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I. INTRODUCTION

Sir Henry Dale, in 1914, suggested that an enzyme which degrades the
esters of choline played a role in neurotransmission within the autonomic and
somatic motor nervous system and that this enzyme, acetylcholinesterase
(AChE), was the target of the action of the drug, physostigminel. Since the
mid-19th century?, AChE inhibitors have enjoyed therapeutic applications in
the treatment of glaucoma, smooth muscle atony, certain arrhythmias, and
myasthenia gravis, and have been used to reverse competitive neuromuscular
blockade®. Recently, reports of beneficial actions of long acting AChE
inhibitors in the amelioration of Alzheimer's disease have appeared'. 1In
addition, these agents have been used widely as agricultural and garden
insecticides. Early studies also established that AChE catalysis was typical
of serine hydrolases. The ploneering work of Irwin Wilson and his colleagues
demonstrated the principle of site direction for developing both selective
inhibitors and reactivators of the enzyme>.

A critical direction in the study of the structure of the AChE‘s was set
with the finding of Massoulie and Reiger® that a synaptic form of AChE was
dimensionally asymmetric and linked to a filamentous structural subunit.
Treatment of these species with proteases or collagenases removed the tail
unit without loss of catalytic activity and resulted in a globular tetramer of
subunits. It was later established that the tail unit contained a collagen-
like composition’:®. The diversity of molecular species of AChE has become
more complex and it is now appropriate to divide them into two classes
(fig. 1). HETEROMERIC | HOMOMENIC

} azon JA | { brmes 200 JH |
]
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Fig. 1 Polymorphic forms of
AChE can be divided into two
classes: (1) heteromeric
assocliations of catalytic and
structural subunits

(Included in this group are
dimonsionally asymmetric forms
vhich contain multiple cata-
lytic subunits disulfide-
linked efther to a collagen-
like tail unit or to a lipid-
linked subunit), and (2)
homomeric forms, which contain
associations of identical
subunits and differ in Asymunsitie
hydrophobicity by attachment {

of a glycophospholipid. (:Ezjgtgsij

phasphoitpld.
Uﬂd-m ‘G‘) I‘ N “Yamc (0 Q"..) tinked (cu)
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The heteromeric class contains catalytic suvui’is ‘$sulfide-linked to
structural subunits. It {ncludes the asymmetric, collagen-containing species
(designated 'A' forms) found largely in the neuromuscular junction and
ganglia’® and a second species, found i{n brafu, in which a tetramer of cata-
lytic subunits is disulfide-bonded to a 1ipid-linked subunit®.

The homomeric forms consist of specles with an assoclation of identical
subunits. Those that are membrane-assoclated contain a glycophospholipid
moiety covalently linked to the C-terminal carboxyl residue in the protein
{designated ‘H* (for hydrophobic) forms}'®:}'. Hence, the membrane-associated
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forms have distinctive means for tethering themselves to the outside surface
of the cell. The expression of a particular molecular species of AChE is
under the control of phenomena related to cellular excitability, such as
intracellular [Ca**], synaptogenesis, and the formation of action potentials.
Enzyme Structure

AChE was first cloned in 1986 from Torpedo'?. Since that time sequence of
Drosophila cholinesterase, human, rabbit and mouse butyrylcholinesterase
(BuChE) and mouse, human and bovine AGhE have been reported!® %, The
cholinesterase sequence defined a new family of serine hydrolases distinct
from the pancreatic and Subtilisin families of hydrolases!? (fig. 2).

HEL) Bovine AChE

tuman BuChE Aallyso-

Rebbit % lInCuboEl‘y- 36 || Bovine
Cark N | v

T Midsititng

Mouse BUChE !0 Mouse AChE

Fig. 2 gCholinesterase Gene
Family. Sequence identities

come from published sequences
(refs. 12-24), The top number
reflects amino acid identity
with murine AChE and the
bottom number with murine
BuChE. Lengths of the lines
are arbitrary and do mot
represent a statistical evo-

lutionary tree. 3233?433 _]
\ Orasephily

]

Included wvith this functionally eclectic family are thyroglobulin, Drosophila
neurotactin and glutactin, a Dictyostelium esterase of unknown function, and
esterases from the male reproductive organ of Drogophila and from the
endoplasmic reticulum of mammalian liver. Horeover, all of the
cholinesterases maintain close sequence identity. Analysis of the disulfide
bonding pattern {n AChE reveals that of the eight cysteines, six are conserved
in the three {ntrasubunit linkages and one (C-231) is free, while C-572 is
fnvolved in {ntersubunit disulfide bonding®®. That the six cysteines {nvelved
in intrasubun{t bonding are all conserved in the large gene family {ndicates
that all meabers have {dentical folding patterns. The {nferred cDNA sequence
also reveals a 2l-amino-acid-leader peptide but no other obvious membrane
spanning reglons. Hence, the encoded sequence is targeted for secretion from
the ccll, and post-translational modifications are responsi{ble for the
meabrane associations seen f{n situ.

The core AChE sequence {s common to all of the homologous protelns; in
turn, they may have divergent amino-terminal and carboxyl-terminal sequencer.
Hence, a common sequenceé has served nature as a scaffold upon which esterase
active sites, precursor tyrosines for thyroid hormone (thyroglobulin) and
heterologous cell contact mwolecules have been added (fig. 3). Moreover, the
diversity within the choli{nesterases arises In the very carboxy-terminal end
of the cholinesterases. These divergent domains are responsible for
deteraining the cellular disposition of the molecule.
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Fig. 3. Sequence relationships between the cholinesterases ana nomologous
proteins. The bracketed regions denote the positions of intrasubunit
disulfide bonds. S and H denote positions of the conserved serines and
histidines.

Despite their extensive diversity in structure, all AChE's in vertebrates
appear to be encoded by a single gene, with alternative nRNA processing
forming the basis of structural polymorphism. The evidence for these
considerations i{s: (a) complete sequence identity of the two forms of the
Iorpedo enzyme through Thr-535, where a sequence divergence {is found®®. The
sequence divargence for the three torms of mouse AChE also occurs only in the
very carboxyl-terminal end of the molecule’, The form contalning the
glycophospholipid i{n Torpedo contains only a unique dipeptide sequeice
(Ala,Cys), to which the glycophospholipid is attached to the terminal Cys. In
wouse and human this reglon {s 14 amino acids in length. The hydrophilic
catalytic subunits continue for 40 residues after the dive:zence point; (b)
RiAse digestion experiments show the single mRNA divergence in the open
reading frame to be {n the very region encoding the amino acid divergence; (c)
a partial-length cDNA encoding the divergent sequerice in the mature protein,
plus a processed sequence of 24 amino acids has been {solated?®*; (d) the
genonic sequence contains the alternative exons encoding the asymmetric
species and hydrophobic species in Torpedo, mouse and human®’-3%:3%; (e) a
synthetic cDNA constructed from the appropriate exons from genomic clones,
upon transfection, ylelds an active membrane-associated enzyme (the expressed
enzyne {s released upon phospholipase C treatment [cf section C}).

The couponents of catalytic functfon (Serz,,, His,, and, perhaps, an
anticipated Asp or Glu) in the putative charge-relay system are found in the
first exon of the open reading frame, as are the first two disulfide loops.
The second exon closes the last disulfide loop, while the two alternatively
spliced third exons are responsible for the differential meabrane
localizations.




Regulation of Acetylcholinesterase Expression

At present, little is known about the regulation of expression of this
enzyme, although descriptive studies indicate it is tightly controlled by
cellular excitability and intracellular Ca** 3133, The asymmetric species
does not appear until synaptogenesis ensues and action potentials are seen in
muscle. Alternative exon usage involves mRNA processing from nuclear pre-RNA,
Presumably, addition of the glycophospholipid occurs cotranslationally, and
oligosaccharide processing and the linkage of the catalytic and structural
subunits occur at the Golgi stage®®. Little is known about factors affecting
transcription, mRNA stability, or processing; cloning of the mammalian genes
makes this subject appropriate for study. Other studies reveal that AChE is
retained in the basal lamina after destruction of the nerve or muscle cell®'-
%, This region serves as a template for new synapse formation upon nerve
regeneration.

Studies in our Laboratory

Our laboratory has been engaged in the study of AChE structure for the
past 15 years, using approaches intrinsic to protein chemistry and molecular
biology. These studies have yielded the first primary’? and secondary
structure?® of the Torpedo enzyme. Wa then proceeded to clone the genas for
mouse AChE and BuChE ard provided the first published cDNA of a mammalian
AChE'. Also, we have delineated the structure of the gene encoding the
enzyme from Jorpedo® and have established that alternative mRNA processing is
responsible for the structutal diversity in the AChE** 3% More recently, we
have determined the gene structure of the murine and human AChE's for the
purpose of examining comparative structures of the enzyme and regulation of
gene expression®’, The finding of a genetic mutation which may be related to
the splicing mechanism has also allowed us to begin to study AChE structure in
man. Our studies of AChE structure have established all of the exon-intron
boundaries and alternative splice locations in both the mouse and human genes.
These studies have defined the sequence of the hydrophilic, monomeric,
glycophospholipid-linked and the hydrophilic oligomeric forms of wmouse
acetylcholinesterase.

11. BODY

The work proposcd and completed in this contract largely deals with the
structure of AChE and {s intended to couplement the studies on gene structure.
One aim of the proposed research was to begin characterization of the
structure of the mammalian enzymes and it {mmediately became evident that this
would be most efficient if we used recombinant DNA-derived enzymes.
Therefore, in the later phases of the contract we devoted substantial effort
to this end. We are now {n a position to express the mammalian enzyumes at
high yleld from recombinant DNA sources.

A. METHODS

1. Analysis of Sequence of Torpedo 5.6S Acetylcholinesterase

e " it -
Bhospholipase € - Purified 5.6S-AChE (20-60 mg) (1.5-2.0 ag/ml) was radio-
labeled by a 1.25-molar excess of [’H]diisopropyl fluorophosphate ({’H])DFP)
(specific activity, 10 mCi/mmol) in the presence of 0.02% sodiun azide
overnight at room temperature. The reaction mixture, after aging 24 h at 4°C,
vas dialyzed to remove unreacted DFP. The [’H]-labeled enzyme was digested
with phosphatidylinositol-specific phospholipase C (P1-PLC) purified from

either §, gureus (20 pg/ml) or Bacillus thuringlensis (3.5 units/ml) obtained
from Martin Low, Columbia University, NY. Digestion was performed in 50 auM
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Tris, pH 7.2, 2 mM EDTA, 0.1% deoxycholate, 0.02% sodium azide at 37°C for 4-8
h. Digestion by PI-PLC was monitored by sedimentation on sucrose density
gradients.

Fractionation of Cysteine-Containing T eptides - The PI-PLC digest of
5.6S AChE was dialyzed against 50 mM NHHCO,, pH 8.0, 0.02% sodium azide, and
concentrated to ~4 mg/ml by lyophilization. The enzyme was brought to 6 M in
guanidine HC1l, adjusted to pH 8 with 1 M Tris base, and incubated 2 h under N,
at 50°C with a 2-fold M excess of dithiothreitol over estimated total cysteine
residues. To label cysteines, [}*C]iodoacetate (specific activity, 2-5
mCi/mmol} was added to the reduced, denatured enzyme in 2-fold molar excess
over total thiols and allowed to react in the dark for 1-2 h at room
temperature. A 10-fold excess of dithiothreitol over total thiols was added
to quench unreacted lodoacetate. Following dialysis against 50 mM NH,HCO,, pH
8.0, the preparation was incubated with trypsin (1% w/w) at 37°C overnight and
for another 2 h with additional 1% trypsin. The tryptic peptides were applied
to a Sephadex G-50 column (1.5 x 200 cm), equilibrated in 50 mM NH,OH, and
eluted at a flow rate of 20 ml/h. Fractions of 3 ml were collected, monitored
for absorbance at 280 nm and for !'C radioactivity, and concentrated by
lyophilization to 2 ml. Separation of pooled peptides vas by reverse-phase
HPLC on Vydac C-4 or C-18 columns {n aqueous 0.1% trifluoroacetic acid using
an acetonitrile gradient of 0-50% in 180 min and 50-90% in 30 min. Absorbance
at 219 ra and [1'C)-radioactivity were monitored.

Further Purification of ['C]-labeled Tryptic Peptides - HPLC fractions
containing [*'C)-peptides unique to the 5.6S species wera pooled and further
resclved on a Vydac C-4 column in 10 aM phosphata, pi 6.9, using an
acetonitrile gradient of 0-508 {n 150 min. Fractions containing {'‘C}-
peptides were run once more in 0.1% trifluoroacetic acid, using an
acetonitrile gradient of 0-12% in 120 nin. Peptides thnt remained unresolved
after the initial HPLC fractionation ware fractionated by KPLC in phosphate or
on a C-18 colunn in trifluoroacetic acid.

Sequencing snd Composition Analysis - Purified [1C]-labeled tryptic peptides
vere sequenced by gas-phase methods, using an Applied Biosystems Protein
Sequencer (Model 470A). Aliquots from sequencing steps were counted to
determine the sequence position of [}'C]-carboxymethylated cysteinyl residues,.
Duplicate peptide samples were hydrolyzed in 6 N HCl at 110°C for 18 h either
with prior performic acid oxidation or {n the presence of thioglycolic acid
alone. Amino acid analysis employed a Kontron Liquimat III amino acid
analyzer with postcolumn gortho-phthalaldehyde detection. Glucosamine and
ethanolanine contents were determined using an LKB 4400 amino acid analyzer
with ninhydri{n detection on samples hydrolyzed {p vacue in 6 N HCl at 110°C
for 18 h.

Ircatment with Clycopeptide N-Glycosidase - Peptide ¢amples were dried under a
nitrogen strean and redissolved in 0.1 N sodium phosphate, pH 7, 10 aN EDTA.
Digestion with glycopeptide N-glycosidase (ECF 3.2.2.18; 0.2 unit/pl;
Bochringer Mannheim) at 37°C fc: 1B h vas followed by reverse-phase HPIC
fractionation.

2. Antibody Production, Analysis of Specificity and Ipn Situ Localization
Pxoduction of Site-Directed Antibodies - A hexadecapeptide corresponding to
the COOH-terminal amino acids (KNQFDHYSRHESCAEL, Lys3*°.1eu’%) of the
catalytic subunits of the asymanetric form cf acetylcholinesterase was
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synthesized in the laboratory of Dr. Russell Doolittle (University of
California, San Diego) by the Merrifield solid-phase method. The authenticity
of the peptide wvas determined by gas-phase sequencing on a protein sequenc.r
The peptide was coupled to BSA by slowly adding glutaraldehyde (1 ml 0.28) to
2 ml of 100 mM sodium phosphate buffer (pH 7.5) containing 1.5 x 1077 mol (10
wg) of BSA and 7.6 x 10°%mol of peptide. The reaction was allowed to proceed
for 30 min at 22°C; then, unreacted glutaraldehyde was quenched by the
addition of 0.25 ml of 1.0 M glycine. The result of the coupling reaction was
evaluated by SDS-PAGE. The reduced migration of the peptide-BSA conjugate
corresponded to an average incorporation of 5-10 mol of peptide per mol of
BSA. In addition, the peptide-BSA conjugate was excised from the gel, and
dissolved in 0.5 ml of 1.0 Tris-HCl (pH 7.0). The radioactivity incorporated
into the BSA was consistent with an average incorporation of 4-5 mol of
peptide per mol of BSA.

Female white New Zealand rabbits (5-6 lbs) were immunized by injection in
the {solated lymph nodes of the rear leg and intradermally down the back with
0.4 ml Freund's complete adjuvant. Booster immunizations were performed
intradermally after 1 mo, and 50 ml of hlood was drawn 2 wk later. The serum
vas allowed to clot at 22°C, was clarified by centrifugation, and was frozen
at -70°C in small aliquots.

CNBr-Labeled Peptides

Some of the studies on antibody reactlon with the Torpedo peptides were
done on CNBr derived peptides. Our CNBr treatwment used standard procedures
described in our earlier publications and involved dithiothreitol reduced and
(1'C)-1odoacetate alkylated enzyme. The CNBr peptides vere previously
{dontified and this served as a marker for their locations. They were
subgequeantly fdentified by amino-terminal sequences. Fractionation protocols
involved an initial size separation on Sophadex G-50 followed by reverse phase
chromatography on G-18 and C-4 columns using a 0.18 triflurcacetic acid with
the acetonitrile gradient.

S05-Page and Westorn Blots - Preteins were mixed with an equal volume of
buffer containing 30 mM Tris-HCl (pH €.8), 1.0% SDS, 5% glycerol, 10 sM DIT,
0.05 mg/ml bromphenol blue, and 0.05 mg/ml pyronin Y. Sanples sere boiled for
3 ain, and proteins vere separated by discontinuous SDS-PAGE in 1.5-ms slab
gels coaposed of a constant ratio of acrylamide and N, N’ -methylene-bisacryla-
afide (37:1) polymerized with ansonium persulfate (0.75 mg/ml) and N N N'N’, .
tetramethylethylenedianine (0.67 ul/ml). The stacking gel vas 3.3% acrylanide
fn 25 oM Tris-HCl (pH 6.8), 0.2% SDS, and the separating gel was eithor B8 or
100 acrylamide in 75 oN Tris-HCl (ph 8.6), 0.2¢ SDS. The gels vere run in a
slab gel apparatus (wodel SE 500; Bio-Rad Laboratories) at 120 V constant
voltage in 25 s Toris, 190 oN glycine (pH 8.6), 0.1y SD5S. Proteins were
detected (n the gels by stalning and destaining in the presence and absence,
respectively, of Coomassie bril'tant blue R {0.15 mg/ml) in S0V sethanol, 10%
acetic acld.

Electrophoretic transfer (S0 V, 150 mA, 4*C, 10-16 1) of proteins from
unstained gels to nitrocellulose was performed in a transphor unit after
soaking the gel in the transfer buffer (25 mM tris, 190 oM glycine, pH 8.6,
208 methanol) for 10 min. Blotted proteins were detected by stalning and
destaining in 50% methanol, 108 acetic acid, in the presence or absence,
respectively, of Amido blrck (0.1 mg/ml). Imsunodetection of blotted proteins
vas performed using a Vectastain ABC kit that uses a blotin-labeled goat anti-
rabbit antibody and peroxidase-coupled avidin.




- The deglycosylation reactions used
3H DFP- labeled acetylcholinesterase that had been desalted on a size exclusion
column and then lyophilized. ({°H]-DFP-labeled acetylcholinesterase (1.09 mg)
was resuspended in 50 mM sodium phosphate buffer (pH 6.1) containing 50 mM
EDTA, 1 mM PMSF, 10 uM pepstatin A, 0.5% NP-40, 0.5% S-mercaptoethanol, 0.1%
SDS, and digested with endoglycosidase F (20 U) by incubation for 8 hr at
37°C. JH-DFP-acetylcholinesterase (1.76 mg) was deglycosylated with glycopep-
tidase F (1.0 U) by incubation in 1.1 ml of 250 mM sodium phosphate buffer (pH
7.4) containing 10 mM EDTA, 1.0 mM EDTA, 1.0 mM PMSF, 10 puM pepstatin A, 0.8%
NP-40, 10 mM A-mercaptoethanol, and 0.5% SDS for 18 h at 37°C; [3H]DFP-labeled
acetylcholinesterase (2 mg) was treated for 8 h at 37°C with endoglycosidase H
(1.0 U) in 0.1 M sodium citrate buffer (pH 5.5) containing 1.0 mM PMSF, 10 mM
pepstatin A, 2% SDS, and 1.0% S-mercaptoethanol.

tat neste - (°H]DFP-labeled acetyl-
cholinesterase (0.4 pg) was incubated with the indicated antibodies in 200 ml
of buffer A containing 20 mM sodium phosphate (pH 7.4), 150 nM NaCl, 0.02%
Naly, 0.0l Tween-20, and 0.1% BSA for 2 h at 37°C. Plansorbin was washed with
buffer A containing 5 mM b-mercaptoethanol and 0.5% NP-40, then washed with
buffer A containing 0.05¢ NP-40, and finally resuspended to 2.5% (w/vol) in
buffer A. Antibodies were precipitated by the addition of 800 ul of Pansorbin
(15 min at 4°C). Precipitates were sedimented by centrifugation in a wicre-
fuge, the supernates aspirated, and the pellets resuspended by incubation with
200 ul of 2% SDS and 4 M urea at 90°C for 2 min. The Pansorbln was separated
from the solubilized acetylcholinesterase by centri{fugation i{n a microfuge,
and the supernatant was removed for determination of radioactivity. Precipi-
tation of [’H|DFP-labeled acetylcholinesterase by the antibodies was compared
to the maximal precipitation obtained by rthe sddition of 1.0 al of acetone
rather than Pansorbin.

Brepaxation of Tissue for Light and Electron Microscopy - The electric organs
vere romoved from an adult male Jorpoda and fixed in 48 pareformaldehyde in

0.1 H PBS for 1 h at 4°C. The tissue was trimmed dowm to -3 x 2-ma pleces and
cryoprotected in 1.0 ¥ sucrose with 0.5% paraformaldehyde in 0.1 M PBS for 30
win at 4°C followed by cryoprotection {n 2.0 X sucrose vith 0.5% pareformal-
dehyde in 0.1 M PBS for 1 h at 4°C. Tissue was mounted on aluminum specimen
support pin so as to provide a cross-section of the electrocytes; it was then
frozen in liquid propane cooled with liguld nitrogen.

Conventlonal electron microscopy was performed, using small pleces of
electric organ that were flrst fixed In 2% glutaraldehyde and 2% paraformal-
dehyde {n PBS for 1 h, folloved by 1V osaiunm tetroxide for 1 h. After
dehydration with ethanol, the tissue vas embedded in EPON-Araldite resin.
Ultrathin sections were counterstained with uranyl acetate and leard citrate.

Isaunofluorescent Localizatlion of Acetvlcholinesterase - Thick sections (2-um)

of frozen tissue were cut on an ultracryomicrotome at -80°C and mounted on
clean glacs slides, using a drop of 2.0 N sucrose in a platinum lcop.
Sections were re-equilfbrated with 0.1 M PBS for 5 min followed by 0.1 N PBS
vith 0.05 N glycine for 5 min. To minim{ze nonspecific staining, the sections
vere pretreated with 18 gelatin {n PBS for 10 min followed by 2% normal goat
sera i{n PBS for 10 min. Sections were incubated {n specific antisera or
normal rabbit or notrmal mouse scra for 30 min at room temperature. Dilutions
of primary antibodies were 80-B (100x), 2C-9 (100x), 4F-3 (50x), CT (10Ox),

+7 (100x), and antireceptor antibodies (100x). After extensire washing in
PBS, the sections w>re treated with either goat anti.-rabbit rhodamine or goat
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anti-mouse fluorescein conjugate for 20 min. The sections were again washed
extensively in PBS, covered with 90% glycerol in PBS, and placed under a
coverslip. Sections were examined, using a Leitz 63 x objective on a Zeiss
universal microscope.

Electron Microscopic Localization of Acetylcholinesterase - Thin cryosections
(0.1 nm) or thick cryosections (0.5 um) were cut at -100°C and mounted on

Formvar filmed, carbon-stabilized gold grids. The thin sections were treated
much 1like the thick sections, except that after incubation in primary anti-
sera, the sections were immunolabeled with goat anti-rabbit or goat anti-mouse
IgC conjugated to either 5, 10, 15 or 30 nm gold (Janssen Life Sciences,
Piscataway, NJ) for 20 min. After extensive washing in PBS, the sections were
fixed in 1% glutaraldehyde/l1% osmium tetroxide in PBS for 3 min. Sections
were washed in distilled water and counterstained in 2% aqueous uranyl acetate
for 30 min. The sections were subsequently dehydrated in ethanol and embedded
in a thin film of LR white acrylic resin and polymerized as previously
described®*. Thin cryosections were viewed at 100 KeV with a JEOL 100CX
electron microscope, and thick cryosections were viewed at 1 MeV with a JEM
1,000 high-voltage electron microscope.

Studies of Antibody Specificity - Polyclonal antibodies and monoclonal
antibodies were raised to the C-terminal and an active center peptide
(KTVIIFGESAGGASVGMHILSPGSR). The monoclonal antibodies were raised in
E.P. Doctor’s laboratory at Walter Reed (WRAIR). Immunoprecipitation and
ELISA assays employed procedures developed jointly by the two laboratories
(cf 37). Similar assays were alsc developed to examine antigenicity of
tryptic and CNBr peptides from acetylcholinesterase.

Expression of Mammalian Acetylcholinesterases

To establish functional identity of the cloned cDNA or genomic DNA
encoding AChE, transfection into C0S-7 cells using DEAE-dextran or Ca,(P04),
precipitation was initially employed*®®®. The DNA of interest (mouse cDNA or
human genomic DNA) was placed in a vector behind the SV-40 early promoter.
This enabled us to achieve readily detectable enzyme activity after
transfection®®. From these cells K, and K,, could be determined but
insufficient enzyme was available for purification, titration of active
centers and determination of V...

For the latter purpose, we have omrloyed the Baculovirus-Spodoptera system
ploneered by Summers and colleagues'®'‘!, Early studies employed the standard
vector and helper virus placing the cDNA behind the polyhedron promoter. More
recently, we have used the dual expression system where a marker gene,
p-galactosidase, is placed behind the P-10 promoter and the gene of interest
behind the polyhedron promoter*? (fig. 4). This enables us to readily detect
recombinants by blue placques and saves several rounds of placque purification
to obtain virus free of expression of polyhedra. Racowmbinant placques free of
polyhedra are selected from ce.ls grown on 24 well plates. Scale-up includes
large 150 cm plates and spinner culture when the cells are grown in
sugpension. Fig. 5 gives the sejuence of procedures employed for expression
of AChE,
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B, RESULTI.
Sequence Divergence in the Molecular Forms of Acetylcholinesterase - A unique
carboxyl-terminal tryptic peptide from the hydrophobic globular (5.6S) form of
Torpedo californica AChE that exhibits divergence in amino acid sequence from
the catalytic subunit of the hydrophilic form of the enzyme was identified.
The hydrophobic or amphipathic form contains an attached glycophospholipid,
and the peptide could be recovered only after treatment with phosphatidy-
linositol-specific phospholipase C. After reduction, carboxymethylation with
(}%C]iodoacetate, and trypsin digestion, the resulting peptides were purified
by gel filtration and high performance liquid chromatography (HPLC). The HPLC
profiles of the labeled cysteine peptides from the 5.6S enzyme revealed a
unique radioactive peak which was not present in digests of the asymmetric
form. This radioactive peptide, which had been excluded on Sephadex G-50,
eluted early as a broad peak on HPLC. The peak contained sufficient ['%C]-
radioactivity to account for a single cysteine, but had an unusually low
extinction at 219 nm for one equivalent of excluded peptide. Further HPLC
purification generated multiple peaks, all of which ylelded identical amino
acid sequences. The difference in chromatographic behavior of the individual
peaks most likely reflects heterogeneity in post-translational processing.
Gas-phase sequencing and composition analysis are consistent with the
sequence: Leu-Leu-Asn-Ala-Thr-Ala-Cys. The composition includes 2-3 mol each
of glucosamine and ethanolamine -- which is indicative of modification by
glycophospholipid. Glucosamine is also present in an asparagine-linked
oligosaccharide. The two forms of AChE diverge after the Thr residue of this
peptide; the peptide chain of the hydrophobic form terminates after cysteine,
whereas the asymmetric form continues for 40 amino acids beyond the
divergence. The locus of the divergence and absence of other sequence
differences between the two forms suggest that the moleculsr forms of AChE
arise from a single gene by alternative mRNA processing.
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Sequence-specific antibodies raised against a synthetic peptide cor-
responding to the COOH-terminal region (Lys®*’-Leu’’®) of the catalytic sub-
units hydrophilic of the hydrophilic (asymmetric) form of AChE reacted with
the asymmeiric form of AChE, but not with the hydrophobic (amphiphilic) form,
These results confirm recent studies suggesting that the carboxyl-terminal
domein of the hydrophilic form differs from that of the amphiphilic form, and
represent the first demonstration of antibodies selective for the catalytic
subunits of the asymmetric form. Ia addition, the reactive epitope to the
monoclonal antibody (4E7), previously shown to be selective for the
hydrophobic form of acetylcholinesterase, has been identified as an N-linked
compiex carbohydrate, thus defining posttranslational differences between the
two forms. These two form-selective antibodies, as well as panselective
polyclonal and monoclonal antibodies, were used in light- and electron-
micrcscopic lmmunolocalization studies to investigate the distribution of the
two forms of acetylcholinesterase in the electric organ of Jorpedo. Both
forms were localized almost exclusively to the innervated surface of the
electrocytes. However, they were differentially distributed along the
innervated surface. Specific asymmetric-form immunoreactivity was restricted
to areas of synaptic apposition and to the invaginations of the postsynaptic
membrane that form the synaptic gutters. In contrast, immunoreactivity
attributable to the hydrophobic form was selectively found along the
nonsynaptic surface of the nerve terminals and was not observed in the
synaptic cleft or in the invaginations of the postsynaptic membrane. This
differential distribution suggests that the two forms of acetylcholinesterase
may play different r les in regulating the local concentration of
acecylcholine wia the synapse.

A lerge part of this study involved fluorescence microscopy and electron
wmicroscopy, which is summarized in figures 6,7 and 8. Antibodies that react
with sequence common to both enzyme forms (i{.e. tho polyclonal antibody 80-B
aud the mouoclonal antibodiy 2C-Y) show staining within the pustsynaptic
invaginations as well as within two layers of the postsynaptic surface (fig.
6A and B). ‘ntibodies specific for the tail subunit, monoclonal antibody 4F3,
and for sequence unique to the catalvtic subunit, polyclonal antiboly CT, show
a single layer of staining whict again extends into the postsynaptic folds
(fig. 6C and E). Lastly, antibody selective for the glycophespholipid-
containing form of the enzyme, ronoclonal antibody 4E-7, shows puncta.e
staining on the postsynaptic membrane. Some non-specific staining can be
detected on the dorsal non-.averted surfaca which i{s likely due te a cowmmon
carbohydrate apitupe. This becomes evren more evident at high magnification
(fig. 7A, B, C and D). Moireover, the punctate staining of this form of the
enzyme can bs contrasted for the uniform staining of the membrane seen for the
acetylcholine recentor by antibody reactivity (figs. 7E and F).

The above studies witl Jlucrescence microscopy cen be carried to the
electron microscopy level using co'loidal gold (fig. BA). Again, the
antibodies reactive to common seque~ce ere found on tne nerve terminus and
deep in the post-synaptic folds (fig. BA). By contrast, antibody diracted to
the glycophospholipid containing form of tne enzyme show staining or: sily the
nerve teruini, which likely accounts for the punctate staining seen upon
fluorescence microscopy (fig 8B. These findings point to a nerve call body
origin of the glycophosphelipld form of the enzyme in the synapse.
Surprisingly, this fore of the enzyme is preferentially localized or the non-
synaptic surface.
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Analysi od cit d Access ity of Epitopes on Acetyl-
cholinesterase - Polyclonal and monoclonal antibodies were generated against a

synthetic peptide (25 amino acid residues) corresponding to the sequence of
the active-site-containing region of Torpedo californica acetylcholinesterase
by coupling to bovine serum albumin or encapsulation into liposomes containing
lipid A as an adjuvant prior to immunization produced antibodies of high
titer. In order to determine whether the active-site-serine-containing region
of AChE is located on the surface of the molecule (and is, thus, accessible
for binding to antibodies) or is located in a pocket (and, thus, is not
accessible to binding), the immunoreactivity of these antibodies was det. r-
mined using ELISA, immunoprecipitation, Western blots, and competition ELISA,
Both AChEs, Torpedo and fetal bovine serum, failed to 'react with several of
these MAbs in native form, but showed significant cross-reactivity with
denatured enzymes. Other antibodies interacted with both the native and
denatured form of the enzyme. Human serum BuChE, which has high amino acid
sequence homology to these AChEs, failed to react with the same MAbs, either
in native form or denatured form, Chymotrypsin also failed to react with
these MAbs in either form. The results suggest that the active-site-serine-
containing region of these AChEs in native state is not exposed on the surface
of the enzyme and is, most likely, located in a crevice-like couformation.

Other studies have ascertained whether the antibodies reactive with the
native and denatured form of the enzyme (as opposed to those reactive with the
native form) interact with different epitopes on this 25-amino-acid peptide.
Initially, this was pursued by cleavage of the peptide at its single
methionine and then was extended to analyzing antibody reactivity with
sequential peptides directed to this region. These studies were able to
distinguish regions of the active cluster peptide which required denaturation
and isolation to observe reactivity. This work was done in collaboration with
the biochemistry group at WRAIR.

Two randomly selected monoclonal antibodies raised against homogeneous 118
AChE, 4E-7 and 2C-9, which were used extansively in the immunocytochemical
studies, were characterized in terms of their sequence specificity. 4E-7
reacts with an epitope sensitive to removal of an N-linked oligosaccharide,
whereas 2C-9 reacts solely with the peptide backbone. Both have been
localized to a CNBr peptide extending between vesidues 44 and 83 containing
one N-linked glycosylation site. Future work was directed to localizing
further these respective epitopes. The above CNBr peptide was fractionated by
treatment with trypsin and yielded two small peptides and one large
catbohydrate containing peptide (see Table II). These three peptides vere
fractionated on a C-4 reverse phase HPLC column, their identity established by
N-terminal sequencing and reactivity examined by the standard antibody assays.
As shown in Table II, 2C-9 reacts with these two tryptic peptides (residues 44
to 52 and 47 to 52) while 4E-7 reacts with the larger peptide containing the
N-linked glycosylation site (residues 53 to 83). Thus, the two important
antibodies used i{n the histochemistry analyses have had a rigorous epitope
definition.
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Table II. Sequences of tryptic peptides found in the 44-83 amino acid peptide.
The N-linked glycosylation site is marked with an asterisk.

Peptide Sequence Antibody Reactivity
44 * 83
RFRRPEPKKPWSGVWNASTYPNNCQQYVDEQFPGFSGSEM 4E7 AND 2C9
RFRRPEPK 2C-9
PEPK 2C-9 but weak
*
PWSGVWNASTYPNNGQQYVDEQFPGFSGSEM 4E-7
ldentification of the Active Center Surface of the Enzyme apnd the Sulfhydryl-
ngeme age to ubu - DFP labeling has shown

that Ser 200 is the catalytic serine. Sequences of the cholinesterases show
two histidines at 425 and 440 to be conserved. Our site-specific mutagenesis
work has shown that residue 440 {s the serine involved in the charge-relay
system (cf fig. 9), since activity is completely eliminated with the His 440
nutation.

Work i{s in process to identify other residues with the use of two azido
phosphonates which cross-link the active site serine and a residue(s) in the
active center. To date we have found a peptide starting at residue 290 cross-

linked to an active-site tryptic peptide. These peptides are being character-
ized further.
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Fig. 6: Immunofluorescent localization of acetylcholinesterase in Torpedo
electric organ, Tissue sections were prepared as described in Materials and
Methods and were incubated with either (A) 80-B, (B) 2C-9, (C) 4F-3, (D) 4E-7,
(E) CT, or (F) CT antibodies blocked by earlier incubation with the COOH-
terminal peptide (2.8 x 1077 M). These primary antibodies were visualized
with rhodamine or fluorescein-labeled secondary antibodies, Bar, 10um.

Fig. 7: High magnification of immunofluorescent staining. The primary
antibodies were (A) 2C-9, (B) 4E-7, (C) 4F-3, and (D) CT. Tissue sections
were also double labeled with 4E-7 (E) and antibodies selective for the
nicotinic acetylcholine receptor (F). The same section is shown in both E and
F, where the primary antibodies were visualized with fluorescein and Texas
red-labeled secondary antibodies, respectively. The arrows (identical
positions in both E and F) indicate nerve terminals stained by 4E-7 (E) that
lie in shallow troughs in the postsynaptic membrane (F). Bars, 10 um.

Fig. 8: Electron micrographs of cryosections of electric organ. (A) Tissue
section showing an elongated nerve terminal cut in longitudinal section,
double-labeled with 2C-9 and CT, and visualized with 5- and 10-nm colloidal
gold-conjugated secondary antibodies, respectively. Arrows indicate 10-nm
gold found only in the invaginations of the postsynaptic membrane and in the
synaptic cleft, while arrowheads indicate 5-nm gold found in the invaginations
of the postsynaptic membrane, in the synaptic cleft, and on the nonsynaptic
surface of the nerve terminals. (B) Tissue section showing elongated nerve
terminals cut in cross section, labeled with 4E-7, and visualized with S5-nm
gold. Arrovheads indicate the 5-nm gold found selectively on the nonsynaptic
surface of the nerve terminals. Bars, 1 um.

Having completed sequencing of most of the tryptic peptides and a large
number of the CNBr peptides, it vas relatively easy to conduct a separate
analysis of the cysteine-containing peptides in the unreduced peptide to
assign intra- and intersubunit disulfide bonds. The critical relevant
sequences have been published in the concluding progress report, July 1, 1987,
and in references 25 and 26. These studies enabled us to show that the enzyme
contains three intrasubunit disulfide loops, that Cys 231 was partially
reduced, and that Cys 572 formed the intersubunit disulfide between homologous
subunits. Subsequent cloning studies of mouse AChE have revealed only 7
cysteines which include the six intrasubunit and the carboxyl-terminal
cysteine!>. Since the cysteine analogous to Cys 231 {s absent, the Cys at 572
or thereabouts in the mammalian enzyme must be responsible for attachment to
fdentical catalytic subunita (homomeric assoclations) and attachment to the
tail unit (heteromeric attachments),

The abundance of mammalisn AChE {s low and detailed study of structure-
function relatfonships requires relatively large quantities of enzyme. With
the cloning or construction of genes encoding the Torpedo, mouse and human
enzymes, a valuable long-term research investment is the development of
recombinant DNA expression systems. First, this would allow production of
larger quantities of enzyme, and second, such a system is amenable to site-
specific mutagenesis where modified enzymes can be produced. Since AChE {s
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Fig. 9: Secondary Structures
of Torpedo Acetylcholines-
terases Based on Disulfide
Bond Assignments (19). The
active-site serine is shown at
position 200, the free
cysteine at 231 and the
catalytic histidine at 440,
The three disulfide loops Cys
67 to 94, Cys 254 to Cys 265,
Cys 402 to Cys 511, are
designated as A,B,C. Cys 572
bonds in intersubunit
linkages. The single arrows
after 479 denotes the exon 1-2
junction while the double
arrow after 535 denotes the
exon-intron junction (2 to 3H
or 2 to 3A) of alternative -
mRNA processing. Hooa- v ) 9
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glycosylated, a eukaryotic expression system {s required and the one that has
proven the most successful has been the baculovirus-Spodoptera system which
employs a viral infection of insect cells. Cloning with the baculovirus
system {s a major endeavor, thus initial expression studies involved transient
transfections into COS cells. Production of active enzymes with the latter
system provides a confirmation that the sequence and constructions eve
correct. Our initilal studies on the cloning of the various forms of Torpedo
AChE were supported by other funda. These studies showed that the Torpedo
cDNA encoding the hydrophilic form of AChE and a constructed cDNA (prepared by
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loop-out mutagenesis of genomic DNA) to encode the amphiphilic (hydrophobic)
catalytic subunit expressed active enzyme in C0S-7 cells upon transient
transfection. Moreover, the cDNA encoding the hydrophilic form yielded a
substantial fraction of soluble enzyme while the cDNA encoding the amphiphilic
form showed the proper processing where a glycophospholipid was attached to
the carbOﬁyl terminus®®, This enzyme incorporated ethanolamine into its
structure®®. The synthesized enzyme resided largely on the outer face of the
cell and could be released into the medium upon treatment with a
phosphatidylinositol specific phospholipase €%, Hence, not only was active
enzyme produced but the recombinant system allowed for the predicted cellular
processing and cellular disposition of the biosynthesized glycoprotein.
Subsequent studies showed that this system was suitable for site-sgpecific
mutagenesis and nine mutant enzymes have been studied.

This success suggested that it was prudent to develop expression systems
for the mammalian enzyme in order to study the structure-function
relationships outlined in this contract. Initially we expressed the cloned
mouse cDNA and human genomic DNA (fig. 10) in COS-7 cells (fig. 11). Both
show active hydrophilic enzyme. Of particular significance is the expression
of the human enzyme since this comes directly from a genomic clone.
Fortunately mammalian AChE is encoded in only 4.5-4.7 kb of gene sequence for
its open reading frame. This is a convenient size for insertion into
expression vectors and the COS-7 cell completes the appropriate splicing to
form the correctly processed mRNA for translation.

2.5
201 : Fig. 11. Expression of human AChE
' Q m“‘"‘ {n C0S-7 cells. Transfection
W Cals employed the and a human genomic DNA
1.6 (4.7 kb) and the DEAE-dextran
method, Activity is measured within
the sedimented cells by the Ellwman
1.04 method (43).
0.5
W
olo
Humsn Ganomas DRA Conttet

Simultaneous with the construction of the maamalian expression system, ve
began studies on expression of the Jorpedo gene {n the baculovirus-Spodoptera
cells. Initial studies achieved expression of the wild-type Iorpedo
amphiphilic form using the classic vector systea. This entailed rather
laborious studies of selection of polyhedron free cells which contained the
recocbinant virus. The availability of a new vector containing the -
galactosidane gene linked to the P-10 promoter facilitated our cell selection
procedures and enabled us to obtain a viral stock free of polyhedra.

Encouraged by this success ve immediately developed a mouse construct for
expression and wvere able to obtain a pure viral stock of the mouse
recombinant. Optimization of viral titer i{s shown in fig. 12. Shown below
are the levels of expression of Torpedo wild-type, Torpedo mutants and mouse
wild-type cDNA's (Table 3). Expression at this level results in production of
~10 wg of enzyme per liter of culture media. The {ncreased production of
soluble enzyme in the case of mouse would be expected since this {s the
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hydrophilic (i.e. non-glycophospholipid) form. The data shown in Table 3 come
from 24-well nlates and we have been able to scale up to larger plates without
loss of activity. The media used is synthetic XL-400/401 media (J.R.
Scientific, Woodland, CA) to avoid contamination of AChE present in sera.

We have also grown the Spodoptera cells in spinner culture and can achieve
densities of 3 x 10% cells/ml in 250 or 500 ml flasks. Use of larger flasks
results in a decrease in cell density and aeration appears to be a problen.
Production of AChE per cell is diminished and levels of 3-5 mg of AChE per
liter are the best we have been able to accomplish in spinner culture. The

lower yields may result from both aeration limitations and physical trauma to
the cells.

Table 3

AChE Vieal Mol PR AChE/cell
(Nultiplieity ol infection) -——
celln med{um
Torpade v,t. 2-10% 0.4 0.1
Totrpedo E-X) 10°¢ 0.) 0.2
Torpado E->D 103 ) 2
House w.t, 7-10°* 0. 2

The wild type and mutant Torpedo enzymes vere expressed from cDNA's encoding
the glycophospholipid-linked form of the enzyme, while the mouse cDNA encoded
the form of the enzyme with hydrophilic subunite. Given are the maximal
expression levels obtained in 24-well plate with 0.3.10° cells/vell seven to
nine days post {nfection. A value of 5 pg/cell {s equivalent to 7 mg/liter of

culture medium. Similar expression can be achieved in large surface plates or
spinner culture,

W ®
2 3 e-e (-8 0\\\\
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Fig. 12: Optiulzation of viral titers § & 0-0 10 . ‘
for expression of Torpedo AChE. The . A /
NOI {s the multiplicity of infection. § W+ s
Successive dilutfons result In latency < X ° o7 .‘-‘-;"‘ﬂ
of activity generation, but enhanced 8 o O T
activity. Day zero is the day of a __o -*
infection. 00-—?‘-?‘43-{"‘: 5 6 ; 8
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III. CONCLUSIONS

Structural Divergence in the Acetylcholinesterase Species
Sequencing of the catalytic subunits from the asymmetric and hydrophobic

forms of AChE showed that the two enzymes diverge at residue 534 and yield the
sequence shown below:

Asymmetric: LLNATETIDEAERQWKTEFHRWSSYMMHWKNQFDHYSRHESCAEL
Hydrophobic: LLNATAC

The sequence of the asymmetric form was determined in studies on the previous
contract. To obtain the LLNATAC sequence, we removed the acyl chains of the
glycophospholipid by phospholipase C digestion. CNBr digestion yielded the
deacylated peptide containing the glycan-inositol which could be isolated by
size-fractionation followed by reverse phase high pressure liquid chromatogra-
phy. Gas-phase sequencing ylelded the above sequence. Ethanolamine and
glucosamine could be detected upon amino acid analysis. This peptide was
found in four peaks, all of which yielded the same peptide sequence but
different posttranslational modifications.

Subscquent work with RNAse protection experiments?® and then with genomic
cloning’® showed that the open reading frame of the enzyme {s encoded by tvo
constant exons, base -22 to 1502 and base 1503 - 1669. Base 1 {s defined by
the ATG start site in the leader peptide). The third exon starting at base
1670 {s alternatively spliced and gives rise to two forms of acetyl-
cholinesterase described above. Assigmment to exon-intron boundaries shous

the splice oitc to correspond to the appropriate position {n the amino acid
" sequencei® %3 Confirmation of the splicing mechaniam has also come from
loop-ou nutugenests experiments vhere we have been able to express the
hydrophobic form of acetylcholinesterase by constructing a cDNA frow the
genonic clone by loop-out of the fntron.

4 - These studies
have three primary directions. The (lrst is to exanine surface accessibility
of various domains of the molecule. This work is being done in collaborsation
vith B.P. Doctor WRAIR. Ue found that the active center of the anzyme wust
reside within the cleft, since monoclonal and polyclonal antibodles prepared
to the active center peptide react only following denaturation. By contrast,
antibodies directed to a C-terminal carboxy peptide react equally well with
both the native and denatured enzywe.

The second endeavor identified epitopes for specified monoclornal anti.
bodies. Epitopes for 2C-9 and 4E-7 have deen localized to a CNBr peptide
between residues 46 and 62 4E-7 reacts with the larger tryptic fragment within
the region vhile 2C-9 rescts vwith a smaller tryptic peptide.

The third endeavor was to esploy antibodies that distinguish the molecular
forms of acetylcholinesterase in order to exemine differentiasl localization in
the synapse. These studies shov the asymmetric form of the enzyme to exist
deep in the pestsynaptic invaeginations, while the hydrophobic forwm shovs a
punctate distribution, a position wore removed from the postsynaptic seabrane
and a localization arocund presynaptic nerve endings.
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Expression of Recombinant AChE's

This last endeavor was directed to the expression of mammalian AChE in
order to develop a source of mammalian enzyme sufficient for purification and
characterization. Our original studies employed transient transfection into
COS cells in order to ascertaln whether the cDNA or mini-gene is appropriately
expressed. However, tChis approach does not yirld sufficlent AchE to titrate
active centers and to characterjze stru:turaliy. Accordingly, we have
initiated experiments with the spodopte.a-baculovirus system and can express
enzyme at levels of 5-7 mgs/liter of culture medium. Wild-type Torpedo, mouse
and human AChE's have been expressed and it has been possible to c¢xpress the
enzyme from both cDNA and genomic inserts. This system is amenable to making
mutants and thus a large number of mutant AChE’s should emerge in subsequent
studies.
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