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Natural Monomeric Form of Fetal Bovine Serum Acetylcholinesterase Lacks the
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ABSTRACT. Acetylcholinesterase isolated from fetal bovine serum (FBS AChE) was previously characterized
as a globular tetrameric form. Analysis of purified preparations of FBS AChE by gel permeation
chromatography revealed the presence of a stable, catalytically active, monomeric form of this enzyme.
The two forms could be distinguished from each other based on their molecular weight, hydrodynamic
properties, kinetic properties, thermal stability, and the type of glycans they carry. No differences between
the two forms were observed for the binding of classical inhibitors such as edrophonium and propidium
or inhibitors that are current or potential drugs for the treatment of Alzheimer’'s disease suef) as (
huperzine A and E2020; tacrine inhibited the monomeric forr8-2old more potently than the tetrameric

form. Sequencing of peptides obtained from an in-gel tryptic digest of the monomer and tetramer by
tandem mass spectrometry indicated that the tetramer consists of 583 amino acid residues corresponding
to the mature form of the enzyme, whereas the monomer consists e58%3amino acid residues. The
subunit molecular weight of the protein component of the monomer (major species) was determined to be
59 414 Da and that of the tetramer as 64 239 Da. The N-terminal of the monomer and the tetramer was
Glu, suggesting that the monomer is not a result of truncation at the N-terminal. The only differences
detected were at the C-terminus. The tetramer yielded the expected C-terminus, CSDL, whereas the
C-terminus of the monomer yielded a mixture of peptides, of which LLSATDTLD was the most abundant.
These results suggest that monomeric FBS AChE is trimmed at the C-terminus, and the results are consistent
with the involvement of C-terminal amino acids in the assembly of monomers into tetramers.

Acetylcholinesterase (AChE; EC 3.1.173n essential Globular forms represent the major fraction of AChE and
component of cholinergic synapses, catalyzes the hydrolysisbutyrylcholinesterase (BChE) in most vertebrate tissues. For
of acetylcholine at the postsynaptic junctions. This enzyme example, in bovine and human erythrocytes, AChE exists
has been shown to exist in multiple molecular forms in a in a membrane-bound dimeric form#<7), whereas rat
wide variety of mammalian tissues)( The various molecular erythrocytes contain monomeric ACh8)(Similarly, human
forms consist of monomers or oligomers of catalytic subunits gnd chicken serum contains soluble AChE and BChE n G
that range in molecular weights of /80 kD. In addition Gy, and G forms @, 10), whereas rat blood contains BChE
to the catalytic subunits, the asymmetric (A) forms also i, G, G,, and G forms and AChE in the &form only (8,
contain noncatalytic structural subunits such as the collagenicy 1) The cerebrospinal fluid contains only soluble AChE in
Q subunits, which allows their association with the basal e G form in man. The liver contains principally BChE
lamina @). The AChE molecular forms that lack the collagen (G, and G forms in chicken: mostly Gin rat) and some
tail are termed globular (G) forms, which can be subdivided AChE (G; and G in chicken: G, G, and G in rat) (1). A
into amphiphilic and nonamphiphilic forms on the basis of 2 aric membrane—boun,d4,Gor;n and a monomeric

their interaction with nonionic detergent3)(On the basis soluble G form are the two predominant AChE species in

of their hydrodynamic properties, the globular forms of ; . . .
ACNE can b denfied 35 monomers 3.5 5),dmers 6 TS AR Seversecent st ravessained
(6—7 S), or tetramers £&9—11 S). ging

distribution of AChE and BChE molecular forms in the brain.

* Corresponding author. Tel: (301) 319-9406. Fax: (301) 319-9150. A significant age-related decline in the, @rm of AChE
E-mail: ashima.saxena@na.amedd.army.mil. was observed in the cerebral cortex, hippocampus, striatum,

1 Abbreviations: ChE, cholinesterase; AChE, acetylcholinesterase; : _
BChE, butyrylcholinesterase; FBS, fetal bovine serum; AD, Alzheimer’s and hypothalamus and not in the medulla-pons or the

disease; ATC, acetylthiocholine; DTNB, 5dithiobis(2-nitrobenzoic cerebellum of ratslJ). Inhibition studies with eight different
acid); edrophonium, ethyithydroxyphenyl)dimethylammonium chlo- ~ AChE inhibitors indicated that there were differences in the

ride; propidium, 3,8-diamino*83-(trimethylammonium)propyl-6-phe-  gensitivity of these inhibitors toward the various molecular
nylphenanthridium iodide; 7-HQ, 7-hydroxy quinolinium; MEPQ, f f AChE | t brain 14). A . f th
7-(methylethoxyphosphinyloxy)-1-methylquinolinium iodide; DEPQ, ~TOrms Ol in rat brain X4). comparison ot the
7-(0,0-diethyl-phosphinyloxy)-1-methylquinolinium methyl sulfate;  distribution of AChE molecular forms in the anatomical
DTT, dithiothreitol; tacrine, 9-amino-1,2,3,4-tetrahydroacridine; E2020, i _ i i ;
(RS-1-benzyl-4-[(5,6-dimethoxy-1-indanon)-2-yljmethyl)piperidine hy- reglgns of tp(ést morte[{nhbl;ja'lns Iro:ﬂ dpatlentst thtr(]j AD Tmc:
drochloride; LG-MS, liquid chromatographymass spectrometry; ~ Ondemented age-matched controls demonstrated a selective

CAD, collision activated dissociation. loss of the G form of AChE from several cortical areas of
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AD brains (12, 15, 16). Concomitant with a decrease in the
G, form, a small increase in the;@rm of AChE and BChE
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a Biogel A 1.5 m column (1.5 170 cm) equilibrated with
50 mM sodium phosphate, pH 8.0. The flow rate was 20

was observed in the most severely affected cases. The pattermL/h, and the fraction size was 1.2 mL. The elution positions

for the distribution of AChE and BChE molecular forms and
the kinetic properties of AChE resembled those of the
developmental form of AChE present in human embryonic
brain (L7). In vitro studies with G and G forms of AChE

isolated from post-mortem brain tissue from patients with
AD demonstrated that although both forms were inhibited
equally well by physostigmine and tacrine, differences in

the inhibitory potency of some drugs such as heptylphyso-

stigmine and SDZ ENA 713 were observetiB). Since
different molecular forms of AChE may have specific
physiological functions, an understanding of their biochemi-
cal and kinetic properties is imperative to clinical drug
design.

To further understand the biochemical and kinetic proper-
ties of different molecular forms of AChE and elucidate the

molecular basis for their existence, we isolated the mono-

meric form of fetal bovine serum (FBS) AChE and compared
its catalytic properties with the tetrameric form that was
characterized in our laboratoryd, 20). The two forms could

of monomeric and tetrameric forms of FBS AChE were
determined by an assay of AChE activit®3]. Fractions
containing AChE activity for the two forms were pooled
separately and further purified by analytical procainamide
affinity chromatography.

Sucrose Density Gradient Sedimentation Analysis of Mon-
omeric and Tetrameric FBS AChBamples of monomeric
or tetrameric forms of FBS AChE (10 U;/&y in 200uL of
50 mM sodium phosphate, pH 8.0) were mixed with catalase
(11.3S; used as a sedimentation marker) and applied to linear
5—20% sucrose gradients. The gradients were centrifuged
at 75 00@ for 18 h at 4°C in an SWA41Ti rotor (Beckman
Instruments, Fullerton, CA). Gradients were fractionated from
the top using an Auto Densiflow IIC (Buchler Instruments,
Lenexa, KS), and fractions were assayed for AChE activity
using the micro-Ellman assag4).

Determination of Stokes Radii, Molecular Weights, and
Frictional Ratios.The Stokes radii of native monomeric and
tetrameric forms of FBS AChE were estimated from their

be distinguished from each other based on their molecularelution positions on a calibrated Biogel A 1.5 m (5170

weight, hydrodynamic properties, kinetic properties, thermal

stability, and the type of carbohydrate structures they carry.

cm) column. The proteins used for column calibration,
thyroglobulin @& = 85.0 A), catalasea(= 52.2 A), aldolase

From the sequence analysis of peptides obtained from an(@ = 48.1 A), and bovine serum albumia ¢ 35.5 A) were

in-gel tryptic digest of the monomer and tetramer by tandem

purchased from Amersham Biosciences (Piscataway, NJ).

mass spectrometry, the subunit molecular weights of the The void and total volumes of the column were determined
protein component for the major species were determinedWith blue dextran and potassium ferricyanide, respectively.
to be 59414 and 64 239 Da, respectively. These resultsFrom the elution position of standard proteins on this column,
suggest that monomeric FBS AChE is truncated at the their Koy was calculated using the following equation:

C-terminus and are consistent with the involvement of
C-terminal amino acids in the assembly of monomers into
tetramers.

EXPERIMENTAL PROCEDURES

Materials Acetylthiocholine iodide (ATC), 5,5dithiobis-
(2-nitrobenzoic acid) (DTNB), edrophonium, propidium, and
tacrine were obtained from Sigma Chemical Co. (St. Louis,
MO). DEPQ was provided by Drs. Yacov Ashani and Haim
Leader (Israel Institute for Biological Research, Ness-Ziona,
Israel). 7-Hydroxy quinolinium (7-HQ) was obtained by
complete hydrolysis of 7-(methylethoxyphosphinyloxy)-1-
methylquinolinium iodide (MEPQ), and its concentration was
measured spectrophotometrically as describ2d). ((—)
Huperzine A isolated froruperzia serratavas purchased
from Dr. Liu Jia-Sen (Alberta, CanadaR,§-1-Benzyl-4-
[(5,6-dimethoxy-1-indanon)-2-yllmethyl)piperidine hydro-
chloride (E2020) obtained from Eisai Co., Tsukuba-shi,
Ibaraki, Japan was a gift from Dr. Alan P. Kozikowski
(Georgetown University, Washington, DC). Agarose bound
lectins were obtained from Vector Laboratories (Burlingame,
CA). Electrophoretically pure AChE from FBS was purified
using the method of De La Hoz et aR3).

Acetylcholinesterase AssaChE activity was measured
by the Ellman method23) in 50 mM sodium phosphate
buffer, pH 8.0, at 25C, in the presence of 0.5 mM DTNB,
using 0.5 mM ATC as the substrate.

Purification of Monomeric FBS AChE he monomeric
and tetrameric forms of FBS AChE were resolved by gel
permeation chromatography of purified FBS ACHE)(on

Kav= (Ve - Vo)/ (Vt - Vo)

whereV, andV; are the void and total volumes, respectively,
andV; is the elution volume of the protein. The results of
gel permeation experiments were plotted as described by
Siegel and Monty Z5) using the equation of Laurent and
Killander (26). The molecular weights and frictional ratios
for monomeric and tetrameric forms of FBS AChE were
calculated using the following equatiors):

M = (6p7Nag(1 — vp) *
f/f, = al(3Muv/4aN)*>

wherea is the Stokes radiug, is the partial specific volume,
N is Avogadro’s numbers is the sedimentation coefficient,
andM is the molecular weight of the protein obtained from
velocity sedimentation experiments.

Nondenaturing Gel ElectrophoresiSamples (2.8 U) of
purified FBS AChE prior to separation of monomeric and
tetrameric forms or purified monomeric or tetrameric forms
of FBS AChE were electrophoresed on a 10% polyacryla-
mide gel, 0.75 mm thick, with a 4% stacking gel, at 130 V
for 3 h at 4°C. The gel was stained for AChE activity by
the method of Karnovsky and Roo®7, using 1.7 mM ATC
as the substrate.

Titration of Active Sites with DEPQActive site titrations
were conducted by adding increasing amounts of DEPQ (1
10uL) to tubes containing the monomeric or tetrameric form
of AChE (100uL of 1 U/mL in 50 mM sodium phosphate,
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pH 8.0, containing 0.1% BSA). Samples were incubated for 1 mM MgCl, were also added to the equilibration buffer.
1 h at 22°C, and residual activity was determined by assay The columns were equilibrated with 1 mL of buffer contain-
for AChE activity as described2g). Titration curves were  ing 100 U (30ug) of the monomeric or tetrameric form of
constructed by plotting residual enzyme activity versus FBS AChE overnight at £4C. The columns were washed
concentration of DEPQ, and the concentration of the active with 10 mL of equilibration buffer and specifically eluted
sites was determined by extrapolation of the curve to zero with 10 mL of equilibration buffer containing the appropriate
activity. haptenic sugar. Fractions (0.5 mL) were collected and
Determination of Kinetic ParameterSubstrate inhibition ~ assayed for AChE activity using the Ellman assa$)(

was investigated by measuring enzyme activity of the Mass Spectrometric Sequencing of FBS AChE from
monomeric and tetrameric forms of FBS AChE by the polyacrylamide GelsSequence analysis of monomeric and
Ellman method using a substrate concentration range oftetrameric forms of FBS AChE were performed at the W.
0.05-20 mM (23). The kinetic constants for the hydrolysis M. Keck Biomedical Mass Spectrometry Laboratory (Bio-
of ATC were determined by analyzing the data according molecular Research Facility, University of Virginia School

to the following equationZ8): of Medicine, Charlottsville, VA) according to the following
procedure 30). Samples of monomeric or tetrameric form

V= 1+ b[SI/Kd Vimax ) of FBS AChE containing 1@g of protein were heated for
1+ [SI/K \1+ K /[S] 5 min at 100°C in sample buffer containing 2% SDS and

5% mercaptoethanol and electrophoresed in a 10% poly-
where Ky, is the Michaelis-Menten constantKss is a acrylamide slab gel using the buffer system of Laem8tl).(
substrate inhibition constant representing the dissociation of Bands were visualized by staining the gel with Coomassie
a second substrate molecule, dnetflects the efficiency of  brilliant blue R-250. Bands for both forms were excised from
hydrolysis of the ternary complex, SES, as compared to the gels, transferred to siliconized tubes, and destained in 50%
binary complex, ES2J8). methanol overnight. The gel pieces were dehydrated in

The effect of pH on the activity of monomeric and acetonitrile and reduced with 10 mM DTT in 0.1 M
tetrameric forms of FBS AChE was determined by measuring ammonium bicarbonate at room temperature for 30 min. The
enzyme activity in buffers at various pH values as described DTT solution was removed, and the samples were alkylated
(23). A substrate concentration range of 0 mM was with 50 mM iodoacetamide in 0.1 M ammonium bicarbonate
used for the following buffer solutions: 50 mM sodium at room temperature for 30 min. The reagent was removed,
acetate at pH 5.0 and 5.5; 50 mM sodium phosphate in thethe gel pieces were washed with 0.1 M ammonium bicarbon-
pH range 6.6-8.0; and 50 mM glycine in the pH range 8:0 ate, and the samples were digested with trypsin overnight at
11. The kinetic constants for the hydrolysis of ATC were 37 °C. The peptides released from the digest were extracted
determined as described previously, and the pH dependencevith 50% acetonitrile/5% formic acid, concentrated, and
of Vmax for the monomeric and tetrameric forms of FBS subjected to LEMS analysis.

AChE was fit to a two-K, model described by the equation The LC—MS system consisted of a Finnigan LCQ ion trap
below: mass spectrometer equipped with a Protana nanospray ion
L source operated at 2.8 kV and interfaced toa I€verse
= p— — phase capillary column (8 cm 75 um id). Peptides were
1+ 10PKPH) g glPH—PK separated by injecting 0-2 ulL of extract and eluting the
o o column with an acetonitrile/0.1 M acetic acid gradient at a
Measurement of AChE Inhibitiorinhibition of enzyme — fi6y rate of 0.254L/min. The digest was analyzed using
activity was measured in 50 mM sodium phosphate, pH 8.0, \he gouble play capability of the instrument acquiring full
over a substrate concentration range of &:08 mM and  gcan mass spectra to determine peptide molecular weights
at least three inhibitor concentrations to determine the ynq nroduct ion spectra to determine the amino acid sequence
components of competitive and_ noncompetitive inhibition ;, sequential scans. This mode of analysis produces ap-
as described20). A plot of reciprocal velocities versus — ,qyimately 400 CAD spectra of ions ranging in abundance
reciprocal substrate concentrations (LineweaBurk plot) — gyer several orders of magnitude. Not all CAD spectra are
at a series of inhibitor concentrations yields a family of slopes jarived from peptides. The data were analyzed by database
andy-intercepts. Replots of the slope aphtercept values  go4ching using the Sequest search algorithm. Peptides that
versus inhibitor concentrations were used to determine the,,are not matched by this algorithm were interpreted manu-

values ofK; andaK;, the inhibition constants reflecting the 5y and searched versus the EST databases using the Sequest
interaction of inhibitor with the free enzyme and enzyme algorithm.

substrate complex, respectively.
Thermal Stability Aliquots of enzyme containing mono- RESULTS
meric or tetrameric forms of FBS AChE at a concentration
of 20 U/mL in 50 mM sodium phosphate, pH 8.0 were Purification of Monomeric FBS AChHEzigure 1 shows
incubated at one of several temperatures+25 °C) in a the separation of monomeric and tetrameric forms of FBS
water bath with constant shaking. Samples were monitored AChE by gel permeation chromatography of purified FBS
for AChE activity at 2 min intervals using the Ellman assay AChE (22). Since the monomer comprises-2% activity
(23). of purified FBS AChE, it was enriched by repeated gel
Lectin Affinity ChromatographyAgarose-bound lectin  permeation chromatography of the monomer peak to elimi-
columns (0.5 mL bed volume) were equilibrated with 50 mM nate most of the tetramer. The profile shown in Figure 1
sodium phosphate, pH 8.0. In some cases, 1 mM Ca@l was obtained after three to four repetitions of this chroma-

v
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Fraction number Ficure 3: Nondenaturing polyacrylamide gel electrophoresis of
purified monomeric and tetrameric FBS AChE. Samples (2.8 U)
of each enzyme were loaded onto a 10% native polyacrylamide
gel. After electrophoresis at 130 V for 3 h, the gel was stained for
activity using ATC as describe@T). Samples are purified monomer
(lane 1); purified tetramer (lane 2); and purified FBS AChE prior
to separation of the two forms (lane 3). Locations of monomer and
tetramer are indicated.

Ficure 1: Gel permeation chromatography of monomeric and
tetrameric FBS AChE. FBS AChE, purified by the method of De
La Hoz et al. 22) was applied to a Biogel A 1.5 m column (1:5
170 cm) equilibrated with 50 mM sodium phosphate, pH 8.0. The
flow rate was 20 mL/h, and fraction size was 1.2 mL. The elution
position of monomeric and tetrameric forms of FBS AChE was
determined by assay of AChE activit23).
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FIGURE 2: Sucrose density gradient centrifugation of purified for monomeric and tetrameric FBS AChE. Enzyme activity for t_he
monomeric and tetrameric FBS AChE. Samples of monomeric or W0 forms was measured by the Ellman assay in 50 mM sodium
tetrameric forms of FBS AChE (10 U/2Qd.) were overlaid on phosphate, pH 8.0, at 2% (23) and expressed as a percent of
linear 5-20% sucrose density gradients prepared in 50 mM sodium highest activity obtained for each form. The symbols represent
phosphate, pH 8.0, and centrifuged at 756 18 h at 4°C in monomeric M) and tetrameric) FBS AChE.

an SW41 rotor. The gradients were fractionated from top, and
fractions were assayed for AChE activity as descritiag).(The Table 1: Kinetic Constantfor Monomeric and Tetrameric FBS
arrow indicates the position of catalase (11S), which was used asAChE

an internal reference for all samples.

Km (uM) Kss(mM) b Keat (Min~1)
monomer 0.1A0.02 2.0+£04 0.14+0.02 270 000
tography step, and the monomeric form was always found tetramer  0.13:0.01 5.0+0.8 0.11+0.03 240000
to contain~5-10% tetrameric form (Figures 2 and 3). The ~ ayajues forky, Kss andb were calculated using nonlinear fitting
Stokes radii for the two forms of FBS AChE were determined of data 8). Substrate inhibition is observed whén< 1. ke was
based on their elution positions from a calibrated Biogel A evaluated using DEPQ titrations. Enzyme assays were conducted in
1.5 m column by plotting<log Ka,)Y2 versus Stokes radius. 90 MM sodium phosphate, pH 8.0 at 25, as described2@).
From this plot, the molecular size of monomeric FBS AChE
was estimated to be 45 A and that of tetrameric FBS AChE 3.3 and 1.6 were calculated for the monomeric and tetrameric
as 75 A. The Stokes radius of tetrameric FBS AChE was forms of FBS AChE, respectively.
previously reported as 76 A9). Fractions containing AChE Substrate and Inhibitor Specificityrigure 4 shows the
activity for the two forms were pooled separately and further substrate concentration dependence curves for the monomeric
analyzed by sucrose density gradient centrifugation (Figure and tetrameric forms of FBS AChE in 50 mM sodium
2) and nondenaturing polyacrylamide gel electrophoresis phosphate, pH 8.0. The data were analyzed to obtain the
(Figure 3). As shown in Figure 2, the monomeric form values forK, and Kss A slightly higher K, value was
sedimented with an g, of 4.8 S as compared to theeR observed for the monomeric form as compared to the
of 10.8 S reported for the tetrameric form of FBS AChE tetrameric form (Table 1), suggesting that the affinity for
(19). Assuming a partial molar volume of 0.714 0.007 the substrate (ATC) was not significantly affected by the
mL/g, a value determined fdlectrophorusAChE (32), the oligomeric state of the enzyme. The phenomenon of excess
molecular weights for monomeric and tetrameric FBS AChE substrate inhibition, a characteristic unique to AChEs, was
were calculated to be 89 0@ 2000 and 340 00& 8000 also exhibited by both forms of the enzyme. These results
Da, respectively. Using these parameters, frictional ratios of are consistent with those reported for the monomeric and
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Table 2: Dissociation Constants for the Binding of Inhibitors to Monomeric and Tetrameric FBS AChE

Ki# (uM)
5 mM phosphate, pH 8.0 50 mM phosphate, pH 8.0

inhibitor monomer tetramer monomer tetramer
7-HQ 225+ 2.0 100.8+ 10.1 47.4+ 105 33.2t1.5
edrophonium 0.15-0.02 0.65+ 0.07 0.48+ 0.04 0.46+ 0.03
propidiun® 1.45+ 0.01 1.4+ 0.1 29+ 0.1 3.8£0.1
tacrine 0.044+ 0.007 0.114-0.02
(=) huperzine A 0.008- 0.001 0.00A-0.3
E2020 0.0074 0.001 0.009+ 0.001

abyalues fork; (competitive inhibition constant) anaK; (noncompetitive inhibition constant) for propidium were determined from analyses of
slopes of 1 vs 1k at various inhibitor concentrations. Values are from at least three experiments.

1001 Table 3: Thermal Stability of Monomeric and Tetrameric FBS
AChE
% activity?
X , -
of 10 min 30 min
§ 50- T(°C) monomer tetramer monomer tetramer
25 100 100 100 100
40 82 94 82 94
45 82 94 58 90
48 50 90 28 88
0 51 12 60 1 58

Ficure 5: pH dependence of the catalytic activity of monomeric
and tetrameric FBS AChE. Enzyme activity for the two forms was
measured by the Ellman ass&8) in various buffers at 258C as

described in Experimental Procedures and expressed as a percent

of highest activity obtained for each form. The symbols represent
monomeric @) and tetrameric¥) FBS AChE.

tetrameric forms ofElectrophorus electricuAChE (33),
bovine superior cervical ganglion AChB4), and recom-
binant human AChE3J5). The Kgs values of 2.0+ 0.4 and
5.0 + 0.8 mM for the monomeric and tetrameric forms,

a Aliquots of enzyme containing monomeric or tetrameric forms of
FBS AChE at a concentration of 20 U/mL in 50 mM sodium phosphate,
pH 8.0, were incubated at the indicated temperatures and assayed for
AChE activity at 2 min intervals. AChE activity remaining at the end
of 10 and 30 min is reported.

4+ 0.04 and 9.92+ 0.04 as compared to values of 6.45
0.04 and 10.62+ 0.05 for the tetrameric form.

Thermal Stability.Aliquots of purified monomeric and
tetrameric forms of FBS AChE were incubated at different
temperatures, and enzyme activity remaining after 10 and
30 min is listed in Table 3. The results of this experiment

respectively, suggest that the accessibility of substrate to theshow that the monomeric form of FBS AChE was thermally
peripheral anionic site was slightly affected by the association less stable than the tetrameric form in the temperature range
of monomers into tetramers. The catalytic activity of FBS of 40—51 °C. These differences became more pronounced
AChE was not affected by subunit association as suggestedas the incubation temperature was increased; for example,
by similar k.o values (Table 1), which were determined by the tetrameric form lost only 42% of its activity after a 30
DEPQ titrations. min incubation at 5FPC, whereas the monomeric form had
The effects of edrophonium and propidium, two positively lost 99% of its activity under similar conditions. The
charged ligands, that bind at the active site and at thetemperature sensitivity of the monomeric form as compared

peripheral anionic site of AChE, respectively6], on the
activity of monomeric and tetrameric forms of FBS AChE

to the tetrameric form was previously demonstrated for
recombinant and serum derived BChBB{40) as well as

were also studied. There was no difference in the dissociationrecombinant and tissue-derived AChBE5(40).

constant @K;) for propidium with respect to the monomeric
and tetrameric forms of FBS AChE (Table 2). However, at
low ionic strength, 4-fold loweK; values for edrophonium
and 7-HQ were observed with the monomeric form as
compared to the tetrameric form. The values for AChE

Characterization of Carbohydrate Moietietudies on the
glycosylation of monomeric and tetrameric forms of FBS
AChE suggest that although both forms are similar in
carbohydrate composition, they differ in the types of glycan
moieties they carry4l). Lectin affinity chromatography was

inhibitors that are potential or current drugs for the treatment used for the qualitative structural characterization of the

of AD (37) such as{) huperzine A and E2020 were similar
for both forms of FBS AChE, whereas the monomeric form
was 2-3-fold more sensitive to inhibition by tacrine.

The catalytic activity of the monomeric and tetrameric
forms of FBS AChE as a function of pH are shown in Figure
5. The shape of the pH profile for both forms of AChE is

carbohydrate moieties on the monomeric and tetrameric
forms of FBS AChE. Consistent with previous observations,
the results of these studies summarized in Table 4 demon-
strate that both forms lack O-linked glycans. The major
difference between the two forms was in their binding to
WGA, R. communig, andR. communisl, suggesting that

best described as a distorted bell with a maximum betweenthe monomeric form was deficient in GIcNAc/sialic acid and

pH 7.5 and 8.5, but the pH curve is much broader for
tetrameric AChE. The curves were fit to a twmodel,
and the calculatedias for the monomeric form were 6.47

(Gal-GIcNACc), structures.
Sequence Analysis by Tandem Mass SpectronTdirge
replicate samples for monomeric and tetrameric forms of FBS
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Table 4: Specific Binding of Monomeric and Tetrameric FBS kinetic and biochemical studies on this form of enzyme are
AChE to Lectin Columns reported in the literature. Most of these studies were
% AChE bound performed using monomeric forms of ChEs that were

generated by proteolytic degradation of the tetrameric form

lectin specificity monomer _ tetramer ¢ anzyme 84, 39) or by the expression of a mutant cDNA
\éVOC;ﬁ\ an'gr’:':BCSv ;‘;‘L'J%gg'ed 8% . igg in which the C-terminal Cys codon was substituted by an
X Sergiut Ala codon @5, 38).
S. nigraL o-2,6 sialic acid 0 0 i ! . .
R. Cogmmuni$ } (Gal-GIcNAG) 71 >99 During attempts to purify the tetramerig @rm of AChE
R. communigl _ 85 >99 from FBS, we observed the presence of a stable, naturally
jacalin O-linked carbohydrate 0 0 occurring, monomeric Gform of FBS AChE. The mono-

aThe lectin columns were equilibrated with 1 mL of buffer meric form of FBS AChE comprises—2% activity of
containing 100 U (3Qug) of monomeric or tetrameric form of FBS  purified FBS AChE; its presence in this preparation could

AChE overnight at £C. The columns were washed with 10 mL of ; ; _
equilibration buffer and eluted with 10 mL of equilibration buffer not be detected by nondenaturing polyacrylamide gel elec

containing the appropriate haptenic sugar. The data represent thetrOphores'S' However, it could be ISQIated and separated from
percentage of AChE activity specifically eluted by the haptenic sugar, the tetrameric form by gel permeation chromatography. On

and each value is the mean of at least two experiments. the basis of the elution position, its molecular size was
estimated to be 45 A and that of tetrameric FBS AChE as
Table 5. C-Termini Peptide Sequentésr Monomeric and 75 A. Its sedimentation coefficient of 4.8 S as compared to
Tetrameric FBS AChE that of 10.8 S for the tetrameric form and migration on a
measured MW calculated MW nondenaturing polyacrylamide gel established its identity as
AA residues (Da) sequence (Da) the monomeric form of FBS AChE. These results suggest
Monomer that FBS is an excellent source for the isolation of reasonable
539-543 504.3 LLSAT 504.6 guantities of the monomeric form of mammalian AChE and
539-544 619.3 LLSATD 619.3 enabled us to characterize its biochemical properties and
539-546 833.4 LLSATDTL 833.5 identify the molecular basis for its existence.
539-547 948.4 LLSATDTLD 948.5

The catalytic properties of the monomeric form as

£80-583 494.3 Tetfa&“glgl_ 494.2 indicated by.theKm andKkeat va_tlues were similar to t_ho_se of
580-583 508.3 CsDb 508.2 the tetrameric form, suggesting that subunit association does
577-583 893.4 QDRCSDL 893.9 not affect the binding of substrate to the active site. Inhibition
577-583 907.4 QDRCSDL 907.9 by excess substrate was observed with both forms of FBS

2 Peptides obtained from an in-gel, tryptic digest of monomeric and AChE, which is indicated by values<1. However, a higher
tetrameric forms of FBS AChE were sequenced by tandem mass Kgs value for the tetrameric form and the displacement of
spectrometry® C designates-carbamidomethyl cysteine. the substrate curve to the right as compared to the monomeric

. ] ] ] ] form suggest that the binding of substrate to the peripheral
AChE in gel were digested with trypsin, which produced apjonic site was somewhat hindered upon subunit association.
the same peptides for both forms. The sequences of therhjs result is not surprising in light of the reported X-ray
peptides covered about 70% of the sequence for both forms.¢yystal structure of the mouse AChE tetramer, which shows
The subunit_molec_ular Weights of the proteir_1 components that an association between loop Cys2&¥s272 of subunit
of monomeric (major species) and tetrameric FBS AChE A and the peripheral anionic site of the facing subunit C
deduced from these sequences were 59 414 and 64 239 Dagierically occludes the entrance to the active site gotg (
respectively. Both monomer and tetramer had the same The gligomeric state of the enzyme does not affect the
N-terminal peptide, EGPEDPELLVMVR. The only differ-  hinding of various classical inhibitors of AChE such as
ences detected were at the C-terminus, which are shown iNedrophonium, which binds to the active site, or propidium,
Table 5. The monomer appeared to have a ragged C-which binds to the peripheral anionic site. Similarly, no
terminus: LLSAT, LLSATD, LLSATDTL, and LLSAT-  (ifferences between the two forms were observed for the
DTLD. Although it was difficult to quantitate the relative ~ binding of (-) huperzine A or E2020; tacrine inhibited the
amount of these peptides by mass spectrometry, the peptidgnonomeric form slightly more potently than the tetrameric
LLSATDTLD appeared to be the most abundant. The form This result is similar to that reported for rat cortical
C-terminus for the tetramer continued past the C-terminus ochg and post-mortem AD brain AChE, where some
for the monomer and yielded five additional peptides, jnhibitors were found to inhibit the Gorm 2—6-fold more
including the reported C-terminus, CSDL. potently than the Gform (14, 18). A 4-fold lower K, value

for edrophonium and 7-HQ was observed for the monomeric

DISCUSSION form in 5 mM sodium phosphate buffer. Since the peripheral

In vertebrates, ChEs exist in various molecular forms, anionic site is sensitive to ionic strength, these results suggest
which not only control their destiny within the cell but their  that this effect on the binding of inhibitors to the active site
distribution in various tissues. Although the existence of is a result of perturbations in the peripheral anionic site.
different molecular forms of AChE is well-documented, their Therefore, it appears that the peripheral anionic site of the
physiological significance is not clearly understood. It has monomer is more sensitive to changes in ionic strength.
been reported that these molecular forms differ in their  Although kinetic evidence suggests that the association
sensitivity to inhibitors, which is clinically important in the  of monomeric subunits into a tetramer does not affect the
development of therapeutic drugs. Since stable, monomericcatalytic efficiency of the enzyme, it appears to affect the
forms of ChEs are not abundant in mammalian tissues, few pH dependence of the catalytic reaction as indicated by the




15298 Biochemistry, Vol. 42, No. 51, 2003 Saxena et al.

broader pH profile curve for the tetramer. The bell-shaped The tetramer consists of 583 amino acid residues corre-
pH-rate profiles can be analyzed by dissecting the curve into sponding to the mature form of the enzyme, whereas the
two titration curves. The ascending leg represents an increasenonomer consists of 54347 amino acid residues. The
in rate of the reaction due to the rising concentration of the N-terminal of the monomer was Glu, which is also the
conjugate base form of an acid. The descending leg of theN-terminal amino acid residue for the tetram@0) sug-
curve represents the effect on rate of the reaction due to thegesting that the monomer is not a result of truncation at the
declining concentration of a weak conjugate acid form of a N-terminal. The only differences detected were at the
base. Each titration curve yields an inflection point corre- C-terminus. The tetramer yielded the expected C-terminus,
sponding to the I§; of an ionizing residue catalyzing the CSDL, whereas the C-terminus of the monomer yielded a
reaction. The [, of the residue acting as a base catalyst is mixture of peptides, of which LLSATDTLD was the most
~6.4 for both forms of AChE. Thisk, value is similar to abundant. These results suggest that like monomeric BChE
intrinsic pK, values of the catalytic His440 for acylation and secreted from Chinese hamster ovary cells, monomeric FBS
deacylation in the reaction of substrates of ACHB-46). AChE may have resulted from the proteolysis of tetrameric
The K, of the residue acting as an acid catalyst increases FBS AChE at the C-terminus. Since the splicing site between
from 9.9 in the monomeric form to 10.6 in the tetrameric exon 4 and 6 is at position 543, it is also possible that the
form. The curve is broader in the tetramer because of themonomer is a product in which exon 6 was not spliced into
increased difference in th&pvalues of the basic and acidic exon 4. This possibility is supported by the presence of a
groups catalyzing ATC hydrolysis. peptide LLSAT only in monomeric FBS AChE. Since FBS
The monomeric and tetrameric forms of AChE were also AChE contains four glycosylation sites at positions 61, 265,
found to differ in their thermal stability and the types of 350, and 46449), C-terminal truncation did not remove any
glycans they carry. The monomer was thermally more labile glycosylation sites, suggesting that carbohydrate residues did
than the tetrameric form. The increased thermal stability of not affect oligomerization. The only other natural monomeric
the tetrameric form of the enzyme as compared to the AChE characterized to date is that fr@nngarus fasciatus
monomeric form was previously demonstrated in ChEs from venom 60). The sequence of this enzyme deduced from
various species36, 39, 40). Consistent with a previous CcDNA clones demonstrated that its catalytic subunit is highly
observation that the glycans on tetrameric FBS AChE were homologous to other AChE&{). However, the C-terminal
of the complex biantennary type, the efficiency of binding region lacks a Cys residue, and the sequence is different from
of this enzyme to lectin columns specific for mannose, Gal- the C-terminal regions of hydrophobic (H) or tailed (T)
GIcNACc, and sialic acid was 99% @7). On the other hand,  subunits. The C-terminal consists of a short hydrophilic
the monomeric form bound efficiently only to the Con A peptide of 15 residues with the sequence VDPPRADRRRR-
column and demonstrated a decreased binding to columnsSARA. Taken together, these results demonstrate that the
specific for Gal-GlcNAc and sialic acid. These results suggest monomer is a result of truncation at the C-terminus, and the
that the glycans on monomeric FBS AChE lack complex results are consistent with the involvement of C-terminal
biantennary type of structures and correlate with the resultsamino acids in the assembly of monomers into tetran83s (
of our recent study in which differences in the oligosaccha- 42).
ride profiles for monomeric and tetrameric forms were  On the basis of multiple sequence alignment, analysis of
observed 48). These results also suggest that the catalytic three-dimensional structural data, and mutagenesis and
properties of the active site gorge are not affected by the biochemical data, two models for the organization of
type of carbohydrate structures present on the surface of themonomeric subunits into tetramers were propog). (In
enzyme molecule. the square planar model, the active site gorges would be
The presence of monomeric AChE is not unique to FBS. freely accessible to the substrate, whereas in the pseudo-
Monomers were shown to constitute a major fraction of the tetrahedral model, the gorges would be orthogonal to each
intracellular AChE pool in various cells and tissues, and the other. The association of subunits is stabilized through the
presence of free extracellular monomers of AChE and BChE formation of a four-helix bundle by the C-terminal regions.
was also noted in the culture media of cell lines as well as The results of biochemical studies presented here with the
CSF and sera of animals. Monomers could be products of monomeric and tetrameric forms of FBS AChE support the
(a) unassembled tetrameric subunits, (b) degradation ofsquare planar arrangement of subunits in the tetramer, which
extracellular multimers, or (c) alternatively spliced AChE are held together at the C-terminus. The assembly of
mRNA species lacking the C-terminal Cys residue. It was monomeric subunits into a tetramer does not have a
demonstrated that the monomeric form of recombinant wild- significant effect on the accessibility of substrate and
type BChE secreted from Chinese hamster ovary cellsinhibitors to the active site gorge. Our conclusions are
resulted from proteolysis at the C-termin@8); To elucidate supported by the X-ray crystal structures of mouse AChE
the molecular nature of the monomeric form of FBS AChE, andE. electricusAChE, which show a pseudo-square planar
we conducted sequence analysis of tryptic peptides from botharrangement of monomeric subunits in the tetramer that is
forms using mass spectrometry. Using this method, the stabilized through interactions at the C-termindg, (53).
subunit molecular weight of the protein component of the
monomer (major species) was determined to be 59 414 DaACKNOWLEDGMENT
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