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Structure of 11S Acetylcholinesterase. Subunit

Composition¥

Terrone L. Rosenberry,* Yueh T. Chen,i and Ernest Bock

ABSTRACT: The subunit compositions of several 11S acetyl-
cholinesterase (EC 3.1.1.7) preparations from the electric eel
were investigated. Data from polyacrylamide gel electrophore-
sis in 1% sodium dodecy] sulfate and gel exclusion chromatog-
raphy in 6 M guanidine hydrochloride indicated that the active
enzyme is a tetramer composed of subunits with molecular
weights of 70,000. From analyses of 32P-phosphorylation pat-
terns and cyanogen bromide fragment compositions, the sub-
units were shown to contain one active site each and to be iden-
tical within the limits imposed by these techniques, except for a
variability in manifesting two sites of cleavage, probably
caused by proteolytic or glycolytic agents. One cleavage occurs
at a site A and splits the intact subunit (I) into a major frag-

Acetylcholinesterase (EC 3.1.1.7) from the electric eel El-
ectrophorus electricus has been isolated in each of several mo-
lecular species. Species isolated from extracts of fresh electric
organ tissue are characterized by sedimentation coefficients of
8 S, 148S,and 18 S and appear in electron micrographs as clus-
ters of respectively 4, 6-8, and 10 or more subunits attached to
an elongated “tail” (Rieger et al., 1973; Dudai er al.,, 1973).
All three of these species may be converted to an 11S form ei-
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ment (II) of 50,000 molecular weight and a minor fragment
(111) of 20,000-22,000 molecular weight. A second cleavage at
a site B generates a second minor fragment (1V), with a molec-
ular weight of 18,000-20,000, from III. In the absence of disul-
fide reduction these cleavages did not appear to result in the re-
lease of measurable polypeptides from the subunit structures.
In the native enzyme both cleaved and intact subunits appear
to exist as subunit dimers with a covalent intersubunit linkage
which involves disulfide bonding. Hence the subunits in the na-
tive tetramer are arranged as a dimer of dimers ((a);)2, where
« is either the cleaved or intact subunit containing the catalytic
site.

ther by treatment with trypsin or other purified proteolytic en-
zymes, or by an apparent “‘autolysis’” on storage of crude en-
zyme solutions (Massoulié and Rieger, 1969; Rieger er al.,
1972a,b). Electron micrographs of the 11S species made in
parallel with the other forms show globular structures com-
posed of four subunits without the “tail.”

The acetylcholinesterase properties reported here refer to an
11S enzyme purified by affinity chromatography from extracts
of toluene-stored electric eel tissue (Rosenberry et al., 1972;
Chen et al., 1974). Several purified preparations free of detect-
able protein contaminants have been obtained, and the physical

! Abbreviations used are SDS, sodium dodecyl sulfate; DFP, di-
isopropylphosphory!l fluoride; DIP-acetylcholinesterase, diisopropyl-
phosphorylated acetylcholinesterase; NEM, N-ethylmaleimide; 1AA,
jodoacetamide; PAS, periodic acid-Schiff reagent; DTT, dithiothreitol.
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properties of the enzyme in its native state in these prepara-
tions are quite reproducible. However, variations in the relative
polypeptide composition among these preparations are ob-
served after disulfide reduction and electrophoresis on gels con-
taining SDS.! The pattern of these variations suggests that the
observed multiple polypeptides arise from fragmentation of a
single polypeptide chain (Chen et al, 1974). The results pre-
sented here confirm this suggestion and introduce several ob-
servations involving intersubunit relationships in the native en-
zyme tetramer. In a subsequent report (T. L. Rosenberry,
manuscript in preparation) the presence of an intersubunit di-
sulfide linkage is investigated in detail.

Experimental Section

Materials

Acetylcholinesterase. The enzyme was purified by affinity
chromatography of extracts from toluene-stored eel tissue and
characterized as an 118 species as described previously (Ro-
senberry et al., 1972; Chen et al., 1974). The three prepara-
tions used in the studies reported here are preparations 3 and 4
described in Chen et al. (1974) and preparation B (Figure 3B,
Chen et al., 1974). Preparations 3 and 4 were stored as frozen
concentrates (20 mg of protein/ml) in 20 mM sodium phos-
phate (pH 7), and preparation B was stored at 5° in the same
buffer. According to 32P-labeling patterns, 6% of the enzyme
subunits in preparation 3 and 45% of the subunits in prepara-
tion 4 were in the form of the intact polypeptide I (see Re-
sults). An estimated 20% of preparation B was in this form.

Protein Molecular Weight Standards. The following highly
purified proteins were used to calibrate both SDS gels and Se-
pharose columns. The assumed molecular weight is listed in pa-
rentheses after each protein: rabbit phosphorylase A (Sigma)
(92,500, Seery et al., 1970); equine transferrin (NBC) (76,600,
Mann et al., 1970); bovine serum albumen (Mann) (68,500,
Castellano and Barker, 1968); bovine +v-globulins (Sigma)
(51,600 and 23,500, Waxdal et al., 1968); ovalbumen (Sigma)
(44,000, Castellano and Barker, 1968); porcine pepsin (Worth-
ington) (33,000, Williams and Rajagopalan, 1966); conconav-
alin A (Pharmacia) (25,700, Waxdal er al., 1971); bovine he-
moglobin (Sigma) (15,500, Weber and Osborn, 1969); equine
cytochrome ¢ (Sigma) (11,700, Weber and Osborn, 1969);
[!231]-a-bungarotoxin (Miami Serpentarium, see Chang, 1974)
(8000, Lee, 1970); bovine insulin (Sigma) (2300 and 3400,
Swank and Munkres, 1971).

Radioactive Labels. [3*P]DFP (40-60 Ci/mol; Amersham-
Searle) was used directly without addition of unlabeled DFP.
Labeling was carried out within 1 week of receipt of the
[**P]DFP unless otherwise indicated. We observed that expo-
sure of acetylcholinesterase to one initially satisfactory ship-
ment of [2P]DFP which had been stored in our laboratory for
2 months resulted in a degradative effect upon the apparent
polypeptide molecular weights. The stoichiometry of [32P]DFP
acylation was in general agreement with that of other active
site titrants (Rosenberry er al., 1972); however, a variability
among [*?P]DFP stocks was observed which indicated that the
accuracy of the labeled [32P]DFP specific activity was £25%.

["*CINEM (2.5 Ci/mol; Amersham-Searle) was also used
directly without addition of unlabeled NEM; with this reagent
the concentration of the shipment was checked by uv absorb-
ance measurements (Amax 305 nm (€305 620); Gregory, 1955).

Reagents. Electrophoresis grade acrylamide and bisacrylam-
ide were from Bio-Rad; ultrapure urea was from Mann; carrier
ampholytes were from LKB-Producten; modified Schiff re-
agent was from Fisher; Coomassie Brilliant Blue R-250 was
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from Colab; and pyronin Y was a gift of Dr. A. Deitch, Colum-
bia University. Other chemicals were all of reagent grade un-
less otherwise indicated.

Sample preparations in 6 M guanidine hydrochloride were
carried out with the use of ultrapure reagent (Schwarz/Mann)
unless otherwise indicated. Large volumes of 6 M guanidine hy-
drochloride used in column chromatography involved practical
grade reagent (Eastman) purified in the following manner.
Guanidine hydrochloride (1 kg; Eastman practical) was dis-
solved in 3 L. of 95% ethanol. The solution was vacuum-filtered
twice (Whatman 3 paper); 100 g of Norit was added, and the
solution was stirred for 45 min at 40-50°. After an additional
vacuum filtration as above, 2200 ml of solvent was removed on
a rotary evaporator accompanied by crystallization of the gua-
nidine hydrochloride. The solution was cooled at 4° for 15 min,
and the crystals were removed by vacuum filtration (Whatman
54 paper) and dried overnight at 40°. The yield was 750 g. The
absorbance at 280 nm of aqueous 6 M guanidine hydrochloride
prepared from the crystals was <0.08. Impurities caused the
absorbance to rise sharply below 275 nm, but these impurities
could be dialyzed completely.

Methods

Protein Determination. The concentrations of solutions of
native acetylcholinesterase were determined with the use of
Ess0nm (1%) 18.0 (Rosenberry et al., 1972). The ODygo of
acetylcholinesterase in 6 M guanidine hydrochloride was 8%
lower than that in dilute phosphate buffer, corresponding to an
extinction coefficient Epgo nm (1%) 16.6.

Acylation with [32P]DFP. To 1-25 mg of acetylcholinester-
ase (5-15 mg/ml) in 50-100 mM sodium phosphate buffer
(pH 7.0) was added [*?P]DFP at a final concentration of 0.5
mM. The solution was incubated for 1-2 hr at room tempera-
ture, and the resulting [32P]DIP-acetylcholinesterase was di-
alyzed against 10-20 mM sodium phosphate buffer (pH 7.0)
overnight.

Alkylation of Disulfide-Reduced [32P)DIP-acetylcholines-
terase with ['*CINEM. Reduction of 25 mg of [32P]DIP-
acetylcholinesterase (3.0 mg/ml, preparation 4 after 3 months
of storage) was carried out in an initial excess of DTT (1 mM)
at pH 9 for 2 hr at 50° in 50 mM Tris-Cl containing 6 M guani-
dine hydrochloride. The sample had been preincubated at 50°
in the reduction solvent for 4 hr prior to the addition of DTT.
The oxidation of DTT was followed spectrophotometrically;
oxidized DTT has an absorbance band tail outside the protein
absorbance (for oxidized DTT, Amax 283 nm (e2s3 273); (€315
80); see Cleland, 1964). After adjustment of the pH to 6-7
with 1 N HCI, the sample was alkylated without dialysis by the
addition of ["*C]NEM to a concentration of 0.6 mM, an
amount threefold in excess of the total remaining free thiol
concentration, for 2 hr at 25° (see T. L. Rosenberry, manu-
script in preparation). The major portion of the 32P,!4C-labeled
sample was immediately introduced to column chromatogra-
phy; a small remaining portion was dialyzed against 20 mM so-
dium phosphate (pH 7) containing 0.6 M guanidine hydrochlo-
ride (column grade) for 3 days at 25° for '4C stoichiometry
measurements. An evaluation of the ['*C]NEM-labeling stoi-
chiometry obtained with this procedure showed that about 75%
of the maximal enzyme alkylation had occurred (T. L. Rosen-
berry, manuscript in preparation).

Protein Alkylation with Other Reagents. Alkylation with
IAA was generally used to prevent reoxidation of sulfhydryl
groups exposed by disulfide reduction. IAA was added directly
to the reduction medium at 25° (Waxdal et a/., 1968) in an
amount which gave 2.5-5 mol of IAA/mol of DTT originally
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TABLE I: Molecular Weights of Acetylcholinesterase
Polypeptides from SDS Gels.”
Nonreduced? Reduced”
Peak Mol Wt Peak Mol Wt
1 290,000 I 75,000
2 230,000 11 30,000
3 150,000 1l 27,000
70,000 iv 23,500

fods

“ Molecular weights were determined by gel electrophoresis
in 1% SDS as outlined in Methods. ? Nonreduced samples
were incubated without DTT. The molecular weights were
estimated by reference to a standard curve for 3.3% gels
which included covalently cross-linked ovalbumen (see Meth-
ods). Plots of the log mol wt us. electrophoretic mobility
were linear from molecular weights of 20,000 through the
ovalbumen hexamer at 260,000. °Reduced samples were
incubated with DTT as described in Methods. The molecular
weights were estimated from a standard curve for 5.8 gels
containing eight known proteins; the plot was linear from
20,000 to 92,500. The standard deviation of the known mo-
lecular weights from the best fit straight line was 4.297. A
similar standard deviation was observed for the acetylcholin-
esterase unknown molecular weights among four calibration
runs.

added. After 20-60 min in the dark, the alkylated sample was
subjected to electrophoresis or chromatography. No attempt
was made to quantitate the amount of IAA reacting with the
protein. Alkylation with NEM was used occasionally as a con-
trol to the alkylation with ['*C]NEM described above. The
reaction was carried out by the addition of an excess amount of
NEM at 25° for 20-60 min.

Cyanogen Bromide Cleavage. Sample polypeptides were
cleaved with CNBr in a procedure similar to that of Waxdal er
al. (1968). Lyophilized polypeptides (0.2-1.0 mg) were dis-
solved at a concentration of 8-10 mg/ml in a 70% formic acid
solution containing 0.1% CNBr. The solution of CNBr in for-
mic acid was prepared immediately before use. After allowing
the sealed reaction mixtures to stand at room temperature for
the indicated period, the reaction was terminated by the addi-
tion of 30-40 volumes of water followed by immediate lyophili-
zation. Work with ['*C]NEM-labeled reduced acetylcholines-
terase indicated that some label was cleaved under these condi-
tions and appeared in the solvent volume of subsequent chro-
matographic runs. This cleavage required the presence of
CNBr and was not observed in control incubations containing
only 70% formic acid.

Fluorescent Labeling of CNBr Fragments. The procedure
used the reagent Fluoram and generally followed Bohlen er al.
(1973). The use of this reagent resulted in much higher poly-
peptide labeling than that obtained in analogous procedures
(e.g.. Gray, 1967) with dansyl chloride. The lyophilized sample
of CNBr fragment (200-3500 ug of protein) was dissolved in 50
ul of 0.2 N NaOH and immediately neutralized with the mix-
ture 25 ul of 0.4 N HCl and 25 ul of 0.4 M sodium phosphate
buffer (pH 7.0). A 100-zl aliquot of Fluoram in acetone (2
mM ) was added and allowed to stand at 25° for 10 min. Ultra-
pure guanidine hydrochloride (0.3 g) was dissolved in the sam-
ple solution followed by a second 100-u! aliquot of Fluoram in
acetone (2 mM), The final solution (0.5 ml) was added directly
to the analytical Sepharose 6B column equilibrated with 6 M
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TABLE I1: Molecular Weights of Reduced Acetylcholinesterase
Polypeptides from Column Chromatography in 6 M Guanidine
Hydrochloride.?

Peak Mol Wt
I 69,000
11 51,000
IIT
p) h
v 21,000

“ Molecular weights were determined by chromatography
on Sepharose 6B in 6 M guanidine hydrochloride as outlined
in Methods. The molecular weights were estimated from a
standard curve for eight known proteins between 23,000 and
92,500. The curve deviated slightly from linearity above 50,000
(Fish er al., 1969), and the standard deviation of the known
molecular weights from the estimated best fit curve was 6.6 %,
A somewhat smaller standard deviation was observed for the
acetylcholinesterase unknown molecular weights among two
to three calibration runs. ° Peaks III and IV could not be
resolved adequately for accurate individual determinations.
The listed value corresponds to samples containing approxi-
mately equal amounts of III and IV (e.g., fraction 43, Figure
5).

guanidine hydrochloride. The fluorescence of the recovered
fractions was read immediately after the completion of the col-
umn, because a slow decay of the fluorescence intensity was
observed with time.

Calculation of Protein Recoveries of CNBr Fragments. Ex-
tinction coefficients for polypeptides I, II, and (111 + 1V) were
calculated from the column fractionation in Figure 5. Assum-
ing (1) Easonm (19%) of 1 is the same as that of the total enzyme
in 6 M guanidine hydrochloride (16.6); (2) the **P cpm at-
tached to protein is directly proportional to the moles of either
[ or II; (3) molecular weights of 70,000 (1), 50,000 (II), and
20,000 (111) (see Tables I and I1I); and (4) the polypeptide
composition of 1 is the sum of Il + IIl, one may calculate
Ea250 nm (19%) values of 13.1 for Il and 23.2 for 111 (also assume
25.2 for 1V). Using these extinction coefficients and the ob-
served '*C cpm in each polypeptide fraction, the following ra-
tios of '#C cpm/pug of protein were calculated from data in Fig-
ure 5 (standard deviations included): 306 £ 8 (1); 328 + 6 (II):
310 £ 22 (J11LIV).

Normalization of Fluorescence for CNBr Fragments from
Equimolar Pools of Polypeptides I, 11, and 111. Two sources of
fluorescence (F) variation among the equimolar fragment pools
were (1) intrinsic differences in F resulting from a nonrandom
distribution of amine groups between Il and III; (2) experi-
mental differences in F resulting from varying efficiencies in
labeling a given concentration of amine groups. The first
source was observed to be negligible for the three pools in Fig-
ure 6 in the following way: the ratio of the relative fluores-
cence, F/ug, for a common CNBr peptide in pools I and 11
(peptide between 65 and 75 g in Figure 6) between pools | and
11 was the same as the ratio of the (total F recovery)/(total ug
recovery) between pools I and II. Hence all the variation in
F/ug must derive from the second source. A normalization fac-
tor for this source for either I1 or [11 + 1V is simply the ratio of
the (total F recovery)/(total ug recovery) between that for I
and that for either [l or II1 + IV.

Polyvacrylamide Gel Electrophoresis in SDS. Initial experi-
ments were performed according to procedures which utilize
buffers containing 0.1% SDS during electrophoresis (Shapiro
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et al., 1967; Weber and Osborn, 1969). Later work was carried
out according to Fairbanks et al. (1971), in which 1.0% SDS is
present during electrophoresis; this procedure, applied to gels
either 5.8 or 3.5% in total acrylamide, was used to obtain all
_gel electrophoretic patterns and molecular weight estimates
and for all protein and carbohydrate (PAS) staining in this re-
port. Both the 5.8 and 3.5% gels contained the same ratio of
bisacrylamide to acrylamide as that in Fairbanks et al. (1971).
Non-glycoprotein controls were included in all PAS staining
procedures to ensure that a positive reaction was not an artifact
of SDS.

A wide variety of electrophoresis sample preparations utiliz-
ing varying conditions of protein denaturation was investigated
in the initial experiments (Shapiro et al., 1967; Weber and Os-
born, 1969; Lenard, 1970; Swank and Munkres, 1971). The
sample preparation medium of Fairbanks er al. (1971) (1%
SDS; 6% sucrose; 10 mM Tris-Cl (pH 8); 1 mM EDTA (pH 8);
40 mM DTT), with an increase in the pyronin Y tracking dye
concentration to 40 ug/ml, was used in conjunction with their
electrophoresis procedure for all SDS gel molecular weight es-
timates in this report. A similar sample preparation medium
was used in all other SDS gel experiments presented, with the
exception that the concentration of DTT, the addition of alkyl-
ating agents, and the sample incubation time and temperature
were varied in certain acetylcholinesterase samples as noted.
For a given state of disulfide reduction (see Results), little vari-
ation in the relative acetylcholinesterase banding patterns was
observed among these various sample preparation procedures.

Molecular weights of unknown polypeptides were estimated
from their electrophoretic mobilities relative to polypeptide
standards of known molecular weight (Shapiro et al., 1967;
Weber and Osborn, 1969; Fairbanks et al., 1971). Ovalbumen
was cross-linked with dimethyl suberimidate (Davies and
Stark, 1970) according to the procedure of Carpenter and Har-
rington (1972).

Gel electrophoresis of cyanogen bromide fragments was car-
ried out in 12.4% total acrylamide gels containing a 1:30 bisac-
rylamide/acrylamide ratio. The electrophoresis and sample
preparation procedures were the same as those referred to
above (Fairbanks et al., 1971) except that the electrophoresis
solvent included 8 M urea (Swank and Munkres, 1971). Elec-
trophoresis was continued for 17 hr at 1 mA /gel tube.

SDS gel electrophoresis in both analytical and preparative
procedures were carried out with the Buchler 3-1750 Polyana-
lyst apparatus in conjunction with a Lambda LPD 425 FM
regulated power supply. Electrophoresis with the Fairbanks et
al. (1971) procedure was carried out at 8 mA/tube for about 2
hr. Gels were polymerized in 6-mm i.d. glass tubes and ranged
from 80 to 120 mm in length among various experiments. Gels
were scanned at 280 nm with the ISCO Model 659 gel scan-
ning attachment to the UA-4 absorbance monitor or at 560 nm
with the Gilford Model 2410 S gel scanning attachment to the
2400 spectrophotometer.

Isolation of Polypeptide Components from SDS Gels. Sec-
tions of preparative gels containing polypeptide bands were re-
moved in single slices immediately after electrophoresis. The
location of the bands was suggested by the staining patterns
observed after the electrophoresis of similar samples and con-
firmed by scanning the unstained preparative gel immediately
after electrophoresis at 280 nm. Corresponding slices of identi-
cal preparative gels were pooled, and the polypeptide was ex-
tracted by homogenization of the slices with a Virtis *75” ho-
mogenizer at 25-50% maximum speed for 1 min in a 10-ml ho-
mogenization flask. About 2 volumes of distilled water were
added with | volume of gel prior to homogenization and 2 to 3
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volumes of water was used in transferring the homogenate to
plastic centrifuge tubes after homogenization. Foaming was
observed during homogenization under these conditions, but no
foam left the homogenization flask. The transferred homoge-
nate was spun at 20,000g for 10 min and the clear supernatant
was removed. About two-thirds of the protein in each band was
recovered in the supernatant. The supernatants were dialyzed
against water at 25° overnight (with a water change after 4
hr), distributed into aliguots, and lyophilized. Overall recovery
after lyophilization was about 50%.

Quantitative Gel Slicing. Gels containing radio-labeled com-
ponents were sliced after incubation of the freshly run gels in
10% Cl3;CCOOH and 10% glycerol for 1.5-4.5 hr. Slicing was
carried out with an MRA gel slicer after freezing the gels
(Weinberg et al., 1967); gel slices were varied quantitatively
from 1 to 3 mm. Gel slices were prepared for scintillation
counting in the usual fashion, except that for 32P-labeled sam-
ples the incubation in NCS was carried out at 25°.

Chromatography on Agarose Gels in 6 M Guanidine Hydro-
chloride. Chromatography in unbuffered 6 M guanidine hydro-
chloride was used for both preparative and analytical purposes.
Molecular weights of unknown polypeptides were estimated
from their elution weights relative to those of polypeptide stan-
dards of known molecular weight (Davison, 1968; Fish et al.,
1969). These estimates were obtained from multiple runs on a
single Sepharose 6B chromatography column (Beckman; 0.9 X
160 cm). The column was operated at 25° with a 50-cm hydro-
static pressure differential maintained by a 250-ml Marriott
flask in all runs. The column flow rate was about 2.0 mi/hr for
initial runs and 1.5 ml/hr for later runs. Fractions of 0.8-2.0 g
were collected and maintained at 4°. Elution volumes (V;) cor-
responded to elution of 50% of the polypeptide peak; only slight
peak asymmetry due to trailing was observed. Polypeptide elu-
tion was monitored by the absorbance at 280 nm for most pro-
tein standards; by the absorbance at 407 nm for cytochrome ¢;
and by scintillation counting of [!4C]NEM-labeled acetylcho-
linesterase polypeptides and [!231]-a-bungarotoxin. The elution
volume of the solvent (¥;) was monitored either by the absorb-
ance at 280 nm of oxidized DTT in the sample onput or by
scintillation counting of 22NaCl (Amersham-Searle) added to
the sample onput.

Graphical analysis of the molecular weight as a function of
the elution volume has generally been carried out by way of the
distribution coefficient Ky, defined as K4 = (Ve — Vo)/ (Vi —
Vo) where Vp is the column void volume; Ky is assumed to be
approximately proportional to the log of the molecular weight
(Fish et al., 1969). It is inconvenient to measure V; for every
run, since the use of blue dextran to estimate Vj results in a
tailing of blue dextran absorbance through the elution volumes
of the polypeptides. This problem can be overcome by using
one of the polypeptides itself as an indicator of the solvent vol-
ume external to the gel matrices. If the elution volume of such
a reference polypeptide is termed V.’ and its distribution coeffi-
cient K4, a second distribution coefficient function K, may be
defined as K; = (Kg — K¢) /(1 — K¢) = (Ve = V) / (Vi = V).
It is apparent that K, is proportional to Kq4 if K4’ is constant;
consequently K; may be plotted vs. the log of the molecular
weight with as much justification as K4. Estimates of polypep-
tide weights in this report arise from standard curves using X,
in which cytochrome c is the reference polypeptide with a Ky’
= 0.46. Cytochrome c is convenient both because its molecular
weight does not overlap with acetylcholinesterase polypeptides
and because its absorbance may be unambiguously detected at
407 nm in the presence of overlapping polypeptide standards.

Protein samples for analytical column chromatography in
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FIGURE 1: SDS gel electrophoresis of disulfide-reduced and nonre-
duced acetylcholinesterase: (1 and 2) 20 ug of preparation 3 after 6
months of storage (see Methods) was applied to each 3.5% acrylamide
gel; (3 and 4) 50 ug of preparation B after 16 months of storage was
applied to each 5.8% acrylamide gel. Samples were prepared in identi-
cal fashion by incubation in a solution containing 1% SDS at 37° for 2
hr (Fairbanks et al., 1971) except that the disulfide-reduced samples 2
and 4 included 40 mM DTT while in samples 1 and 3 the DTT was de-
leted.

guanidine hydrochloride were prepared under conditions as-
sumed to result in complete disulfide reduction. Protein stan-
dards (1-2 mg) were dissolved either in 0.2 ml of ultrapure 6 M
guanidine hydrochloride or in 0.2 ml of column grade 6 M gua-
nidine hydrochloride containing a '4C-labeled acetylcholines-
terase polypeptide. Addition of 50 ul of buffered DTT in 6 M
guanidine hydrochloride to final concentrations of 40 mm DTT
and 200 mM Tris-Cl (pH 8.5) was followed by incubation at
50° for 2 hr. Solid IAA was added to alkylate reduced protein
as described above, and the sample was introduced manually to
the resin upper surface.

Isoelectric Focusing. Experiments were performed on a ver-
tical column (LKB 8100, 110 ml) utilizing carrier ampholytes
(LKB-Producten) in a continuous sucrose density gradient
(Haglund, 1971). The acetylcholinesterase samples were intro-
duced in the light gradient solution and the anode was placed
in the lower acid electrode solution (Instruction Manual, LKB
8100 Ampholine electrofocusing equipment (1968), p VIII:1).
The addition of 6 M urea to all electrode and gradient solutions
was made to increase the solubility of the acetylcholinesterase
subunit polypeptides; a stock 6 M urea solution was deionized
for 30 min with Bio-Rad AG 501-X8 (D) mixed bed resinto a
conductivity of less than 0.5 X 10~3 @~! cm~! at 20° immedi-
ately before preparing the column solutions (Ui, 1971).

Preliminary experiments were carried out in 1% ampholine,
pH 3-10, with about a 1-mg acetylcholinesterase sample. Since
virtually all the recovered protein fluorescence in these prelimi-
nary experiments was found between pH 5.0 and 6.0 (uncor-
rected for 6 M urea), an ampholine fractionation run was con-
ducted in 8% ampholine, pH 3-6, with about a 1-mg acetylcho-
linesterase sample. Fractions between pH 4.9 and 6.5 (uncor-
rected for 6 M urea) contained the enzyme and were pooled.
Final electrofocusing profiles were obtained with the use of this
ampholine pool diluted to a final concentration of 1%; in addi-
tion a 10-ml layer of 2% stock ampholine, pH 3-10, was placed
between the sample solution and the basic electrode solution to
minimize protein retention at the electrode solution interface
(Chen et al., 1974). Final profiles were obtained after electro-
focusing at a constant voltage of 400 V for 60 hr at 4°.
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Other Methods. Scintillation counting was carried out with
24-ul sample aliquots plus 100 ul of water which were incubat-
ed in vials containing 1 ml of NCS (Amersham) for 1 hr at
50°. After cooling, 10 ml of toluene containing 50 mg of 2,5-
diphenyloxazole and 3 mg of dimethyl 1,4-bio[2-(5-phenyloxa-
zolyl)]benzene (Packard) was added. Counts were recorded
with a Packard Model 574 scintillation counter.

Fluorescence was monitored on an Aminco-Bowman spec-
trofluorometer.

Results

Polypeptide Composition. The polypeptide banding patterns
resulting from the electrophoresis of 118 acetylcholinesterase
in polyacrylamide gels containing 1% SDS are shown in Figure
1. Different sets of multiple bands are observed before and
after disulfide reduction of the protein samples, and all the ob-
served bands stain positively both for protein and for glycopro-
tein. As outlined in the introduction, the homogeneity of the
native acetylcholinesterase preparations described in this re-
port has been carefully studied; while the absence of contami-
nant protein has been confirmed, the relative amounts of the
bands apparent after reduction varies with the preparation. All
the bands observed in the SDS gel electrophoresis patterns
would thus appear to correspond to components in a native 118
acetylcholinesterase molecule, and further confirmation of this
point is given in the 32P-labeling patterns below.

The apparent molecular weights of the polypeptide compo-
nents estimated from gel electrophoresis in SDS are given in
Table I, and those from chromatography in 6 M guanidine hy-
drochloride are given in Table II. The four bands apparent
after disulfide reduction in these gels are labeled I-1V and de-
crease in molecular weight from 75,000 to 23,500. Four species
equal to or larger than I are observed prior to reduction, with
the major component corresponding to a molecular weight of
about 150,000. The molecular weights of the four nonreduced
components were estimated from a standard curve which in-
cluded covalently cross-linked ovalbumen. Some variation in
the relative mobilities of the ovalbumen oligomers was ob-
served among cross-linked preparations, so the molecular
weight estimates for the nonreduced acetylcholinesterase
species were not as precise as those for the reduced species.
Nevertheless, these estimates indicated relative molecular
weights which were simple multiples of the smallest nonre-
duced species regardless of which standard curve was used.
This relationship would suggest that the three larger nonre-
duced species are oligomeric forms of the smallest, and the
32P_labeling patterns below are consistent with this formula-
tion. The molecular weights of I and II estimated from SDS
gels are somewhat lower than those reported by other workers
for the major bands observed after disulfide reduction of the
118 species (Dudai and Silman, 1971; Berman, 1973; Powell ez
al., 1973). These other reports were based on gel electrophore-
sis in 0.1% SDS. Our initial experiments in 0.1% SDS gels gave
estimated molecular weights for I-IV which were 5-10% high-
er than those in Table I. This discrepancy in relative electro-
phoretic mobility may reflect a reduced affinity of SDS for
acetylcholinesterase resulting from its glycoprotein nature (Se-
grest et al., 1971); higher estimated molecular weights were
also observed in 3.5% acrylamide gels, presumably for the same
reason. The estimates from 1.0% SDS gels correspond more
closely to molecular weight estimates from column chromatog-
raphy in 6 M guanidine hydrochloride (also see Fairbanks et
al., 1971).

Labeling with [32P]DFP. The susceptibility of all the ob-
served polypeptide components to relatively irreversible acyla-
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FIGURE 2: [32P]DFP labeling of polypeptide components in acetylcholinesterase as observed on SDS gels. Samples of 55 ug of nonreduced
[32P]DIP-acetylcholinesterase (preparation 4 after 6 months of storage) were run on each of four preparative 3.5% gels and the polypeptide compo-
nents were isolated as outlined in Methods. Portions of each isolated component were then run after incubation for 1 hr at 50° in the usual sample
preparation medium containing either Tris-Cl buffer (20 mM, pH 8.5) or buffer plus 40 mM DTT. Gels (3.5%) containing identical components
were run in parallel and either quantitatively sliced or stained and scanned. The odd-numbered gel records refer to nonreduced polypeptide samples;
the even-numbered gel records correspond to disulfide-reduced samples. Nonreduced polypeptide components are named according to their appar-
ent molecular weights in Table I. The solid line is the absorbance scanned at 280 nm; the black histograms refer to the total 32P cpm per 1-mm gel
slice; the dye front is labeled F: (1 and 2) [32P]DIP-acetylcholinesterase from the preparative gel sample pool; 12-ug onputs for sliced gels, 10-ug
onputs for scanned gels; (3 and 4) 290,000 component; 1.0-ug onputs; (S and 6) 230,000 component; 1.2-ug onputs; (7 and 8) 150,000 component;
3.0-ug onputs for sliced gels; (7) 12-ug and (8) 36-ug onputs for stained gels; (9 and 10) 70,000 component; 3.0-ug onputs for sliced gels; 7-ug on-

puts for stained gels.

tion with [32P]DFP is shown in Figure 2. Acylation of acetyl-
cholinesterase with DFP is generally assumed to occur only at
the active site serine (Schaffer er al., 1973); and the cyanogen
bromide fragment patterns of [*?P]DIP-acetylcholinesterase
described below show only a single 32P-labeled fragment, in
agreement with this assumption. All four components present
prior to disulfide reduction are labeled, but only polypeptides I
and ]I after reduction contain 32P,

Several characteristics of the individual polypeptides may be
derived from a detailed analysis of the data in Figure 2. Isola-
tion of each of the nonreduced components and separate elec-
trophoresis of the isolated species without disulfide reduction
demonstrates that the size of each nonreduced component is
relatively stable under the isolation conditions. After disulfide
reduction, however, all four components are converted to close-
ly similar patterns which account for the pattern seen on reduc-
tion of the unfractionated enzyme. In particular, the relative
amounts of 32P-label associated with polypeptides I and II aris-
ing from reduction are the same, within 8%, for each of the
four nonreduced components and the unfractionated enzyme.

BIOCHEMISTRY, VOL. 13, NoO. 15, 1974

For the 70,000, 150,000, and total enzyme species in runs 2, 8,
and 10, the ratio of 32P in I to 32P in II is 0.81 % 0.01. While
the two minor nonreduced components which correspond to the
230,000 and 290,000 species cannot be isolated in sufficient
quantity to scan their stained polypeptide composition, scans of
the gels containing the 70,000 and 150,000 species indicate no
additional stained bands prior to disulfide reduction and only
polypeptides I-1V after reduction..The scans of the polypeptide
composition of the 70,000 and 150,000 species after reduction
do indicate one interesting difference; nearly equal amounts of
Il and IV appear present in the reduced 150,000 species, but
only IV is observed in the reduced 70,000 component. A sug-
gested origin of this difference is discussed below. Since other
data indicate that 1V is derived from 111 (T. L. Rosenberry,
manuscript in preparation, and see Figures 7 and 8), nearly all
the protein apparent in the 150,000 species can be accounted
for in the polypeptide composition of the reduced 70,000
species. This result plus the 2:1 ratio of the apparent molecular
weights provide strong evidence that these species represent a
dimer-monomer relationship involving closely similar 70,000
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FIGURE 3: Relative staining intensities of 3.5% acrylamide gels con-
taining the polypeptide components of acetylcholinesterase after elec-
trophoresis in SDS and staining either with Coomassie Blue or with the
PAS procedure. Stained gels were scanned at 560 nm. The outlines of
each peak were traced and the relative areas were determined from the
weight of the traces. Samples of acetylcholinesterase (preparation 4
after 11 months of storage) were either nonreduced (1 and 2) or re-
duced (3 and 4) as outlined in Figure 1: (1 and 3) 20 ug, Coomassie
Blue stain; (2 and 4) 100 ug, PAS stain; (5) histograms of the ratios of
the PAS absorbance peak area to the Coomassie absorbance peak area
for each of the major components; black, nonreduced gels; white, re-
duced gels. The peaks are identified as the following components: D,
dimer, M, monomer, from nonreduced samples; C, apparent degrada-
tion product of acetylcholinesterase which arose during preparation of
these samples; F, dye front. The slightly greater mobility of compo-
nents in the PAS-stained gels arises from the high sample load.

subunits. Since the major species prior to disulfide reduction is
the dimer, it appears that a covalent intersubunit linkage which
involves disulfide bonding is present in this species; this point is
examined in detail elsewhere (T. L. Rosenberry, manuscript in
preparation). The two nonreduced minor components of higher
molecular weight presumably represent trimer and tetramer
forms of the monomer subunit.

Carbohydrate Content. The glycoprotein nature of eel
acetylcholinesterase was suggested from the presence of hexos-
amines in the amino acid hydrolysates (Leuzinger and Baker,
1967) and confirmed by sialic acid analyses of the isolated po-
lypeptides (Powell et al., 1973). The relative amounts of carbo-
hydrate associated with each of the observed polypeptides was
estimated from SDS gel electrophoresis profiles which had
been stained by the PAS procedure. Scans of these gels and
control gels stained for protein with Coomassie Blue are shown
in Figure 3. The relative carbohydrate content of each band
was estimated by calculating the ratio of the areas of the PAS
stained to the Coomassie stained peaks. While this procedure
should be considered only semiquantitative, it is apparent that
a significant deviation in this calculated ratio occurs in poly-
peptide 1V, which has a much lower ratio than the other poly-
peptides. The total area of the PAS positive peaks was the
same in gels containing either reduced or nonreduced samples;
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FIGURE 4; Isoelectric focusing of acetylcholinesterase in 6 M urea
with a prefractionated 1% ampholine pool, pH 5-6, containing 10 mM
DTT. Details are described under “final electrofocusing profiles” in
Methods. The sample was 3 mg of stock enzyme (preparation 3 after 3
months of storage) which had been reduced (6 M urea-0.5 M Tris-Cl-
20 mM DTT (pH 8.5) for 1 hr at 40°) and dialyzed against 6 M urea-
10 mM DTT. The protein fluorescence F (excitation 290 nm, emission
350 nm) was monitored for each fraction. Indicated fractions were di-
alyzed extensively against water and lyophilized. Lyophilizates were
prepared for SDS gel electrophoresis with DTT as in Figure 1: Gel on-
puts (C), 50-ug control enzyme; (1, 2, 6-8) total lyophilizate; (3) %
total lyophilizate; (4 and 5) one-half total lyophilizate.

this area corresponded to 1.7 times that of an equivalent load
of horse transferrin, a glycoprotein containing 6.5% carbohy-
drate (Hudson et al., 1973). PAS positive reactions of about
the same intensities as those in Figure 3 were observed on SDS
gels of the individual polypeptide components after the frac-
tionation shown in Figure 5 below.

Fractionation of Disulfide-Reduced Polypeptides. 1t was
noted above that variations in the relative polypeptide composi-
tions after reduction among several 11S acetylcholinesterase
preparations suggest that smaller polypeptides derive from
cleavage of a single 70,000 subunit (Chen et al., 1974). To con-
firm this suggestion, efforts to fractionate and characterize the
individual reduced polypeptides were initiated. Isoelectric fo-
cusing in 6 M urea containing 10 mM DTT was investigated as
a fractionation technique; Figure 4 shows an electrofocusing
profile of acetylcholinesterase under these conditions. SDS gels
of selected fractions are also shown in Figure 4 to characterize
the polypeptide composition. No significant fractionation of
the reduced polypeptides was achieved; either the reduced po-
lypeptides do not dissociate in 6 M urea, or all four components
have apparent pKy’s of 5.5 £ 0.2. If this value is adjusted for
the effect of urea (Ui, 1971), the pK;’s become 5.1 + 0.2. Ion
exchange chromatography in 6 M urea with DEAE-cellulose
(Whatman DE 52) also failed to give significant fractionation
of the reduced polypeptides.

A partial fractionation adequate for several studies was
achieved by preparative Sepharose 4B chromatography in 6 M
guanidine hydrochloride. Figure 5a shows the fractionation
pattern achieved with ['4C,32P]DIP-acetylcholinesterase which
had been reduced with DTT, alkylated with [!C]NEM, and.
introduced to the column without dialysis. In addition to the
column elution profile, SDS gel electrophoresis patterns of se-
lected fractions from the column are shown in Figure 5b. Poly-
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FIGURE 5: (a)Fractionation of disulfide-reduced ['*C,32P]DIP-acetyl-
cholinesterase which had been alkylated with ['*C]NEM on a Sephar-
ose 4B column equilibrated with 6 M guanidine hydrochloride. The
preparation of the 25-mg sample of ['4C,32P]DIP-acetylcholinesterase
is given in Methods. The sample was introduced to the bottom of a Se-
pharose 4B column (2.5 X 85 cm) which was linked in tandem to a sec-
ond Sepharose 4B column (2.5 X 60 cm); both adapter-fitted columns
(Pharmacia) were previously equilibrated with 6 M guanidine hydro-
chloride and were operated with an upward flow of 7.5 ml/hr main-
tained with hydrostatic pressure. The average fraction size was 13 g
(solvent weight). The total area under the white histogram corresponds
to the 1%C cpm of a 25-ul fraction aliquot; the area under the black his-
togram refers to the 32P cpm of the same aliquot. (b) SDS gel electro-
phoresis of selected fractions from the column in Figure 5a. Aliquots of
fractions which corresponded to 0.036 (ODjg) (ml) (22 ug according
to E2g0nm (1%) 16.6) were dialyzed against water extensively and ly-
ophilized. Lyophilizates were dissolved in 50 ul of the 1% SDS sample
solvent minus DTT (see Figure 1) and 25 ul was added to each gel: (C)
column onput control, 22 ug; (1 and 11) fractions 29, 30, 31, 32, 33,
34, 35, 38,42, 43, 44,

peptides I and II are adequately resolved; fractions of each
component are obtained essentially free of contamination by
the other polypeptides. Polypeptides III and IV are not re-
solved and are obtained as mixtures in various proportions. A
region of low 280-nm absorbance between II and III is ob-
served, but the corresponding SDS gel shows only a diffuse re-
gion of relatively low protein staining (also see Figure 3). A
small peak containing '“C label but no ODsg is eluted after
IV. The origin of this labeled material is unclear; it appears as-
sociated with the native enzyme but is not a polypeptide which
corresponds to the difference between 111 and IV (T. L. Rosen-
berry, manuscript in preparation). Both of these minor compo-
nents may represent limited polypeptide cleavages occurring at
sites other than those which give rise to the major polypeptide
fragments described in this report.

Efforts to further resolve fractions of I1II and IV mixtures in
6 M guanidine hydrochloride were made on Sepharose 6B col-
umns. The incomplete degree of separation achieved indicated
a molecular weight difference between 111 and IV of less than
the 3500 estimated from SDS gels.

Characterization of the Isolated Polypeptides. To examine
the suggestion that II, 111, and 1V all derive from I by polypep-
tide cleavage more closely, CNBr fragments of the isolated
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FIGURE 6: Cyanogen bromide fragment composition of isolated
acetylcholinesterase polypeptides as observed by chromatography in 6
M guanidine hydrochloride. Aliquots of fractions 31 (I, 2.5 ml), 34 (I,
2.5 ml), and 43 (III + IV, 2.0 ml) from the preparative column in Fig-
ure 5 were each dialyzed extensively against water and lyophilized.
CNBr cleavage was carried out for 2 hr, the fragment samples were
fluorescent labeled, and the samples were applied to the analytical 6B
column equilibrated in 6 M guanidine hydrochloride as indicated in
Methods. Protein fragment recoveries were 341 ug (I), 228 ug (I1),
and 48 ug (111 + 1V), calculated from the total '4C recoveries as de-
scribed in Methods. These amounts were 35-70% of the corresponding
14C pools taken for dialysis. F, relative fluorescence (excitation 390
nm, emission 480 nm); the white histograms are '“C cpm, the black
histograms are (0.8) (*2P cpm). The indicated elution weights of re-
duced and alkylated cytochrome ¢, and ['25]]-a-bungarotoxin, and flu-
orescent-labeled insulin A and B and ¥; (22NaCl) were from a separate
calibrating run.

14C,%2P polypeptide pools from the preparative column in Fig-
ure 5 were prepared. From the methionine content (Rosenber-
ry et al., 1972) one would expect 15-18 fragments from an in-
tact polypeptide I. The fragments were fluorescent labeled and
fractionated in the analytical Sepharose 6B column equilibrat-
ed in 6 M guanidine hydrochloride. Results of one set of experi-
ments are shown in Figure 6; the amounts of each of the three
labels associated with each fraction is given for fragments gen-
erated from I, from II, and from a mixture of 111 and IV. The
patterns obtained with the three labels are consistent with the
expected number of fragments. Only one major 32P-labeled
peak corresponding to a fragment with an apparent molecular
weight of 7000 is observed for both I and II, in addition to a
smaller amount of 3?P-hydrolysis product in the solvent elution
volume V;. Three major 'C-labeled fragment fractions with
elution weights of 77, 95, and 104 g are present in I in addition
to a '4C-degradation product at ¥; (see Methods); numerous
other fragments are indicated by the fluorescent Fluoram label
attached nonspecifically to amine groups.

A quantitative comparison of the three CNBr fragment pro-
files is shown in Figure 7. The profiles have been normalized to
correspond to equimolar amounts of polypeptides I, 11, and III.
It is apparent that the sum of the '4C-labeled fragment profiles
for 11 plus the III + IV mixture corresponds completely to that
for I. A similar correspondence is seen for much of the fluores-
cence profiles; however, a fragment pool at 96 g in | appears to
3075
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FIGURE 7: Comparison of cyanogen bromide fragment fractionation
profiles and demonstration that the fragment composition of I is essen-
tially the sum of the fragment composition of II plus the I1I + IV mix-
ture. (A) '*C cpm profiles in Figure 6 were normalized to correspond
to equimolar pools of I, II, and Il + IV with molecular weights of
70,000 (1), 50,000 (I1), and 20,000 (III + V) (see Tables I and II).
The normalization factors were 1.00 (1), 1.07 (II), and 2.03 (III + 1V);
(B) F profiles in Figure 6 were normalized both as in (A) and as indi-
cated in Methods. The overall F normalization factors were 1.00 (1),
0.85 (I1), and 7.2 (II1 + IV). The normalized profiles are compared as
histograms for each 2-g interval with I (0); 11 (m); and I1I + 1V (m@).

be missing in the sum of 11 plus I + IV, and a broader frag-
ment pool at 105 g in II plus I11 + IV is not present in I. This
shift probably arises from a reduction in size of one or two
fragments in | as a result of cleavages A and/or B which gener-
ates polypeptides I1, 111, and 1V.

In the experiment in Figure 6, CNBr was incubated with the
respective polypeptide pools for 2 hr; other experiments in
which the incubation proceeded for 4 hr permitted the effect of
the CNBr incubation time on the fragment composition to be
evaluated. After 4 hr the minor '“C-labeled fragments at 68
and 84 g completely disappear: the major '4C fragments de-
crease only to the extent that additional '*C-degradation prod-
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FIGURE 8: Cyanogen bromide composition of intact acetylcholinester-
ase and isolated polypeptide pools obtained from electrophoresis in
SDS-urea. Reduced and alkylated enzyme (column onput, Figure 5,
1.75 mg) and 10-ml aliquots of fractions 30 (1), 35 (11), 41 (11I), and
44 (mostly 1V) from the preparative column in Figure 5 were each di-
alyzed extensively against distilled water and lyophilized. CNBr cleav-
age was carried out for 4 hr and small aliquots were lyophilized. The
Iyophilizates were redissolved in 25-45 ul of a solution containing 1%
SDS and 10-ul portions were introduced for gel electrophoresis as out-
lined in Methods. Gel onputs: (I) 55 ug; (11) 52 ug; (I1I) 10 ug; (IV)
10 ug; (E, total enzyme) 55 ug. The cm scale at left indicates the rela-
tive mobility; the top of the gels are at 0 cm and the dye fronts are at
9.9-10.0 cm. All observed Coomassie-staining bands as shown in the
photograph.
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FIGURE 9: Progressive disulfide reduction of acetylcholinesterase in
denaturant with increasing amounts of DTT. Sample solutions of 30 ug
of enzyme (preparation 3 after 6 months of storage), which corre-
sponded to 20 uM in 70,000 subunit monomers, were incubated as in
Figure I, except that the quantity of added DTT was varied. Expressed
as the molar ratio of DTT to subunit monomer, samples corresponding
to gels from left to right contained the following initial relative
amounts of DTT: 0.5; 5; 10; 15; 30; 40; 50; 500. The incubated 20-ul
samples were then run on 5.8% acrylamide gels containing 1% SDS
and stained for protein as outlined in Methods.

uct appears at V. Because of both this degradation and the fact
that only about 75% of the total '4C-labeling capacity was
achieved (T. L. Rosenberry, manuscript in preparation), it is
difficult to quantitate the distribution of '*C among the frag-
ments in stoichiometric terms. These patterns and the relative
'4C cpm recoveries in Figure 5a are qualitatively consistent
with an apparent value of about seven sulfhydryl groups in the
totally reduced subunit monomer (T. L. Rosenberry, manu-
script in preparation). The '*C-degradation product also ob-
scures a possible small *C fragment which may be present
near V;in 1, 111, and IV,

The CNBr fragment composition of individual pools of each
of I, I, I, and IV (Il and IV resolved from each other to
about 75%) were compared with that of the total unfractionat-
ed enzyme by electrophoresis on 12% acrylamide gels in the
presence of SDS and urea (see Methods). The gel patterns ob-
tained are shown in Figure 8. While fewer polypeptide bands
are observed after the staining procedure than would be ex-
pected from the compositions in Figure 6, essentially the same
result is obtained: all components observed in the intact unfrac-
tionated enzyme are observed both in I and in the sum of II,
111, and 1V. Apparently some polypeptide components were
washed from the gels during the staining and destaining proce-
dures.

It is apparent that, for all three labels in the profiles in Fig-
ure 6 and for all five pools in Figure 8, the sum of the fragment
compositions of II plus 111 + IV yields essentially the composi-
tion for I. Further evidence that 1V is derived from III is ob-
tained from sulfhydryl modification studies; under conditions
in which only one sulfhydryl per subunit is labeled, the label
appears only in I, 111, and IV (T. L. Rosenberry, manuscript in
preparation). The evidence is conclusive that 11, 111, and IV all
are derived from [ by polypeptide or glycopeptide cleavages
and that I is equivalent to the intact monomer subunit.

Structural Relationship of the Subunit Polypeptides. Infor-
mation about disulfide linkages between the component poly-
peptides was obtained from the experiment shown in Figure 9,
where the extent of disulfide reduction in 1% SDS was con-
trolled by limiting the amount of added DTT. The observed
polypeptide which is released from the subunit dimer at the
lowest DTT concentration is 11. This 50,000 species arises si-
multaneously with a polypeptide doublet with molecular
weights which are estimated to be 102,000 and 105,000. The
molecular weights of the doublet thus correspond to I plus 111
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and I plus IV. At higher DTT concentrations the polypeptides
comprising the doublet disappear among the smaller polypep-
tides I-1V. If the subunits are covalently linked in the dimer
with a high degree of symmetry, it would appear that the por-
tion of the intact subunit through which the linkage is main-
tained is within polypeptide IV.

Discussion

Subunit Structure. Our data on 11S acetylcholinesterase
lead to the following conclusions. The active enzyme is a tetra-
mer composed of subunits with molecular weights of 70,000.
The subunits each contain one active site and are identical,
within our limits of observation, except for a variability in
manifesting two sites of cleavage, probably caused by proteo-
lytic or glycolytic agents. This result is consistent with our pre-
vious reports that the 11S enzyme had at least 3.8 active sites
per 280,000 daltons (Rosenberry et al, 1972; Chen et al,
1974) and that the active sites are kinetically homogeneous
(Rosenberry and Bernhard, 1971). It also confirms an earlier
suggestion by Kremzner and Wilson (1964). One cleavage oc-
curs at a site which may be called A and splits the intact sub-
unit, polypeptide I, into a major fragment, polypeptide II, and
a minor fragment, polypeptide III. A polypeptide 1V appears to
be derived from 1II by a second cleavage, B; this relationship is
discussed below. This cleavage scheme was initially indicated
by the relative polypeptide compositions of several 11S enzyme
preparations (Chen er al., 1974); it has now been confirmed by
the observation that the sum of the CNBr fragment composi-
tions of II and a II1,1V mixture yields the composition of I. The
cleavages at A and B do not appear to result in the release of
measurable polypeptides from the subunit prior to disulfide re-
duction, even in the presence of strong denaturing agents. The
predominant species in 1% SDS prior to reduction is a subunit
dimer, and clear evidence that a disulfide bond is involved in
this linkage has been obtained (T. L. Rosenberry). A similar
pattern has been reported in 0.1% SDS gels (Dudai and Sil-
man, 1971). In addition, species with molecular weights corre-
sponding to monomer, trimer, and tetramer are seen prior to
reduction. A predominate species from the 11S enzyme with a
molecular weight corresponding to a subunit dimer has also
been reported in 5 M guanidine hydrochloride prior to disulfide
reduction (Froede and Wilson, 1970).

Polypeptides I-1V are released separately after disulfide re-
duction in 1% SDS or 6 M guanidine hydrochloride. Labeling
of the native enzyme with [32P]DFP reveals that both I and II
possess an active site. The appearance of bands similar to I and
IT under analogous conditions has been reported by a number
of laboratories, both for the 11S enzyme species (Dudai and
Silman, 1971; Berman, 1973; Powell et al., 1973) and for the
14S and 18S species (Dudai et al., 1972b; Powell er al., 1973).
The presence of two polypeptide chains after disulfide reduc-
tion of 118 enzyme in 8 M urea was initially reported by Leuz-
inger et al. (1969); the presence of two C-terminal amino acids
in their enzyme preparation led these workers to suggest that
the enzyme was a dimeric hybrid (a8),, where a and 8 were
the two polypeptides. While some later reports considered a
proteolytic cleavage of a single subunit polypeptide to be a
more likely explanation for the appearance of polypeptides I
and II(Dudai et al., 1972a; Bock et al., 1973), other reports fa-
vored the dimeric hybrid model and equated I and II with «
and 8 (Berman, 1973; Powell et al., 1973). Our data unequivo-
cally rule out such a dimeric hybrid model and instead support
a tetrameric structure which is a dimer of dimers ((a3)2),
where « is either the cleaved or intact subunit containing the
catalytic site; in particular, Figure 2 demonstrates that the
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polypeptide composition of the nonreduced dimer is essentially
identical with that of the nonreduced monomer and does not
consist of stoichiometric amounts of I and II. Our data also are
incompatible with an interpretation of three dimer species re-
ported recently for nonreduced 11S enzyme on 5% acrylamide
gels containing SDS (Powell et al, 1973); the molecular
weights of such large protein species are difficult to estimate on
5% acrylamide gels, and the larger two of these reported di-
mers may correspond to the trimer and tetramer species which
are quantitated more accurately on 3.5% gels.

The variable ratio of I to II found in several preparations of
11S enzyme in our laboratory (Chen et al., 1974) offers an ex-
planation for the highly diverse subunit molecular weights re-
ported for the disulfide-reduced 11S enzyme in guanidine hy-
drochloride. Subunit molecular weights of 64,000 (Leuzinger
et al., 1969) and 42,000 (Millar and Grafius, 1970) from sedi-
mentation equilibrium and 49,000 (Froede and Wilson, 1970)
from sedimentation velocity experiments have been found.
These techniques apparently are unable to distinguish the pres-
ence of two polypeptides with molecular weights as close as |
and II. All these values fall within reasonable distance of
50,000 to 70,000, the extreme molecular weight values expect-
ed for averages of various mixtures of I and II.

Molecular Weight of the 11S Enzyme. The question of the
molecular weight of 11S acetylcholinesterase has recently been
raised by Dudai er al. (1973). These authors reported equilibri-
um sedimentation values of 350,000 + 10,000 and 320,000 +
10,000 for the 11S enzyme obtained, respectively, from tryp-
sin-treated frozen and from toluene-stored electric eel tissue
(Dudai et al., 1972a). Their report differed significantly from
the equilibrium sedimentation value of 260,000 + 10,000 re-
ported previously (Leuzinger et al., 1969; Millar and Grafius,
1970). A slight but significant difference between the sedimen-
tation coefficients of 11S preparations from different laborato-
ries had also been seen previously (Massoulié er al., 1970). The
apparent variance in the molecular weight of the 11S species
was suggested to reflect varying degrees of autolysis or proteol-
ysis which could give rise to different preparations with differ-
ent subunit sizes (Dudai et a/., 1973).

Preparations in our laboratory have demonstrated both a
variability and a heterogeneity (Chen et a/., 1974) with respect
to the extent of polypeptide cleavage at the discrete site A, but
this cleavage does not appear to result in the loss of polypep-
tides from the subunit in the absence of disulfide reduction, as
noted above. For the most extensively cleaved preparation we
have seen (Figure 9), about 80% of the protein exists in the
dimer form prior to disulfide reduction and may be progres-
sively broken down to discrete smaller polypeptides with in-
creasing disulfide reduction. The apparent molecular weight of
the dimer in this preparation is the same as that in preparations
with less cleavage. The discrete nature of the observed polypep-
tide bands and the sharpness and singularity of the minor
bands corresponding to trimers and tetramers of the catalytic
subunit prior to disulfide reduction indicate that the 11S prep-
arations in our laboratory are homogeneous within our limits of
observation with respect to the size of the native molecule. 1t is
possible that proteolytic processes prior to the isolation of our
purified enzyme have resulted in the quantitative loss of a well-
defined polypeptide segment from all the subunits. Such a pos-
sibility cannot be excluded without a direct comparison of the
various 11S preparations in question, but appears unlikely for
two reasons; first, our SDS gel patterns from enzyme prepara-
tions which have relatively less cleavage appear similar to that
from the trypsin-treated 11S enzyme preparation with the
higher estimated molecular weights of both native tetramer
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and SDS monomer (Dudai et al., 1972a); and second, this esti-
mate for the SDS monomer is apt to be somewhat high because
of the technical difficulties (see Results) in estimating the mo-
lecular weights of glycoproteins on SDS gels. A second possi-
bility which could give rise to variable enzyme molecular
weight estimates for 11S enzyme involves residual material re-
maining attached to the 11S tetramer after transformation
from 8S, 14S, or 18S species. If this transformation involves a
degradation of a *tail” component seen on electron micro-
graphs (see introduction) which is distinct from the catalytic
subunits, varying amounts of residual “‘tail” component could
be attached to 118 enzyme in different preparations. Such a re-
sidual component would be difficult to detect on SDS gels if it
were heterogeneous.

Formation of Subunit Fragments. The occurrence of poly-
peptide fragmentation has been of concern in many reports of
protein structure. Our observations of significant cleavage only
at two discrete sites on the native acetylcholinesterase subunit
appear to parallel similar observations on conconavalin A
(Wang et al., 1971), where cleavage occurs predominately on
an exposed polypeptide loop without the release of significant
fragments from the native molecule (Edelman er al., 1972).
Exposed sites frequently give rise to discrete cleavage on incu-
bation with proteolytic agents (e.g., ribonuclease S, Richards
and Vithayathil, 1959). It is not clear that the discrete cleavage
of acetylcholinesterase occurs at such exposed sites, since ex-
tensive incubation of the native enzyme with trypsin does not
alter the polypeptide composition (Dudai er al., 1972a). This
observation plus the fact that some cleavage at site A has oc-
curred in all polypeptide patterns reported for eel acetylcho-
linesterase indicate that this cleavage may be nontrivial and of
possible physiological significance (see Chen er al., 1974).

The relationship between cleavage at sites A and B appears
somewhat complex. The relative amounts of II, III, and IV
found in several purified acetylcholinesterase preparations
were the same despite wide variations relative to I (Chen er al.,
1974). This observation indicates that cleavage B, generating
IV from 111, either (1) does not occur or (2) is not revealed
prior to cleavage A. To maintain the observed constancy in the
relative amounts of 11, 111, and IV, the first possibility requires
the following scheme. Cleavage B would be rate-limited by

A
I — 1II + 111

slow

m 2 i o+ v
Tast

prior cleavage at A. The failure of cleavage B to go to comple-
tion with quantitative formation of 1V from III is discussed
below. The second possibility arises because the difference be-
tween 11 and 1V, a small segment V of perhaps 1000 to 3000
not directly observed in our procedures, is rich in and may be
composed entirely of carbohydrate (Figure 3). Hence our re-
luctance to call cleavage B a proteolytic or polypeptide cleav-
age. Cleavage B is detected as the difference either between 111
and IV or between the subunit plus 111 and the subunit plus 1V
(Figure 9); in both cases the release of II from a subunit
cleaved at A may expose the carbohydrate-rich section V. Prior
to this exposure either V would not be released from the sub-
unit or the mobility of polypeptides lacking V would not be
measurably different on SDS gels from those possessing it.

A reason for the failure of cleavage at site B to completely
convert 1] to IV is suggested by the reduced polypeptide com-
position arising from isolated subunit dimers and subunit mo-
nomers (Figure 2). The isolated dimer fraction includes
cleaved subunits which contain approximately equal amounts
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of 111 and 1V, whereas cleaved subunits from the isolated mo-
nomer fraction contain only 1V. This result implies that only
one-half the subunits involved in the disulfide cross-linked
dimer are susceptible to cleavage at site B. The remaining sub-
units appear to be protected by a process which involves nega-
tive cooperativity between the subunits in the dimer; the first
subunit within the dimer is cleaved much more rapidly than the
second. Furthermore, since the same proportion of II is
cleaved at site B among preparations with different extents of
cleavage at site A, a positive cooperativity with respect to
cleavage at site A may exist between subunits in the dimer if
cleavage at B requires prior cleavage at A. No evidence for
such positive cooperativity is seen in Figure 2, however. Al-
though little is known about subunit cooperativity in proteolyt-
ic degradation, the facts that the susceptibility to proteolysis is
greatly enhanced by polypeptide denaturation (e.g., Pringle,
1970) and that denaturation is a highly cooperative process
(Tanford, 1968) make such a possibility feasible.
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A Kinetic Investigation of the Interaction of Serine
Transhydroxymethylase with Glycine and Serine”

Sheng-Hsiung Liu and John L. Haslam*

ABSTRACT: A temperature-jump kinetic study indicates five
reactions occur in the serine-serine transhydroxymethylase in-
teraction. The number of reactions observed with glycine
(Cheng, C. F., and Haslam, J. L. (1972), Biochemistry 11,
3512) is the same; however, the glycine reactions show a 495-
nm-absorbing intermediate, whereas no similar species is ob-
served with serine. The results of a temperature and pH study

A previous paper, Cheng and Haslam (1972), described the
interaction of glycine with the enzyme, serine transhydroxy-
methylase. The results given in this paper describe the interac-
tion of that enzyme with the substrate serine. The effects of
temperature and pH on the reactions of glycine with the en-
zyme are also reported.

The spectral changes observed in the absorption spectrum of
the enzyme when substrates are added facilitate both equilibri-

* From the Department of Chemistry, University of Kansas, Law-
rence, Kansas 66044, Received July 30, 1973. Supported by grants
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Research Fund.
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are also reported for the interaction of glycine with
serine transhydroxymethylase. Both the enthalpy and entropy
changes for the first two steps in the reaction are positive at
25° and pH 7.3. A possible reaction mechanism for the inter-
action of serine and glycine with the enzyme is discussed in
terms of the present experimental information.

um and kinetic studies. Specifically: the spectral changes oc-
curring with glycine or serine have been used to monitor the
reactions taking place with serine transhydroxymethylase. On
the basis of such changes several intermediates, a Schiff base
(Metzler, 1957), gem-diamine (O’Leary, 1971), and a quinoid-
or carbanion-type structure (Jenkins, 1964), have been postu-
lated.

Schirch and Mason (1963) have shown that addition of gly-
cine to a solution of the enzyme results in a decrease in the ab-
sorption at 425 nm, an increase at 343 nm, and a new peak at
495 nm. With the substrate serine, the enzyme shows no 495-
nm absorption: only a slight decrease in the absorption at 343
nm, and a 4-nm shift toward shorter wavelengths in the 425-
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