
lose minicolumn. The enriched DNA was li- 
gated with dephosphorylated EcoRI-digested 
Xgtl0 DNA and packaged using the Gigapack 
Plus packaging kit (Stratagene). Phage colonies 
containing DNA sequences that hybridized 
with 32P-labeled ChEcDNA were isolated and 
further characterized (Gnatt, 1986). The enrich- 
ment of the 5'-domain of the ChE gene and its 
cloning are presented schematically in Fig. 1. 

Genomic double-stranded DNA fragments 
packaged in the ;~gtl0 phages were subjected to 
direct sequencing by the dideoxy Sanger tech- 
nique using the enzyme reverse transcriptase 
and synthetic oligodeoxynucleotide primers. 
Sequencing was carried out essentially as de- 
scribed by Zagursky et al., (1985), with minor 
modifications, or by use of the Klenow fragment 
of DNA polymerase. This was done using the 
M13 sequencing Kit (Amersham), with minor 
adjustments in the reaction conditions. 

Current State of Experimental 
Observations 

cDNA Screening and Sequence 
Analysis of Positively Hybridizing 
Phages 

In an attempt to isolate ChEcDNA clones, 
four screens were performed on a fetal brain 
cDNA library using the OPSYN probes (Prody 
et al., 1986). The findings obtained in one of 
these screens are described below as an example 
for the procedures involved. The screen using 
the oligonucleotide probe mixture designated 
OPSYN II yielded two positively hybridizing 
phages, both of which did not form stable hy- 
brids with the longer OPSYNO probe. (Prody et 
al., 1986; see Table 1 for the detailed sequences 
included in each of these probes.) In order to 
determine whether these cDNAs contained the 
active site hexapeptide and to examine the 
hybridization properties of the isolated cDNAs, 
OPSYN II hybridizing fragments derived from 
phages isolated from the OPSYN II screen were 
inserted into M13 single-stranded phages and 
their nucleotide sequence determined. Both 
sequences proved to contain open reading 
frames. The sequences of the OPSYN II hybrid- 
izing region of clone 7B and its translation in an 
open reading frame were as follows: 
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Fig. I. CIoMng and isolation of a 5'-terrn.inal f ra~ent  from the human ChE gene. See text for details. 

0 
AGG TGC GCA GGC CGA TTC TCC AAA 
Arg Cys Ala Gly Arg Phe Ser Lys 

25 
GAA CTT GCA TTT AAG CTA AGG TGC 
Glu Lys Ala Phe Lys Leu Arg Cys 
50 
GCA GGC CGA TTC TCC AAA GAA CTT 
Ala Gly Arg Phe Ser Lys Glu Leu 
75 84 
GCA TTT AAG CTT 
Ala Phe Lys Leu 

Thus, the mRNA from which this clone was 
reverse-transcribed codes for a protein that does 
not contain the ChE active site hexapeptide. 
Comparison of the nucleotide sequence in this 
clone with that of the OPSYN Ir probe revealed 
a base-pairing with a single mismatch, as shown 
in Table 2. 

The sequence of the OPSYN II hybridizing 
region of clone 24 and its translation in an open 
reading frame were as follows: 
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0 
AAG CAT AGC CAT CAG TTA GAA GTT 
Lys His Set His Gin Leu Glu Val 
25 
TTT TAT TTT TGG GGA TGT CGG CAG 
Phe Tyr Phe Trp Gly Cys Arg Gin 
50 
GAG GAA TTT CCT TTA AAG GAG CAT 
Glu Glu Phe Pro Leu Lys Glu His 
75 96 
ATA TAT ACG TCA GGA TTT GTC TTA 
Ile Tyr Thr Ser Gly Phe Val Leu 

In this case as well, the ChE-active site hex- 
apeptide was not included in the protein en- 
coded by the positively hybridizing cDNA, and 
the proposed base-pairing of the hybrids con- 
tained a single, unpai red  base (Table 3). 

Soreq and Gnatt 

Comparative Analysis of 
Cholinesterase cDNA of Various 
Genetic Origins 

Primary Structure of Human 
Cholinesterase cDNA 

In addit ion to the faDe-positive hybrids de- 
tailed above, the initial screening procedure 
described unde r  Methods also resulted in the 
isolation of a single, true positive, in the form of 
a fetal brain cDNA clone, 765 nucleotides in 
length, designated FBChE12. This cDNA clone 
hybridized with both OPSYN and OPSYNO 
probes (Prody et al., 1986). The nucleotide se- 
quence of FBChE12 that is complementary  to 
probes OPSYN and OPSYNO corresponded 

~See text for details. 

TABLE 2 

Proposed Base Pairing Probe-DNA, Clone 7bxOPSYN II a 

5'-->3' PROBE C C G G C C G A T T C T C C A A A 

3'-->5'DNA G T C C G G C T A A G A GG T T T 

"See text for details. 

TABLE 3 

Proposed Base Pairing Probe-DNA, Clone 24xOPSYN TI ~ 

5'-->3' PROBE C C T G C C G A C T C C C C A A A 

3'-->5' DNA G G A  C G  G C T G  A G  G G G T T T  
T 
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exactly to the peptide sequence used to design 
these oligodeoxynucleotide probes (Fig. 2, 
amino acid residues encoded by nucleotides 
742-759 and 742-771, respectively). FBChE12 
was then used as a probe to screen the fetal brain 
and liver cDNA libraries. Four clones of 2.4 kb 
in length were isolated from the fetal liver libra- 
ry, and one of these, designated FL39, was fur- 
ther  charac te r ized  in comparison with  
FBChE12. It was found that both clones con- 
tained an identical sequence of 693 nucleotides, 
with the 5'-end of the FL39 insert starting at 
nucleotide no. 73 of FBChE12 (Fig. 2), suggest- 
ing that both cDNAs were derived form similar 
mRNA transcripts (Prody et al., 1987). When 
the amino acids predicted from the FBChE12 
and the FL39 sequence are aligned with the 
available peptide sequence of human wChE, 
(Lockridge et al., 1987) the entire coding region 
for the mature enzyme is defined, starting at 
residue 1 (nucleotide 160), which corresponds 
to the N-terminal peptide, and ending at residue 
574 (nucleotide 1881), which is the last amino 
acid residue in the C-terminal tryptic peptide of 
wChE, as determined from amino acid sequen- 
cing (Lockridge and LaDu, 1986). This sequence 
also includes the active site tryptic peptide of 
human ~ChE, which contains a serine residue 
that can be labled by diisopropylfluorophos- 
phate (DFP) (Lockridge, 1984) (Fig. 2, circled). 
The polypeptide inferred by the FBChE12 and 
the FL39 sequences is identical to the ~ChE 
polypeptide. In contrast, the amino acid com- 
position of the F139-coded protein clearly dif- 
fered from the parallel composition derived for 
erythrocyte AChE (Dutta-Chundhurry and 
Rosenberry, 1984). In addition, the N-terminus 
of the cholinesterase encoded by FBChE12 and 
F139 differs from the peptide reported for 
erythrocyte AChE (Haas and Rosenberry, 1985). 
Altogether, this proves that both FBChE12 and 
F139 code for ~ChE. It should be noted that the 
amino acid sequence of nervous system ChEs 
has not been approached as yet, because of dif- 
ficulties in purifying sufficient quantities of the 

active proteins. Thus, there is no indication at 
present regarding correlations between the iso- 
lated ChEcDNA and nervous system ChEs in 
humans. 

The region upstream of the wChE amino-ter- 
minal residue (nucleotides 88-147) in FBChE12 
codes for 20 amino acids characteristic of leader 
peptides of membrane-associated and exported 
protein precursors (Heijne, 1985). The hydro- 
phobic sequence in this region is rich in large, 
nonpolar amino acids. It is preceded by the 
tripeptide His-Ser-Lys, and terminates with 
Lys-Ser-His, both composed of polar amino 
acids. Further upstream, the cDNA sequence 
consists of a fully open reading frame without 
stop codons and includes a presumptive ribo- 
some-binding site and an additional ATG triplet 
(Fig. 2), perhaps indicating that this mRNA is 
subjected to translational control at the level of 
initiation. 

To examine further the molecular properties 
of the protein  encoded by the human  
cholinesterase cDNA, we subjected it to hydro- 
phobicity analysis according to Hopp and 
Woods (1981). The results of this analysis are 
presented in Fig. 3. The hydrophobicity pattern 
is consistent with a globular protein, in which a 
clearly hydrophobic region, that of the signal 
peptide, can be observed (Fig. 3). 

Comparison of Human 
Cholinesterase cDNA to cDNAs 
of Other Proteins 

The coding region in the cDNA and inferred 
amino acid sequence of the FL39 clone were 
compared to the parallel sequences recently 
published for cDNA clones coding for AChE 
from Torpedo californica electric organ (Schuma- 
cher et al., 1986) and from Drosophila melano- 
gaster (Hall and Spierer, 1987). This analysis 
revealed considerable homologies between the 
corresponding parts of the cholinesterases from 
T. californica, Do melanogaster, and human, 
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6O 
ATT TCC CCG AAC TAT TAC ATG ATT TTC A CCT TG~ AAA GTT TGC CAT CTT TGT TGC AGA 

90 120 
GAA TCG GAA ATC AAT~T~CAT AGC AAA GTC ACA ATC ATA TGC ATC AGA TTT CTC TTT TGG 

~/His Ser Lys Val Thr Ile Ile Cys Ile Arg Phe Leu Phe Trp 

150 io~ 
TTT CTT TTG CTC TGC ATG CTT ATT GGG AAG TCA CAT ACTIGAA GAT GAC ATC ATA ATT GCAI 
Phe Leu Leu Leu C~s Met Leu Ile Giy Lys Ser His Thr]Glu Asp Asp Ile Ile Ile Ala I 

CA AAG AAT GGA AAA GTC AGA GGG ATGIAAC TTG ACA~ GTT TTT GGT GGC ACG GTA ACA GCC 
Val Fhr Lys Ash Gly Lys Val Arg Gly MetlAsn Leu Thr I Phe Gly GlyJThr Val Thr Ale 

270  300 
TTT CTT GGA ATT CCC TAT GCA CAG CCA CCT CTT GGT AGA CTT CGA TTC AAA AAG CCA CAG 
Phe Leu Gly Ile Pro Tyr Ala Gln Pro Pro Leu Gly Arg Leu Arg Phe Lys Lys Pro Gln 

330 t " - ,~ , , , , " -~360 
TCT CTG ACC AAG TGG TCT GAT ATT TGG AAT GCC ACA AAA TAT GCA AAT TCT ~GC-TGT~CAG 
Set Leu Thr Lys Trp Set Asp Ile Trp Asn Ala Thr Lys Tyr Ala Asn Ser ys~ys~Gln 

420 
AAC ATA GAT CAA AGT TTT CCA GGC TTC GGA TCA GAG ATG TGG AAC CCA AAC ACT GAC 

Met Asn Pro Asn Thr Ser Glu Trp Asp ASh Ile Asp Gln Set Phe Pro Gly Phe~i~Gly 

450 4no 
CTC AGT GAA GAC TTA TAT CTA AAT GTA TGG ATT CCA GCA CCT AAA CCA AAA ~AT GCCI 

Ala Pro Lys Pro Lys ~sn Val Trp Ile Pro Tyr Leu ASh A l a  I Leu Ser Olu Asp~ys~Leu 

510 540 
GTA TTG ATA TGG ATT TAT GGT GGT GGT TTT CAA ACT GGA ACA TCA TCT TTA CAT GTT 
Val Leu Ile Trp Ile Tyr Gly Gly Gly Phe Gln Thr Gly Thr Ser Ser Leu His Val 

570 600 
TAT~ATKGGC AAG TTT CTG GCT CGG GTT GAA AGA GTT ATT GTA GTG TCA ATG AAC TAT AGG 
Tyr s~Gly Lys Phe Leu Ala Arg Val Glu Arg Val Ile Val Val Ser Met Asn Tyr Arg 

630 660 
GTG GGT GCC CTA GGA TTC TTA GCT TTG CCA GGA AAT CCT GAG GCT CCA GGG AAC ATG GGT 
Val Giy Ala Leu Gly Phe Leu Ala Leu Pro Gly Ash Pro Glu Ala Pro Gly Asn Met Gly 

690 720 
TTA TTT GAT CAA CAG TTG GCT CTT CAG TGG GTT CAA AAA AAT ATA GCA GCC TTT GGT GGA 
Leu Phe Asp Gln Gln Leu Ala Leu Gln Trp Val Gln Lys Asn Ile Ala Ala Phe Gly Gly 

750Z--% 780 
AAT CCT AAAIA~T ~'I'A ACT G'fG TTT G~A GAA ~AG~GGA GGA GGA GGT TCA ~'fT AGC CTG CAT 
Ash Pro Lysl Ser Val Thr Leu Phe Gly Glu~Ala Gly Ala Ala Set Val Set Leu His 

m 

TG CTT TCT CCT GGA AGC CAT TCA TTG TTC ACC AGA GCC ATT CTG CAA AGT GGA TCC TTT 
eu Leu Ser Pro Gly Ser His Set Leu Phe Thr Arg~ Ala Ile Leu Gln Set Gly Set Phe 

870 900 
AAT GCT CCT TGG GCG GTA ACA TCT CTT TAT GAA GCT AGG AAC AGA ACGI TTG AAC TTA GCT 
Ash Ala Pro Trp Ala Val Thr Ser Leu Tyr Glu Ala Arg Asn Ar~ Thr] Leu Asn Leu Ala 

A~s 930 960 AAA TTG ACT GGT TCT AGA GAG T GAG ACT GAA ATA ATC AAG~CTT AGA AAT AAA 
Arg Ash Lys Leu Thr Gly Set Arg Glu n Glu Thr Glu Ile Ile Lys Cy~Leu Lys 

990 1020 
GAT CCC CAA GAA ATT CTT CTG AAT GAA GCA TTT GTT GTC CCC TAT GGG ACT CCT TTG TCA 
Asp Pro Gln Glu Ile Leu Leu Asn Glu Ala Phe Val Val Pro Tyr Gly Thr Pro Leu Set 

1050 1080 
GTA AAC TTT GGT CCG ACC GTG GAT GGT GAT TTT CTC ACT GAC ATG CCA GAC ATA TTA CTT 
Val Asn Phe Gly Pro Thr Val Asp Gly Asp Phe Leu Thr Asp Met Pro Asp Ile Leu Leu 

iii0 1140 
GAA CTT GGA CAA TTT AAA AAA ACC CAG ATT TTG GTG GGT GTT AAT AAA GAT GAA GGG ACA 
Glu Leu Gly Gln Phe Lys Lys Thr Gln Ile Leu Val Gly Val Asn Lys Asp Glu Gly Thr 

Fig. 2. Primary structure of the fetal human cholinesterase encoded by FBChE12 and FL39. The 2.4 kb 
composite nucleotide sequence of clones FBChE12 and FL39 (Prody et al., 1987) was translated into its encoded 
amino acid sequence. Nucleotides are numbered in the 5'-3' direction, and the predicted amino acids are shown 
below the corresponding nucleotide sequence. Boxed sequences indicate three amino acid sequences that were 
found to match peptices present in human~ChE, as shown by peptide sequencing (Lockridge, 1984). These are 
the N-terminal peptide (nucleotides 160-225), the active-site peptide (nucleotides 730-765, with a full circle 
indicating the active-site Ser residue no. 198), and the C-terminal peptide (nucleotides 1864-1881). The amino 
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1170 
TTT TTA GTC TAT GGT GCT CCT GGC TTC 
Phe Leu Val Tyr Gly Ala Pro Gly Phe 

1230 
GAA TTT CAG GAA GGT TTA AAA ATA TTT 
Glu Phe Gln GIu Giy Leu Lys Ile Phe 

1290 
ATC CTT TTT CAT TAC ACA GAC TGG GTA 
Ile Leu Phe His Tyr Thr Asp Trp Val 

1350 
TTG GOT GAT GTT GTT GGG GAT TAT AAT 
Leu Gly Asp Val Val Gly Asp Tyr Asn 

1410 
TTC TCA GAA TGG GGA AAT AAT GCC TTT 
Phe Ser Glu Trp Gly Asn Asn Ala Phe 

1470 
CCG TGG CCA GAA TGG ATG GGA GTG ATG 
Pro Trp Pro Glu Trp Met Gly Val Met 

1530 
CCT CTG GAA AGA AGA GAT AAT TAC ACA 
Pro Leu Glu Arg Arg Asp Asn Tyr Thr 

1590 
AAA CGG TGG GCA AAT TTT GCA AAA TAT 
Lys Arg Trp Ala Asn Phe Ala Lys Tyr 

1650 
AGC TGG CCT GTC TTC AAA AGC ACT GAA 
Ser Trp Pro Val Phe Lys Ser Thr Glu 

1710 
AGA ATA ATG ACG AAA CTA CGT GCT CAA 
Arg Ile Met Thr Lys Leu Arg Ala Gln 

1770 
GTC TTG GAA ATG ACA GGA AAT ATT GAT 
Val Leu Glu Met Thr Gly Asn Ile Asp 

1200 
AGC AAA GAT AAC AAT AGT ATC ATA ACT AGA 
Ser Lys Asp Asn Ash Set Ile Ile Thr Arg 

1260 
TTT CCA GGA GTG AGT GAG TTT GGA AAG GAA 
Phe Pro Gly Val Set Glu Phe Gly Lys Glu 

1320 
GAT GAT CAG AGA CCT GAA AAC TAC CGT GAG 
Asp Asp Gln Arg Pro Glu ASh Tyr Arg Glu 

1380 
TTC ATA CCT GCC TTG GAG TTC ACC AAG 
Phe Ile Pro Ala Leu Glu Phe Thr Lys 

1440 
TTC TAC TAT TTT GAA CAC CGA TCC TCC AAA 
Phe Tyr Tyr Phe Glu His Arg Set Ser Lys 

1500 
CAT GGC TAT GAA ATT GAA TTT GTC TTT GGT 
His Gly Tyr Glu Ile Glu Phe Val Phe Gly 

1560 
AAA GCC GAG GAA ATT TTG AGT AGA TCC ATA 
Lys Ala Glu Glu Ile Leu Set Arg Set I!e 

162N 
GGG AAT CCA~AAT GAG ACT[ CAG AAC ~AT AGC I 
Gly Asn ProiAsn Glu Thr~ Gln Asn ~sn Ser I 

1680 
CAA AAA TAT CTA ACC TTG AAT ACA GAG TCA 
Gln Lys Tyr Leu Thr Leu Asn Thr Glu Set 

1740 
CAA/TG~CGA TTC TGG ACA TCA TTT TTT CCA 
Gln~Arg Phe Trp Thr Ser Phe Phe Pro 

1800 
GAA GCA GAA TGG GAG TGG AAA GCA GGA TTC 
Glu Ala Glu Trp Glu Trp Lys Ala Gly Phe 

1830 
CGC TGG AAC AAT TAC ATG ATG GAC TGG 
Arg Trp Asn Asn Tyr Met Met Asp Trp 

1890 
~GAA AGT~G~GTG GGT CTC TAA TTA ATA 
[Glu SerkCyj/Val Gly Leu 

1950 
ATC AAG GCA AAA ATA TCA GGA GCT TTT 

2010 
GAA ACA AAA ATG CCA GAA GGA TAA TAT 

2070 
TAG CAT TTC AAA ACC CAA ATG GCT AGA 

2130 
TAC AGT TAA TTA TGT GCA TAT TAA AAC 

2190 
AAA TTT AAG TTT TTT CCC CCC AAA ATT 

2250 
ATT ACC ACT CGT AAA AAG GTA TCT TTT 

2310 
CAT AGT TTA CAA TAA TTA GTG TTT CCT 

2370 
AAT [AAT TAA ~T AAG CAC AGA AAA TCA 

1860 
AAA AAT CAA TTT AAC GAT TAC ACT AGC AAG 
Lys Asn Gln Phe Asn Asp Tyr Thr Ser Lys 

1920 
GAT TTA CCC TTT ATA GAA CAT ATT TTC CTT 

1980 
TTA CAC ACC TAG TAA AAA AGT TAT TAT GTA 

2 0 4 0  
TGA TTC CTC ACA TCT TTA ACT TAG TAT TTT 

2100 
ACA TGT T~ ATT AAAITTT CAC AAT ATA AAG 

2160 
AAT GGC CTG GTT CAA TTT CTT TCT TTC CTT 

2220 
ATC AGT GCT CTG CTT TTA GTC ACG TGT ATT 

2280 
TTA AAT GAA GTT AAA TAT TGA AAC ACT GTA 

2340 
AAG TTA AAA TAA GAA TTG AAT GTC AAT AAT 

2400 
CAA AAA AAA ACA AAA AAA AAA AAA AAA AAA 

(Fig. 2 cont.) acid sequence of the active-site peptide served as a basis for designing the oligodeoxynucleotide 
probes with which these eDNA clones were selected (Table 1). Also boxed are a presumptiveribosome binding 
site (nucleotides 30--36) and signal peptide (nucleotides 88-147), with three polar amino acid residues at both 
ends (Queen and Korn, 1980), as well as seven potential sites for N-linked glycosylation (starting at nucleotides 
208, 475, 880, 925, 1180, 1600, and 1615), predicted by the sequence Asn-X-Thr/Ser, in which X represents any 
amino acid except protine (Bause, 1983). His 77 and Asp 129, which are the best candidates to be involved in the 
active site by comparision with other serine esterases (Dayhoff, 1978), are circled. The FL39 sequence also 
includes a long 3'-untranslated region, ending with a polyadenylation site and a poly(A)-tail. 
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HYDROPHOBICITY PATTERN OF FULL EhE POLYPEPTIDE 

2O /.0 60 80 100 

481 

601 

L ~ 

amino acid residue. No. 

Fig. 3. Hydrophobicity pattern of the complete ChE protein. Represented is the prediction of the hydro- 
phobic and hydrophilic regions of human ChE protein, using the algorithm of Hopp and Woods (1981). The 
baseline represents a hydrophilicity value of 0, increasing hydrophilicity is in the upward direction and in- 
creased hydrophobicity is in the downward direction. "A" represents the putative signal peptide, "B" the active 
site region, and a, b, c, d, and e represent regions that show high homology to the amino acid sequence of bovine 
thyrogtobulin (see text for details). These are possible epitopes for autoimmune antibodies (see discussion). 
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nucleotide sequence and the primary structure of amino acids are homologous (see, for example, nucleotides 
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strongly suggesting that they have a common 
ancestral origin. A higher level of conservation 
was consistently found at the amino acid level 
than at the DNA level. Significant homology 
was also observed with the DNA and the amino 
acid sequence of bovine thyroglobulin (Merken 
et al., 1985). These homologies are presented in 
Fig. 4(a-d) as computer-derived matrices. The 
intrinsic differences between the cDNAs encod- 
ing these proteins have also been approached by 
analyzing their nucleotide composition and 
distribution of codons and dinucleotides, as 
shown in Table 4. In contrast with the pro- 
nounced species-specific differences in codon 
usage and nucleotide frequencies, the amino 
acid composition of the various cholinesterases 
remained surprisingly conserved, as displayed 
in Table 5. 

Preliminary Characterization of the 
Structural Human Cholinesterase 
Genes 

To identify the genomic DNA fragments encod- 
ing various regions of the ChE protein, seg- 
ments of the molecularly cloned, full-length 
cholinesterase cDNA cut by the enzyme EcoRI 
were employed as probes of DNAblot  hybridi- 
zation of genomic DNA from postnatal and fetal 
brain, as well as from primary meningioma 
tumors. This analysis revealed a 10-kb DNA 
band that hybridized with the 3'-end of the 
cDNA, a 2.3-kb DNA fragment that appears to 
carry most of its central part, and a 4.3-kb frag- 
ment that codes for at least part of the 5'-termi- 
nal region of this cDNA, as shown in Fig. 5. 
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TABLE 4 

Nucleotide Compositions and Frequencies in Various Cholinesterase cDNAs. 

I a Human ChEcDNA mature protein encoding sequence 

The sequence contains 1722 nucleotides Nucleotide No. 
A 535 
C 308 
G 388 
T 491 

% 

(31.1) 
(17.9) 
(22.5) 
(28.5) 

A + T 1026 (59.6) 
C + G  696 (40.4) 

The dinucleotide frequency is 

AA 195 (11.3) CA 118 (6.9) GA 139 (8.1)  
AC 84 (4.9)  CC 68 (4.0) GC 60 (3.5)  
AG 117 (6.8)  CG 17 (1.0) GG 105 (6.1)  
AT 139 (8.1)  CT 104 (6.0) GT 84 (4.9)  

I b Distribution ofcodons in the open reading frame 

TCT Ser 7(1.2) TAT Tyr 14(2.4) 
TCC Ser 5(0.9) TAC Tyr 6(1.0) 
TCA Ser 9(!.6) TAA End 0(0.0) 
TCG Ser 0(0.0) TAG End 0(0.0) 

TTT Phe 27(4.7) 
TTC Phe 12(2.1) 
TTA Leu 9(1.6) 
TTG Leu 15(2.6) 

TA 83 (4.8) 
TC 96 (5.6) 
TG 148 (8.6) 
TT 89 (9.5) 

TGT Cys 5(0.9) 
TGC Cys 3(0.5) 
TGA End 0(0.0) 
TGG Trp 18(3.1) 

CTI" Leu 12(2.1) 
CTC Leu 4(0.7) 
CTA Leu 4(0.7) 
CTG Leu 6(1.0) 

CCT Pro 12(2.1) CAT His 8(1.4) 
CCC Pro 3(0.5) CAC His 1(0.2) 
CCA Pro 13(2.3) CAA Gln 10(1.7) 
CCG Pro 2(0.3) CAG Gln 9(1.6) 

CGT Arg 2(0.3) 
CGC Arg 1(0.2) 
CGA Arg 3(0.5) 
CGG Arg 2(0.3) 

ATT Ile 12(2.1) 
ATC Ile 5(0.9) 
TAT Ile 11(1.9) 
ATG Met 11(1.9) 

ACT Thr 13(2.3) 
ACC Thr 6(1.0) 
ACA Thr 15(2.6) 
ACG Thr 3(0.5) 

AAT Asn 25(4.4) 
AAC Asn 13(2.3) 
AAA Lys 25(4.4) 
AAG Lys 8(1.4) 

AGT Ser 9(1.6) 
AGC Ser 7(1.2) 
AGA Arg 13(2.3) 
AGG Arg 3(0.5) 

GTT Val 10(1.7) 
GTC Val 6(1.0) 
GTA Val 8(1.4) 
GTG Val 8(1.4) 

GCT Ala 11(2.3) 
GCC Ala 10(1.7) 
GCA Ala 12(2.1) 
GCG Ala 1(0.2) 

GAT Asp 17(3.0) 
GAC Asp 7(1.2) 
GAA Glu 26(4.5) 
GAG Glu 11(1.9) 

GGT Gly 17(3.0) 
GGC Gly 5(0.9) 
GGA Gly 18(3.1) 
GGG Gly 6(1.0) 

(Table continued next page) 
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TABLE 4 (continued) 

II a Torpedo californica ChEcDN A mature protein-encoding sequence 

The sequence contains 1725 nucleotides: Nucleotide Noo % 
A 417 (24.2) 
C 460 (26.7) 
G 481 (27.9) 
T 367 (21.3) 

A + T 784 (45.4) 
C + G 941 (54.6) 

The dinucleotide frequency is 

AA 101 (5.9)  CA 133 (7.7)  
AC 121 (7.0)  CC 120 (7.0)  
AG 130 (7.5)  CG 84 (4.9)  
AT 65 (3.8)  CT 123 (7.1)  

IIb Distribution of codons in the open reading frame 

GA 148 (8,6)  
GC 96 (5.6)  
GG 146 (8.5)  
GT 90 (5.2)  

TTI" Phe 11(1.9) TCT Ser 10 
TTC Phe 25(4.3) TCC Ser 7 
TTA Leu 2(0.3) TCA Ser 5 
TTG Leu 8(1.4) TCG Ser 5 

(1.7) 
(1.2) 
(0.9) 
(0.9) 

TAT 
TAC 
TAA 
TAG 

Tyr 
Tyr 
End 
End 

2 
17 

0 
0 

CTF Leu 4(0.7) CCT Pro 
CTC Leu 18(3.1) CCC Pro 
CTA Leu 2(0.3) CCA Pro 
CTG Leu 17(3.0) CCG Pro 

7 (1.2) 
11 (1.9) 
5 (0.9) 
8 (1.4) 

CAT His 
CAC His 
CAA Gln 
GAG Gln 

2 
16 

1 
17 

ATF Ile 6(1.0) ACT Thr 
ATC Ile 11(1.9) ACC Thr 
ATA Ile 3(0.5) ACA Thr 
ATG Met 18(3.1) ACG Thr 

GTT Val 7(1.2) GCT Ala 
GTC Val 20(3.5) GCC Ala 
GTA Val 1(0.2) GCA Ala 
GTG Val 12(2.1) GCG Ala 

3 (0.5) 
9 (1.6) 
7 (1.2) 
4 (0.7) 

6 (1.0) 
9 (1.6) 
4 (0.7) 
6 (1.0) 

AAT Asn 
AAC Asn 
AAA Lys 
AAG Lys 

GAT Asp 
GAC Asp 
GAA Glu 
GAG Glu 

8 
30 

7 
19 

5 
23 
11 
29 

(0.3) 
(3.0) 
(0.0) 
(0.0) 

(0.3) 
(2.8) 
(0.2) 
(3.0) 

(1.4) 
(5.2) 
(1.2) 
(3.3) 

(0.9) 
(4.0) 
(1.9) 
(5.0) 

TA 35 (2.0) 
TC 123 (7.1) 
TG 120 (7.0) 
Tr  89 (5.2) 

TGT Cys 4 (0.7) 
TGC Cys 4 (0,7) 
TGA End 0 (0.0) 
TGG Trp 17 (3.0) 

CGT Arg 0 (0.0) 
CGC Arg 3 (0.5) 
CGA Arg 4 (0.7) 
CGG ARg 5 (0.9) 

AGT Ser 5 (0.9) 
AGC Ser 15 (2.6) 
AGA Arg 6 (1.0) 
AGG Arg 9 (1.6) 

GGT Gly 5 (0.9) 
GGC Gly 16 (2.8) 
GGA GIy 12 (2.1) 
GGG Gly 12 (2.1) 

(Table continued next page) 
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TABLE 4 (continued) 

IIIa Drosophila melanogaster ChEcDNA protein encoding sequence 

The sequence contains 1945 nucleotides: Nucleotide No. % 
A 406 (20.9) 
C 576 (29.6) 
G 567 (29.2) 
T 396 (20.4) 
A + T 802 (41.2) 
C + G 1143 (58.8) 

The dinucleotide frequency is 

AA 89 (4.6)  CA 133 (6.8)  GA 136 (7.0)  TA 48 (2.5)  
AC 109 (5.6)  CC 160 (8.2)  GC 176 (9.1)  TC 131 (6.7)  
AG 94 (4.8)  CG 153 (7.9)  GG 174 (9.0)  TG 145 (7.5)  
AT 114 (5.9)  CT 130 (6.7)  GT 81 (4.2)  TI" 71 (3.7)  

1I b Distribution of codons in the open reading frame 

TXT Phe 6 (0.9) TCT Ser 1 (0.2) TAT Tyr 7 (1.1) TGT Cys 1 (0.2) 
TTC Phe 21 (3.2) TCC Ser 19 (2.9) TAC Tyr 19 (2.9) TGC Cys 10 (1.5) 
TTA Leu 1 (0.2) TCA Set 2 (0.3) TAA End 0 (0.0) TGA End 0 (0.0) 
TTG Leu 8 (1.2) TCG Ser 11 (1.7) TAG End 0 (0.0) TGG Trp 15 (2.3) 

CTT Leu 2 (0.3) CCT Pro 5 (0.8) CAT His 4 (0.6) CGT Arg 4 (0.6) 
CTC Leu 9 (1.4) CCC Pro 19 (2.9) CAC His 11 (1.7) CGC Arg 11 (1.7) 
CTA Leu 2 (0.3) CCA Pro 3 (0.5) CAA Gln 3 (0.5) CGA Arg 5 (0.8) 
CTG Leu 32 (4.9) CCG Pro 13 (2.0) CAG Gln 20 (3.1) CGG Arg 4 (0.6) 

ATT Ile 7 (1.1) ACT Thr 4 (0.6) AAT Asn 15 (2.3) AGT Ser 5 (0.8) 
ATC Ile 23 (3.5) ACC Thr 17 (2.6) AAC Asn 18 (2.8) AGC Ser 6 (0.9) 
ATA Ile 4 (0.6) ACA Thr 4 (0.6) AAA Lys 5 (0.8) AGA Arg 1 (0.2) 
ATG Met 19 (2.9) ACG Thr 9 (1.4) AAG Lys 17 (2.6) AGG Arg 7 (1.1) 

GTT Val 2 (0.3) GCT Ala 11 (1.7) GAT Asp 19 (2.9) GGT Gly 8 (1.2) 
GTC Val 14 (2,2) GCC Ala 24 (3.7) GAC Asp 14 (2.2) GGC Gly 30 (4.6) 
GTA Val 2 (0.3) GCA Ala 6 (0.9) GAA Glu 7 (1.1) GGA Gly 14 (2.2) 
GTG Val 21 (3.2) GCG Ala 16 (2.5) GAG Glu 27 (4.2) GGG Gly 4 (0.6) 

aData were derived by  computerized analysis of the specific cDNA sequences coding for human, Torpedo, and 
Drosophila ChEs (see text for details regarding the sources of these sequences). 
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TABLE 5 

Amino Acid Composition and Primary Protein Properties in Various Cholinesterases ~ 

I Amino acid composition of the mature human ChE 
No. of No. of 

Amino acids residues % Amino acids residues 

Ala 34 5.9 Leu 51 
Arg 24 4.2 Lys 26 
Asn 38 6.6 Met 18 
Asp 24 4.2 Phe 36 
Cys 8 1.4 Pro 31 
Gln 19 3.3 Set 23 
Glu 37 6.4 Thr 17 
Gly 46 8.0 Trp 19 
His 9 1.6 Val 40 
Ile 28 4.9 

Acidic (Asp + Glu) 68 
Basic (Arg + Lys) 53 
Aromatic (Phe + Trp + Tyr) 72 
Hydrophobic (Aromatic + Ile + Leu + Met + Val) 201 

Mol wt = 65,087. Total amino acids = 574 

II Amino acid composition of the mature T. 

Amino acids No. of residues % 

californica AChE 

No. of 
Amino acids residues 

Ala 25 4.3 Leu 54 
Arg 27 4.7 Lys 22 
Asn 38 6.6 Met 19 
Asp 28 4.9 Phe 27 
Cys 8 1.4 Pro 40 
Gln 18 3.1 Ser 44 
Glu 40 7.0 Thr 34 
Gly 45 7.8 Trp 15 
His 18 3.1 Tyr 26 
Ile 20 3.5 Val 39 

Acidic (Asp + Glu) 
Basic (Arg + Lys) 67 
Aromatic (Phe + Trp + Tyr) 54 
Hydrophobic (Aromatic + Ile + Leu + Met + Val) 68 

214 

Mol wt = 65,596. Total amino acids = 575 

% 

8.7 
5.7 
1.9 
6.8 
5.2 
6.4 
6.4 
3.1 
3.5 
5.6 

10.6 
9.9 

13.4 
34.5 

% 

8.9 
4.5 
3.1 
6.3 
5.4 
8.2 
4.0 
3.0 
3.3 
7.0 

11.8 
9.2 

12.5 
35.0 

(Table continued next page) 
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TABLE 5 (continued) 

Soreq and Gnatt 

III Amino acid composition of the D. melanogaster AChE 
No. of 

Amino acids residue % 
No. of 

Amino acids residues % 

AIa 57 8.8 Leu 54 8.3 
Arg 32 4.9 Lys 22 3.4 
Asn 33 5.1 Met 19 2.9 
Asp 33 5.1 Phe 27 4.2 
Cys 11 1.7 Pro 40 6.2 
Gln 23 3.5 Ser 44 6.8 
Glu 34 5.2 Thr 34 5.2 
Gly 56 8.6 Trp 15 2.3 
His 15 2.3 Tyr 26 4.0 
Ile 34 5.2 Val 39 6.0 

67 10.3 
Acidic (Asp + Glu) 54 8.3 
Basic (Arg + Lys) 68 10.5 
Aromatic (Phe + Trp + Tyr) 214 33.0 
Hydrophobic (Aromatic + Ile + Leu + Met + Val) 

Mol wt = 71,662. Total amino acids = 648 
, i  

"The amino acid sequences of each of the ChEs detailed under this Table were deduced from the published 
cDNA data and compared by computerized analysis. Note the high similarities in general amino acid compo- 
sition as compared with distinct differences in nucleotide composition and dinucleotide frequencies and codon 
usage (Table 4). 

from postnatal  and  fetal brain, as well as from 
pr imary  m e n i n g i o m a  tu_mors. This analysis 
revealed a 10-kb DNA band  that hybr id ized 
with the 3 '-end of the cDNA, a 2.3-kb DNA frag- 
men t  that appears  to carry most  of its central 
part, and  a 4.3-kb f ragment  that codes for at least 
part  of the 5'-terminal region of this cDNA, as 
shown  in Fig. 5. 

To obtain the 5'-region of the ChE gene with 
its f lanking region, DNA blot hybridization was 
per formed  with enzymatical ly  restricted hu- 
man  genomic  DNA and  a nP-labeled f ragment  
der ived  from the 5 ' - terminus of the cloned 
ChEcDNA. A 4.7 + 0.5-kb long cDNA fragment  
was detected and  enr iched 70-fold by prepara- 
tive restriction, gel electrophoresis and  electro- 
elut ion (see previous  sections for details of the 
enr ichment  protocol). The enriched DNA frac- 
tion was l igated with ;~gtl0 DNA and packaged 

in the lambda  coat. The resultant  genomic  li- 
brary was screened us ing  ChEcDNA probes 
a n d  pos i t i ve  p h a g e s  c o n t a i n i n g  g e n o m i c  
ChEDNA fragments  were  isolated. The DNA- 
sequencing analysis of one these phages  re- 
vealed that the 4.2-kb DNA fragment  inserted 
into the ~.gtl0 DNA inc luded  in its 3 ' - terminus a 
stretch of 180 nucleot ides similar to the se- 
quence  that has previously been  found  in the 5'- 
terminal  par t  of ChEcDNA. 

Our  f indings at present  indicate the existence 
of at least one intervening sequence in the 5'- 
region of the isolated h u m a n  cholinesterase 
gene inc luded in a 4.2-kb D N A  f ragment  that 
ends with an EcoRI site. A large por t ion of the 
coding sequence then appears  to be inc luded  in 
a 2.5-kb fragment.  This f ragment  contains an 
exon at least 585 nucleot ides  in length,  which  
starts with an EcoRI site and  ends  with a BamHI 
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ONA BLot Hybridization 
with Various ChE cDNA Probes 

Kb 
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Signal Potyadenylation 
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Fig. 5. Inset: Schematic drawing of the DNA probes employed. The full-length human ChEmRNA (upper 
line) contains 2500 nucleotides, is expressed in both fetal brain and liver (Prody et al., 1986, 1987), and includes 
sequences coding for a signal peptide and the N-terminal, active site, and C-terminal peptides found in human 
serum ~ChE (Lockridge, 1984). Probe A represents a 250-nucleotides long EcoRI fragment of a cDNA insert 
isolated from a xgtl0 library of fetal brain origin and spanning from the 5'-end region of the ChEcDNA through 
the N-terminal peptide that appears in the vChE encoding sequences. Probe B represents the original FBChE12 
cDNA clone isolated by use of oligodeoxynucleotides (Prody et al., 1986). This clone contains a 765-nucleotides 
long insert from which probe A was derived, begining at the same point as probe A, but reaching the active site 
region of the human seum ~ChE sequences. Probe C represents a 2230qong cDNA fragment isolated form ;~tl0 
library of fetal liver origin. It contains a stretch of 585 nucleotides overlapping with probe B, and it spans from 
an EcoRI restriction site within probe B through the active site and C-terminal regions o f ~ h E  as well as the 3'- 
untranslated region and polyadenylation site of ChEcDNA. 

A, B, and C: ChEcDNA blot hybridization reveals various fragments of genomic DNA. Twenty micrograms 
of genomic DNA from human fetal brain, postnatal brain, or a primary meningioma tumor were restricted with 
the following enzymes: EcoRI (E), MspI (M), and HpaII (H), separated by agarose gel electrophoresis, and 
hybridized with a human ChEcDNA probe (B). The autoradiogram was washed in denaturing solution to "peel 
off" the probe and was then divided into two parts, which were then hybridized with probes A and C. Note the 
enhanced appearance of a stron 4.3-kb EcoRI-cut band with probe A but not c, whereas a 2.3 kb EcoRJ-cut band 
is only visible with probes B and C. A large (10-kb) EcoRI-cut band can only be detected with probe C. 
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site, both of which are inherent to the ChEcDNA 
sequence (Fig. 2). Finally, the C-terminal part of 
the cDNA seems to hybridize with another (10- 
kb) fragment of DNA. Figure 6 represents these 
findings in a schematic manner. It should be 
stated that molecular cloning and detailed se- 

quence analysis of these DNA fragments will be 
required to establish whether they are indeed 
parts of the actively expressed ~ h E  gene or 
whether they are derived from genes coding for 
other cholinesterases or related proteins or from 
~K~hE pseudogenes. 

E Cloned 
, Genornic 

DNA 

E E B E E 

\ \ \  I I / 

\ \ \  1 i / 
/ \\ 1 / 

/ \\\ ! , / / /  

/ \,\ i ", / -" 

intervening ~ PoLylA] 
sequence 

IKb E B 

N'- Active U- 
terminus sLte terminus 

Fig. 6. 

Discussion 

Oligonucleotide Stability in 
Screening of Libraries 

Nonperfect Hybrids: Stability in the 
Presence of Tetramethylammonium 
Salts 

Pools of oligodeoxynucleotides, ranging in 
length from 14-20 bases, are commonly used to 
screen libraries of cloned cDNA to isolate de- 

1C r162 

E GenomJc 
i 

ONA 

EhEmRNA 

ChEcONA 

Schematic drawing of genomic clones so far isolated. See text for details 

sired DNA sequences (Wallace et al., 1981). The 
oligonucleotide mixtures contain probes of 
equal size that represent all of the DNA posibili- 
ties encoding for a specific polypeptide. Be- 
cause of the ambiguity of the codon, there might 
be many such possibilities for a given peptide, 
which requires the preparation of probe mix- 
tures of high complexity. Such high complexity 
probes often contain sequences with varying G- 
C content, creating a problem in determining 
the stringency of hybridization and wash, since 
the stability of G-C pairs is higher than that of 

Molecular Neurobiology Volume 1, 1987 



Molecular Biological Search for Human Cholinesterase Genes 73 

A-T pairs (Wood et al., 1985). To overcome this 
difficulty, a selective method has been develop- 
ed in which tetramethyl ammonium (TMA) 
salts are employed to allow the stringency of 
hybridization to be controlled as a sole function 
of probe length (Wood et al., 1985). The effect of 
TMA was suggested to cancel the stabilizing 
effect of G-C pairs on the dissociation tempera- 
ture (t d) of DNAhybrids .  Thus, the length factor 
of the probe should remain as a single determin- 
ing element (Melchior and Hippel, 1972). Since 
all of the unique probes in the pool are of iden- 
tical size, the td of true positives should be iden- 
tical under  TMA washes and higher than the t d 
of all the nonexact matches, regardless of their 
G-C content. This should exclude nonexact 
false positives, which remain stable under  stan- 
dard washing conditions. 

Our findings indicate that the use of TMA is 
efficacious but not perfect, since some of the 
mismatched hybrids remain stable even follow- 
ing TMA washes (Prody et al., 1986; Gnatt, 
1986). If it is simply assumed that the TMA 
washes cancel the G-C effect, both of the OP- 
SYN II positive clones described above should 
not have been stable under  the TMA washes 
used in the third screen. However, clone 7b was 
stable and included a single CxT mismatch, 
whereas clone 24 represented a perfect homol- 
ogy with an additional unpaired thymidine 
base. Futhermore, an additional OPSYN I posi- 
tive clone proved to be stable to TMA washes, 
al though it inc luded three successive mis- 
matches (Prody and Soreq, unpublished data). 

Studies of others confirm the ability of oli- 
godeoxynucleotides to form a double helix, 
with an addit ional  unpai red  adenine base 
stacked into the duplex (Patel et at., I982), or an 
additional thymidine base forming a single base 
loop (Evans and Morgan, 1986). Mismatched 
base pairs in oligodeoxynucleotide duplexes 
have also been shown to exist and might play a 
role in mutagenesis (Patel et al., 1982; Brown et 
al., 1985; Dohet et al., 1985 and Hunter et al., 
1986). However,  in all of the reported cases of 

mismatched or additional unmatched base 
pairs in duplexes, the stability of hybrids was 
found to be lower than in perfectly matched 
duplexes. In contrast, clones 7b and 24 dis- 
played high stability hybridizations with the 
mismatched oligodeoxynucleotide probes. In 
light of the present studies, we would  like to 
suggest that sequence-specific elements also 
contribute to the stability of probe-DNA hy- 
brids in the presence of TMA. These could 
possibly be structural effects related to interac- 
tions of the probe--DNA hybrids with the TMA 
itself. The stabilizing factor contributed by the 
specific sequences would  thus be apparent in 
the presence of TMA, with each TMA-DNA 
complex  hav ing  u n i q u e  phys icochemica l  
properties. It must be noted that 78.4% of the 
positively hybridizing mismatched clones be- 
haved as expected and were not TMA stable 
(Prody et al., 1986). The TMA treatment there- 
fore appears to be an effective method for 
screening with large pools of oligonucleotide 
probes, but it does not exclude all of the mis- 
matched oligonucleotides. 

Use of Base Substitution in Designing of 
Oligonucleofide Probes 

In place of mixtures of oligonucleotides that 
cover all of the alternatives allowed by codon 
amibiguity, it is possible to use nucleic acid 
analogs when polypeptide sequences are used 
to design probes for screening of cDNA librar- 
ies. In this approach, the nucleotide analogs 
may possibly substitute for more than one of the 
Watson-Crick bases, thus allowing the limita- 
tion of probe complexity in highly ambiguous 
mixtures. Deoxyinosine (dI) is the preferred 
analog for such substitutions and was success- 
fully used in places of codon ambiguity to iso- 
late a human cholecystokinin gene (Takahshi et 
al., 1985) and many others. Analysis of the ther- 
mal stability of oligodeoxyribonucleotide du- 
plexes containig dI were examined (Martin et 
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al., 1985). The results suggest that the use of dI 
is useful at A/C,  G/T, three- and fourfold ambi- 
guities. It seems, though, that deoxyguanosine 
(dG) might be preferable in cases of T/C ambi- 
guities, since dI is less stabilizing on the average. 
We can conclude from our results using the dI in 
the OPSYNO probe (Prody et al., 1986) that, in 
fact, it very specifically labeled the human 
ChEcDNA and was useful in verification of the 
"true positive." Since the dI might not contrib- 
ute to the stability of the hybrids, it would be 
advantageous  to use dI-containing probes 
longer than the 17-mers, such as those em- 
ployed in the high-complexity OPSYN probes. 

Codon Usage Specificity as a Tool for 
Designing Probes 

An alternative approach in the use of oligo- 
nucleotide probes is to exploit the fact that dif- 
ferent taxa have been found to display different 
codon preferences. (Chen et al., 1982). Instead 
of synthesizing a pool of probes, one can syn- 
thesize a single or a few probes whose codons 
are taxa specific (Lathe 1985). This method has 
been used successfully in the search for several 
cDNAs. However, it involves a "statistical risk." 
Even if, statistically, a specific codon is in genral 
preferable, it might  occur that an upredicted 
codon is used in the particular site for which the 
probe is synthesized. This would cause the 
synthesis of an incorrect probe. Therefore, it 
was decided in our case to use inosine probes 
and oligodeoxynucleotide pools; in fact, the 
codon usage of the particular OPSYNO se- 
quence that served for the preparation of our 
oligodeoxynucleotide probes appears to be 
nonfavorable according to the general codon 
usage tables for human  genes (Chen et al., 1982). 
Thus, in this specific case the statistical risk was 
also a practical one, and the choice of probe 
mixtures and deoxyinosine was therfore justi- 
fied. 

Soreq and Gnatt  

Human Cholinesterase Homology 
to Other Proteins 

The primary sequence of human ChE as en- 
coded by the isolated cDNA can clearly be dis- 
t inguished from those of other serine hydro- 
lases (Dayhoff, 1978), al though they share com- 
mon amino acids in the immediate  vicinity of 
the OP-binding serine (Prody et al., 1986). Thus, 
the genes coding for cholinesterases most 
probably have arisen form a unique gene. As 
shown above, ChEs from various species, such 
as the T. californica, D. melanogaster, and human,  
share extensive sequence homology through- 
out the polypeptide sequence of the enzyme 
proteins. This conservation suggests that most 
of the regions in the ChEs are necessary for bio- 
logical functions and that the ancestral gene for 
ChE has developed very early in evolution with 
essentially the same properties as observed in 
most species today. One may postulate several 
important domains within the ChE protein. 
These include one for binding of the collagen- 
like "tail," another responsible for membrane 
binding, and, clearly, the active site and the 
anionic site domains (Massoulie and Bon, 1982). 
In addition, sites of contact between subunits 
and S-mS bonds may be postulated. Since all of 
these properties should be displayed by ChEs in 
all species, it seems logical to expect to find such 
high homology between ChEs of geneticallly 
remote species. The exceptional, additional 
amino acids found in the Drosophila ChE might 
hence be necessary for the Drosphila enzyme 
alone, but probably do not create any steric 
hindrance of activity. 

To our surprise, homology searches with both 
human  ChE and the T. californica protein se- 
quences determined from their nucleic acid 
cDNA sequences show extensive homology 
with bovine thyroglobulin, as already noted by 
Schumacher et al. (1986). This suggests that 
these two proteins contain, in part, a shared 
common ancestral origin. The accepted role of 
thyroglobul in  is that of a carrier protein 
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(Merken et al., 1985), however, this homology 
suggests that there may exist another, as yet 
undetermined, function in common for both 
proteins. The divergence of the ancestral gene is 
intriguing, considering the different functions 
of these proteins. Furthermore, the conserva- 
tion of the primary structure in the thyroglob- 
ulin protein may actually become a "physiologi- 
cal nuisance" in cases of hyperthyroidism (such 
as Grave's opthalmopathy). In this disorder, 
there exists an over-production of the hormone 
thyroxin. It was suggested (Swillens et al., 1986) 
that antibodies raised against thyroglobulin, the 
thyroxine precursor, could cross-react wth ChEs 
because of the homology in their primary se- 
quence. These new antibodies, recognizing epi- 
topes shared by both proteins, would then cause 
an autoimmune effect, responsible for at least 
some of the symptoms observed in hyperthyro- 
idism. The location of primary sequences of 
human ChE showing high homology to bovine 
thyroglobulin (presented in Fig. 4d) is in the area 
of the active site of the human ChE. This implies 
that antithyroglobulin antibodies cross-react- 
ing with the ChE protein would be likely to 
inhibit its enzymatic activity. It remains to be 
shown, though, that the thyrogolobulin in fact 
reaches the vascular system in this disorder and 
if, at all, such autoimmune antibodies exist 
(Ludgate et al., 1986). 

Preliminary Findings on the Structure 
of the Human t h E  Genes 

Composition and Structure of the 
Cholinesterase cDNA 

The full-length cholinesterase cDNA frag- 
ment contains 2400 nucleotides, with a high 
(63.3%) content of pyrimidines and a very low 
content (0.9%) of C-G pairs, a dinucleotide fre- 
quency characteristic of the human genome 
(Lathe, 1985). Its nucleotide sequence displays 
high levels of homology to the cDNA clones 

coding for Torpedo AChE (Schumacher et al., 
1986) and for Drosophila AChE (Hall and Spierer, 
1987). Futhermore, it resembles bovine thy- 
roglobulin cDNA sequence (Merken et al., 
1985), with a similarly open reading frame pre- 
ceding the signal peptide. The fractional codon 
utilization of this cDNA is compatible with 
other human protein-coding sequences (Lathe, 
1985) and differs considerably from that found 
in the Drosophila and Torpedo AChEcDNA 
clones, yet its inferred protein displays 53 and 
35% matches with the parallel protein se- 
quences of Torpedo and Drosophila ACHE, respec- 
tively. In the few domains where the amino acid 
sequence was not conserved (for example, the 
region encoded by nucleotides 310-340 in 
FBChE12), there were also no similarities in the 
nature of the corresponding residues, as re- 
cently classified by Doolittle (1985). This con- 
firms our previous assumption (Prody et al., 
1987) that most of the sequence inferred by 
these cDNA clones is required as such for main- 
taining the yet undefined biochemical proper- 
ties characteristic of ~ChE. 

Genomic DNA Fragments Hybridizing 
with ChEcDNA Probes 

Human DNA restricted with the EcoRI en- 
zyme includes fragments of 4.2, 2.3, and 10 kb in 
length hybridizing with the 5'-terminal, active 
site region, and 3'-terminal parts of the cDNA 
encoding the cholinesterase protein. The 2.3-kb 
fragment is not homologous to the 5' region of 
the gene since it does not hybridize with a 5'- 
terminal probe. When human DNA is restricted 
with EcoRI and BamHI together, this 2.3-kb band 
does not appear, and instead a fragment of 585 
bases can be seen. The cDNA restriction pattern 
reveals a similar size fragment using both re- 
striction enzymes, Therefore, it seems likely 
that this 2.3-kb fragment contains a 585-nucleo- 
tide-long fragment that appears in exactly the 
same form in the cDNA. The 10-kb fragment 
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contains sequences homologous to the 3'-termi- 
nal area. Finally, the 4.2-kb fragment was en- 
riched from genornic DNA and cloned into 
xgtl0. Its sequence analysis revealed that it 
indeed contained a portion of the 5' region of the 
cDNA in addition to at least one intervening 
sequence, separating the 5'-regulatory region of 
the ChEcDNA from the nucleotides coding for 
the initiator methionine (Gnatt, 1986). The exis- 
tence of an intervening sequence at this impor- 
tant region of the ChEcDNA sequence may re- 
flect an a l ternat ive splicing phenomenon ,  
which could regulate the production of various 
ChEmRNAs from a single gene (Amara et al., 
1985). Further characterization of genomic and 
cDNA sequences encoding for human ChEs 
would  be required to examine these possibili- 
ties. 
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