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ABSTRACT: [*H]Methyl-a-neurotoxin prereacted with dithiobis(succinimidyl propionate) (DTSP) can be
covalently linked to each of the subunits of the nicotinic acetylcholine receptor in membranes from the electric
tissue of Torpedo californica. Pronounced changes in the cross-linking pattern are observed upon prior
incubation with receptor specific ligands and upon reduction and/or alkylation of the receptor. d-Tubocurarine
has been shown to bind to two different sites in receptor-rich membranes. These sites are present in equal
numbers but have different affinities {Neubig, R. R., & Cohen, J. B. (1979) Biochemistry 18, 5464-5475;
Sine, S., & Taylor, P. (1981) J. Biol. Chem. 256, 6692-6699]. Using d-tubocurarine inhibition of [*H]-
methyl-a-neurotoxin binding, we demonstrate two inhibitory constants for d-tubocurarine of 67 £ 21 nM
and 4.9 + 1.7 uM in unreduced membranes. We utilize the large difference in K;’s to preferentially block
toxin cross-linking at the high affinity site for d-tubocurarine. Low concentrations of this competitive
antagonist selectively block the cross-linking of toxin to the 8 and + subunits of the receptor, suggesting
that these subunits are located close to the toxin binding site which is also the high-affinity binding site
for d-tubocurarine. Reduction of disulfide bonds alters the affinity of the receptor for a-neurotoxin.
Alterations are also seen in the cross-linking pattern of DTSP-activated [*H]methyl-a-neurotoxin to reduced
and alkylated membranes in the presence of tubocurarine. The constants for d-tubocurarine inhibition of
[*H])methyl-a-neurotoxin binding to reduced and alkylated membranes are 172 = 52 nM and 2.4 £ 0.4
uM. The effects of bromoacetylcholine, carbamoylcholine, gallamine, and procaine on the cross-linking
pattern are also examined. Our observations are consistent with an arrangement of the subunits in the

membrane of afBays.

Fl?he nicotinic acetylcholine receptor of Torpedo californica
is an integral membrane protein composed of four different
subunits (a, 8, v, and §). One subunit («) is apparently present
in two copies per receptor monomer and contains the binding
sites for acetylcholine and a-neurotoxins. This subunit has
an apparent molecular weight of 39K (Weill et al., 1974). The
other subunits are present in one copy per monomer (Reynolds
& Karlin, 1978; Lindstrom et al., 1978; Raftery et al., 1980)
and have apparent molecular weights of 48K (8), 58K (v),
and 64K (8) (Weill et al., 1974). Each subunit is glycosylated
(Karlin et al., 1975) and is at least partially exposed at the
external surface of the membrane (Hartig & Raftery, 1977,
Nathanson & Hall, 1979; Klymkowsky et al., 1980; Strader
& Raftery, 1980; Anderson & Blobel, 1981). The primary
sequence of each of the receptor subunits has recently been
determined from cDNA sequences (Noda et al., 1982, 1983a,b;
Sumikawa et al., 1982; Claudio et al., 1983), and a comparison
of the sequences shows a considerable amount of homology
among subunits. This homology had also been previously
demonstrated by partial sequencing of the polypeptides
(Raftery et al., 1980). This observation suggests that all of
the subunits may each be arranged in the membrane in a
similar fashion.

The arrangement of the subunits with respect to one another
is for the most part unknown. Using an electron microscopic
approach with Naja naja siamensis toxin complexed with
biotin—avidin and utilizing the ability of the receptor to form
dimers via either é or 8 chains (Hamilton et al., 1979), Karlin
and co-workers have concluded that the arrangement is most
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likely aya88 (Holtzman et al., 1982; Karlin et al., 1983a,b).
Other laboratories using chemical cross-linking and/or image
reconstruction techniques favor an arrangement in which 3
rather than v lies between the two « subunits (Kistler et al.,
1982; Zingsheim et al., 1982).

The a subunits of reduced receptor can be radiolabeled with
affinity ligands such as [*H][4-(/N-maleimido)benzyl]tri-
methylammonium (Damle & Karlin, 1978) and [*H](bro-
moacetyl)choline (Damle et al., 1978; Wolosin et al., 1980),
but one of the two sites reacts more readily than the second.
Heterogeneity is also seen in the binding of the competitive
antagonists such as d-tubocurarine to the receptor (Neubig
& Cohen, 1979; Sine & Taylor, 1981).

a-Neurotoxins bind with high affinity and specificity to
nicotinic acetylcholine receptors from both electric tissue
(Changeux et al., 1970) and skeletal muscle (Lee, 1972; Berg
et al., 1972; Patrick et al., 1973; Hartzell & Fambrough,
1973). Cross-linking of a-neurotoxin to its binding sites on
the receptor has been used by a number of laboratories to
confirm that the toxin binding sites are apparently on the «
chains of the receptor and to demonstrate that the 8, v, and
& chains are near neighbors of the o subunit (Hamilton et al.,
1978; Witezmann et al., 1979; Nathanson & Hall, 1980).
Hamilton et al. (1978) demonstrated the cross-linking of
chemically modified Naja naja siamensis [*H]methyl-a-
neurotoxin 3 to the & and § subunits of the receptor. Using
{12°1])-a-bungarotoxin derivatized with ethyl N-[(5-azido-2-
nitrobenzoyl)amino]acetamidate, Nathanson & Hall (1980)
demonstrated labeling of the a, 3, v, and § subunits of the
Torpedo receptor. Witzemann et al. (1977), after specifically
reducing one disulfide bond per ['*°I]-a-bungarotoxin mole-
cule, prepared photoaffinity derivatives of the toxin with aryl
azide side chains of different lengths. A modified toxin,
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containing a 14-A side chain, cross-linked to the 40K (&) and
the 65K (8) receptor chains, while a modified toxin with a
longer side chain (33A) cross-linked exclusively to the 65K
band. Using ultraviolet irradiation, Oswald & Changeux
(1982) cross-linked [!%1]-a-bungarotoxin to receptor «, v, and
d chains. In all cases, preincubation of receptor with un-
modified a-neurotoxin blocked the cross-linking action.

In this paper we use the chemical cross-linking of [*H]-
methyl-a-neurotoxin to the subunits of the receptor and the
modification of that cross-linking pattern by receptor specific
ligands to propose a model for the arrangement of the subunits
at the surface of the membrane.

MATERIALS AND METHODS

Materials

Torpedo californica was obtained live from Pacific Bio-
marine Laboratories (Venice, CA). The electric organs were
immediately dissected and stored in liquid nitrogen.

Carbamoylcholine, d-tubocurarine chloride, and N-ethyl-
maleimide were obtained from Sigma, and dithiothreitol
(DTT)! was from Bethesda Research Laboratories. NaB*H,
was from New England Nuclear, and molecular weight
standards for NaDodSO,~PAGE were from Bio-Rad. Lyo-
philized Naja naja siamensis venom was obtained from Miami
Serpentarium.

Methods

Preparation of Membranes. Receptor-rich membranes were
prepared by the technique of de Souza Otero & Hamilton
(1984).

Reduction and Alkylation of Membranes. Membranes were
reduced by incubation with 1 mM DTT in NT50 (pH 8.3)
for 30 min at room temperature and were alkylated with 10
mM N-ethylmaleimide for 30 min at 4 °C.

Purification and Tritiation of a-Neurotoxin. a-Neurotoxin
3 was purified from lyophilized Naja naja siamensis venom
as described by Karlsson et al. (1971) and labeled by reaction
with formaldehyde and NaB>H, as described by Damle &
Karlin (1978). The [3H]methyl-a-neurotoxin used in these
experiments had a specific activity of 11 mCi/mmol. Amino
acid analysis of the radiolabeled toxin shows that greater than
90% of the incorporated label can be accounted for by
methylated lysines and about 5% represents the methylated
products of the isoleucine which is the N-terminal amino acid.
Peptide mapping of the toxin indicates that the radiolabel is
fairly uniformly distributed among the five lysines of the toxin,
and each toxin is derivatized, on average, at two lysines per
molecule.

Toxin Binding. The binding of [*H]methyl-e-neurotoxin
to receptor-rich membranes was performed as described by
Damle & Karlin (1978) using Whatman DES]1 filters.

Cross-Linking. [*H]Methyl-a-neurotoxin (19.2 uM) was
activated by incubation with 0.25 mg/mL DTSP (5 uL of 5

! Abbreviations: AChR, nicotinic acetylcholine receptor; DTT, di-
thiothreitol; NEM, N-ethylmaleimide; BAC, (bromoacetyl)choline;
MOPS, 3-(N-morpholino)propanesulfonic acid; EDTA, ethylenedi-
aminetetraacetic acid; Tris, tris(hydroxymethyl)aminomethane; a-neu-
rotoxin, a-neurotoxin 3 of Naja naja siamensis venom; NaDodSO,,
sodium dodecyl sulfate; DTSP, dithiobis(succinimidyl propionate); DSS,
disuccinimidyl suberate; DMF, N,N-dimethylformamide; PAGE, poly-
acrylamide gel electrophoresis; DTSP-[*H]toxin (DTSP-toxin), [*H]-
methyl-a-neurotoxin reacted with DTSP; PMSF, phenylmethanesulfonyl
fluoride; NP50, 50 mM NaCl, 10 mM sodium phosphate (pH 7.0), and
1 mM Na,EDTA; TNTS50, same as NP50 except with 0.2% Triton
X-100; NT50, 50 mM NacCl, 10 mM Tris (pH 8.3), and 1 mM Na,-
EDTA; TM50, 0.2% Triton, 10 mM MOPS (pH 7.4), and 50 mM NaCl;
Tx-a, Tx-83, Tx—y, Tx~-§, and Tx-§,, toxin cross-linked to a, 8, v, 8, and
8, subunits.

mg/mL DTSP in N,N-dimethylformamide per 100 uL of toxin
solution) for 15 min at room temperature in 50 mM sodium
phosphate (pH 7.0). Dimethylformamide alone does not affect
the ability of toxin to bind to the receptor (data not shown),
Activated toxin was separated from unreacted DTSP by
passage of the reaction mix through a 13 X 0.7 cm Bio-Rad
P-6 column. Peak fractions of [*H]methyl-a-neurotoxin
(eluting in the void volume) were pooled and aliquoted into
glass tubes. In all of the experiments to be described in this
paper, the DTSP-modified [*H]methyl-a-neurotoxin was used
immediately after elution from the column. Delays resulted
in hydrolysis of the N-hydroxysuccinimide ester and loss of
the ability of the toxin to bind to the receptor. The high molar
excess of DTSP over amino groups results in some modification
of all of the lysines of the toxin. No toxin oligomers were
detected by gel filtration on a Bio-Rad P-30 column. Mem-
branes (25-200 ug) were added directly to the DTSP-activated
[*H]methyl-a-neurotoxin and incubated for 15 or 30 min at
room temperature. To stop the reaction, lysine was added to
0.5 mM and/or N-ethylmaleimide to 5 mM. Aliquots were
removed to assay for toxin binding by the technique of Damle
& Karlin (1978). For electrophoresis (see below), the mem-
branes were pelleted in a Beckman airfuge for 2 min at 30 psi
and the pellets resuspended in 25 or 50 uL of NaDodSO,
sample buffer. The extent of cross-linking was determined
either directly from the counts recovered from NaDodSO, gels
or by one of two alternate methods: (1) A 10-uL aliquot of
each sample was added to 100 uL of 0.1% NaDodSO, in NP50
and passed through a 13 X 0.7 cm Bio-Rad P-150 column to
separate cross-linked toxin from free toxin and the fractions
counted. (2) A 10-uL aliquot of the reaction mixed was added
to 100 uL of 0.5 M NaCl, 0.1% NaDodSO,, and 10 mM Tris
(pH 7.4), and heated to 50 °C for 5 min; 3 mL of 0.2% Triton
X-100/10 mM MOPS (pH 7.4)/10 mM NaCl/1 mM EDTA
was added, and the samples were heated again for 5 min and
filtered as before with DE-81 filters using 4 times 3 mL of
0.2% Triton X-100/10 mM MOPS (pH 7.4)/10 mM
NaCl/buffer as a wash solution.

NaDodSOPolyacrylamide Gel Electrophoresis. Samples
in 2% NaDodSO,, 62.4 mM Tris-HCI (pH 6.8), 10% w/v
glycerol, and 0.001% (w/v) bromophenol blue (NaDodSO,
sample buffer) were alkylated with 20 mM N-ethylmaleimide
for 15 min at room temperature and heated at 50 °C for 1
h. Twenty-five microliter aliquots of each sample were dpplied
to 10% NaDodSO,—polyacrylamide gels prepared and run as
described by Laemmli (1970). Individual lanes were removed
from these gels, sliced into 1-mm slices, digested with NCS
(Amersham), and counted in a liquid scintillation counter.
Molecular weight markers were myosin (200K), §-galacto-
sidase (116.5K), phosphorylase & (94K), bovine serum albumin
(68K), and ovalbumin (43K).

Computer Analysis of Data. The apparent dissociation
constants for [*H]methyl-a-neurotoxin binding to the nicotinic
acetylcholine receptor were calculated by computer fitting of
equilibrium binding data. The program uses the Marquardt
method and gives parameter uncertainities and a x2 value. The
statistical tests involve a linearized version of the “F” test as
used in the LIGAND program (Munson & Robard, 1980).

To obtain the inhibitory constants for d-tubocurarine, the
data obtained from d-tubocurarine inhibition of [*H]-
methyl-a-neurotoxin binding to receptor-rich membranes were
fit to an appropriate binding model with a nonlinear, least-
squares fitting procedure similar to that described by Col-
quhoun (1971). The same least-squares fitting algorithm was
used to obtain unbiased estimates of the peak areas from
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FIGURE 1: Effect of d-tubocurarine on the binding of [*H]methyl-a-neurotoxin to receptor-rich membranes. Receptor-rich membranes (1.1
pmol of toxin binding sites) were left untreated or reduced and alkylated as described under Methods and were then incubated for 30 min
in 900 uL of NP50 with increasing concentrations of d-tubocurarine. [*H]Methyl-a-neurotoxin (9.3 pmol) in 100 uL of NP50 was added,
and the samples were filtered after 3 h at room temperature through DE-81 filters as described under Methods. The solid line represents the
computer fit to a two-site model. (A) Unreduced membranes, (B) unreduced, NEM reacted, (C) reduced, and (D) reduced, NEM reacted.

isotopically labeled sliced gels. The initial estimates of peak
location and magnitude are determined iteratively in a manner
similar to that previously described by Kitazoe et al. (1984).

RESULTS

Effect of Reduction and/or Alkylation on the Binding of
[PHl1Methyl-a-neurotoxin to Receptor-Rich Membranes.
Reduction of disulfide bonds in receptor-rich membranes alters
the apparent affinity of the acetylcholine receptor for [*H]-
methyl-a-neurotoxin. The K for toxin binding to untreated
membranes is 0.13 £ 0.04 nM (n = 4), to NEM-treated
membranes is 0.15 nM (n = 2), to reduced membranes is 0.35
nM (n = 2), and to reduced and alkylated membranes is 0.42
£ 0.08 nM (n = 8). Reaction of 50% of the a-neurotoxin sites
with BAC does not greatly alter the K for [*H]methyl-a-
neurotoxin binding to the second site (K; = 0.38 = 0.3 nM,
n = 13). All of the data obtained in these experiments is best
fit by a model in which there is only one class of binding site
for toxin on the receptor in each state of alkylation or re-
duction. Neither reduction nor alkylation alters the maximum
number of binding sites for [*H]methyl-a-neurotoxin. Low
concentrations of [*H]methyl-a-neurotoxin give a downward
curvature when the data are analyzed with a Scatchard plot.
This is a result of the high site concentration. Only that data
falling on the linear portion of the Scatchard were used in this
analysis as suggested by Cuatrecasas (1975). Reduction lowers
the apparent affinity of the receptor for [*H]methyl-a-neu-
rotoxin and alkylation with NEM does not appear to alter
further the affinity of either unreduced or reduced membranes.

d-Tubocurarine has been reported to have two different
dissociation constants for binding to the receptor (Neubig &
Cohen, 1979; Sine & Taylor, 1981). Figure 1 and Table I
show the effects of preincubation of membranes with d-
tubocurarine on the equilibrium binding of [*H]methyl-a-
neurotoxin. The solid line in Figure 1 shows the best fit for
a model in which there are two binding sites for d-tubocurarine
present in equal numbers. For unreduced membranes using
a value of 0.13 nM for the Ky, of [*H]methyl-a-neurotoxin

Table I: Inhibition of [*’H]Methyl-a-neurotoxin Binding by
d-Tubocurarine?

treatment
of membranes K;, (nM) K, (uM)
control (n = 5) 67 £ 21 49 %17
NEM (n = 3) 74 £ 43 6.1 £0.7
DTT (n = 2) 69 1.7
19 2.9
DTT/NEM (n = 3) 172 £ 52 2404

?Control, alkylated, reduced, and reduced and alkylated receptor-
rich membranes (0.2-1 nM sites in NP50) were incubated with d-
tubocurarine at concentrations ranging from 1 nM to 1 mM for 15 min
at room temperature. [*H]Methyl-a-neurotoxin (4-10 nM) was add-
ed, and the membranes were incubated for 3 h at room temperature
and filtered as previously described. Apparent K;’s were calculated as
described under Methods.

binding, we calculate apparent K;'s for d-tubocurarine of 67
£ 21 nM and 4.9 £ 1.7 uM. Using a value of 0.42 nM for
the equilibrium dissociation constant for [*H]methyl-a-neu-
rotoxin binding to reduced and alkylated membranes, we ob-
served a decrease in the apparent X for the lower affinity site
(K;, = 2.4 £ 0.4 uM) and an apparent increase in the K| of
the high-affinity site (Kj = 172 £ 52 nM).

These observed changes led us to examine not only the
effects of reduction and alkylation but also the effect of d-
tubocurarine in the incubation media on the chemical cross-
linking of [*H]methyl-a-neurotoxin to the subunits of the
acetylcholine receptor.

Cross-Linking of DTSP—[*H]Methyl-a-neurotoxin to Re-
ceptor-Rich Membranes. DTSP-activated [’H]methyl-a-
neurotoxin can be covalently linked to the subunits of the
nicotinic acetylcholine receptor. Typical cross-linking patterns
obtained by slicing, digesting, and counting 1-mm slices of the
NaDodSO,—polyacrylamide gels of cross-linked membranes
which were untreated or reacted with dithiothreitol and/or
N-ethylmaleimide are shown in Figure 2. The gels shown in
this figure were sliced only to below the « subunit of the
receptor. There are essentially no cross-linked products on
the gel below this point. In the experiment depicted in Figure
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Table II: Percent of Cross-Linked Toxin Associated with Each Subunit

% of cross-linked toxin associated with receptor subunits

% of bound
treatment toxin which is 145K
of membranes cross-linked 5,

70K 61K 53K 47K
[} % 8 a

(A) DTSP-[*H]Methyl-a-neurotoxin Cross-Linking®

control (n = 3) 9£5 9% 1 Sx2 1241 18 +£2 172
NEM 37 10 3 14 23 24
DTIT (n = 5) 48 £ 13 11£5 4£1 62 47 £ 2
DTT/NEM (n = 7) 343 194 123 20+ 3 12£2
) (B) DSS-[*H]Methyl-a-neurotoxin Cross-Linking®
control 15 S 13 13 5
NEM 36 15 6 14 15 6
DTT 52 11 9 7 33
DTT/NEM 33 16 18 13 7
(©) Same as in (A) with DTSP in Excess®
control (n = 3) 363 15£2 11£3 13+£3 253
NEM (n = 3) 35+£3 16 = 2 13£1 9+2 31+£1
DIT (n = 5) 433 81 51 41 40 £2
DTT/NEM (n = 10) 252 18 £8 113 13£3 166
(D) DTSP Added to [JH]Methyl -a-neurotoxin Bound to Receptor
control 13 8 27
NEM 3 11 16 9 29
DTT 9 5 4 50
DTT/NEM 3 18 4 12 16

2Percent of cross-linked toxin associated with each subunit. Toxin cross-linking was performed as described in Figure 2. The radioactivity
associated with each subunit was calculated as described under Methods. ?Cross-linking same as in Figure 3 except with DSS as the cross-linker.
Cross-linking of DTSP-[*H]methyl-a-neurotoxin in the presence of excess DTSP. [*H]Methyl-a-neurotoxin (3.5 uM) was activated by incubation
with 0.25 mg/mL DTSP (5 uL of 5§ mg/mL DTSP in N,N-dimethylformamide per 100 uL of toxir solution) for 30 min at room temperature in
NP50 (pH 7.0). Membranes (100-200 ug) were added directly to this mixture, and the incubation was continued for another 30 min. ¢The percent
of cross-linked toxin associated with each subunit when DTSP is added to membranes containing bound[*H]methyl-a-neurotoxin. Control, alkylated,
reduced, and reduced and alkylated membranes were prepared as previously described. Membranes (120 pmol of sites) in 200 uL of NP50 were
incubated with 90 pmol of [*H]methyl-a-neurotoxin for 10 min at room temperature; 5 uL of 5 mg/mL DTSP in DMF was added, and the mixture

was incubated 30 min at room temperature. The reaction was stopped with both 10 uL of 10 mM lysine and 10 mL of 100 mM NEM.

2, the DTSP-toxin was added at a concentration (135 nM)
that was smaller than the concentration of toxin binding sites
(625 nM) on the membranes. Reaction of [*H]methyl-a-
neurotoxin with DTSP does not prevent toxin from binding
to the receptor. Under conditions of receptor excess essentially
all of the DTSP-toxin binds to the receptor.

Reaction of unreduced membranes with DTSP-activated
[’H]methyl-a-neurotoxin (Figure 2A) produces broad radio-
active bands with apparent molecular weights of 145K, 70K,
61K, 53K, and 47K. Varying the amount of toxin to produce
a toxin to binding sites ratio between 0.1 and 3 does not
significantly alter the cross-linking pattern. The peak area
of each band was determined by computer fitting as discussed
under Methods and is summarized in Table II. The width
of the bands most likely reflects the reaction of different lysines
of the toxin with each subunit, giving rise to products with
slightly different mobilities. The brackets shown in Figure
2 indicate the regions in which computer-fit peak areas were
summed and assigned to each subunit. In this gel system the
apparent molecular weights of the subunits of reduced and
NEM-alkylated affinity purified receptor are 63K (8), 54K
(7), 47K (), and 39K («). In addition, these membranes
frequently contain relatively large amounts of a 95K protein
(¢) and a 43K protein (v). The expected molecular weights
of [*H]methylneurotoxin cross-linked to subunits of the re-
ceptor are 71K (6-toxin), 62K (y—toxin), 55K (S-toxin), and
47K (a-toxin). In unreduced membranes the & subunit exists
partially as a dimer having an apparent molecular weight of
140K (Hamilton et al., 1979). The expected molecular weight
of the 8,—toxin cross-link product is 148K. On the basis of
the close agreement between the apparent molecular weights
of observed radioactive cross-linked bands and the predicted
toxin—subunit molecular weights, we propose that the cross-
linked products observed represent §,~toxin (145K), 6—toxin

(70K), y-toxin (61K), 8~toxin (53K), and a—toxin (47K).
These assignments are supported by several other observations.
The 145K band is decreased, the 71K band is increased in
reduced membranes, and under these conditions, &, is de-
creased and & increased in the stained gel (Chang & Bock,
1979; Hamilton et al., 1979). Also, diamide, an oxidizing
agent, decreases the radioactivity associated with 53K and
increases higher molecular weight bands (data not shown).
Diamide is known to oxidize 8 to a dimer or trimer (Hamilton
et al.,, 1979). Pretreatment of membranes with high concen-
trations of p-(chloromercuri)benzoate alters the mobility of
the 8 and 4 bands on NaDodSO, gels and shifts the position
of the 53K and 61K bands in a corresponding fashion (S. L.
Hamilton, unpublished observation). Reaction of receptor-rich
membranes with DTSP-activated [*H]methyl-a-neurotoxin
does not detectably alter the Coomassie Brilliant Blue staining
pattern of the NaDodSO, ~polyacrylamide gels.

Alkylation of unreduced membranes with N-ethylmaleimide
prior to cross-linking alters the pattern as shown in Figure 2B.
The only major change is a decrease in the 70K band, sug-
gesting that toxin is cross-linking either to a sulfhydryl on &
or to a lysine which readily reacts with NEM.

As shown previously, reduction of membranes alters the
affinity of the receptor for [*H]methyl-a-neurotoxin. Re-
duction also causes a very pronounced change in the cross-
linking pattern (Figure 2D). There is a large increase in the
cross-linking to both § and « and a decrease in the cross-linking
to both 8 and v (Table IIA). Alkylation of reduced mem-
branes with N-ethylmaleimide also changes the cross-linking
pattern (Figure 2C). The amount of radioactivity associated
with Tx—8 and Tx— increases, while the amount with Tx-«a
and Tx-6 decreases relative to reduced membranes. Similar
cross-linking patterns to those obtained with DTSP-activated
[*H]methyl-a-neurotoxin are obtained with DSS-activated
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FIGURE 2: DTSP-activated toxin cross-linking to control, alkylated,
reduced, and reduced and alkylated receptor-rich membranes. Re-
duction and alkylation of receptor-rich membranes was performed
as described under Methods. Following these treatments the mem-
branes were washed twice and resuspended in NP50. Membranes
(125 pmol of binding sites) were incubated with DTSP-[*H]-
methyl-a-neurotoxin (27 pmol) for 30 min at room temperature. The
reaction was stopped by the addition of 0.5 mM lysine and 10 mM
N-ethylmaleimide. Samples were prepared for electrophoresis and
following electrophoresis were sliced, digested, and counted as described
under Methods. (A) Unreduced, (B) unreduced, NEM reacted, (C)
reduced, NEM reacted, and (D) reduced.

[*H]methyl-a-neurotoxin (Table 1IB). DSS, disuccinimidyl
suberate, is an analogue of DTSP that lacks an internal di-
sulfide. The one major change in the observed cross-linking
pattern with DSS is a decrease in Tx—a in all cases, suggesting
the possibility that DTSP-activated [*H]methyl-a-neurotoxin
cross-linking to a can occur, at least partially, via interchange
between the disulfide of the cross-linker and sulfhydryls on
the receptor which are not accessible to alkylation by NEM
in unreduced membranes.

Table IIC demonstrates that the patterns obtained with
DTSP-activated [*H]methyl-a-neurotoxin cross-linking are
reproducible even when excess cross-linker is not removed.
Also, the addition of DT8P to [*H]methyl-a-neurotoxin al-
ready bound to receptor-rich membranes produces very similar
patterns (Table IID); therefore, this treatment has not greatly
altered the specificity of the toxin. Radiolabeling of one of
the two « subunits with [*’HJBAC and cross-linking unlabeled
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FIGURE 3: Effect of d-tubocurarine on a-neurotoxin cross-linking to
unreduced membranes. Membranes (56 pmol of toxin binding sites
in 100 uL of NP50) were incubated with d-tubocurarine (100 pmol)
for 15 min at room temperature. A total of 100 uL of
DTSP-[*H]methyl-a-neurotoxin (18 pmol) was added, and after 15
min the reaction was stopped as described in Figure 2. (A) Control
and (B) d-tubocurarine treated.

methyl-a-neurotoxin to receptor-rich membranes do not result
in the incorporation of radiolabel into proteins with molecular
weights higher than that of the a subunit. In addition,
cross-linking of [*H]methyl-a-neurotoxin to receptor-rich
membranes does not alter receptor monomer to dimer ratios.

Specificity of Cross-Linking Reaction. The reaction of
DTSP-modified [*H]methyl-a-neurotoxin with receptor is
specific in that (1) it can be blocked by excess underivatized
toxin or by carbamoylcholine (Figure 5D,E), (2) all bands can
be immunoprecipitated with antireceptor antibody prepared
from rabbits immunized with affinity purified acetylcholine
receptor (data not shown), and (3) alkaline extraction of pe-
ripheral proteins (including the 43K protein) by the technique
of Neubig et al. (1979) does not alter the cross-linking pattern
(data not shown).

Effect of Antagonists on Cross-Linking Pattern to Unre-
duced Membranes. Since d-tubocurarine binds to two sites
on receptor-rich membranes with different affinities, it should
be possible to selectively block DTSP-toxin binding and
cross-linking at the high-affinity d-tubocurarine site by using
low concentrations of this ligand. The cross-linking pattern
obtained in the presence of 0.5 uM d-tubocurarine is shown
in Figure 3. In these experiments the ratio of DTSP-[*H]-
methyl-a-neurotoxin to sites in the controls is about 0.3.
d-Tubocurarine decreased DTSP-modified a-neurotoxin
binding by less than 50% and inhibited the cross-linking of
{*H]methyl-a-neurotoxin to 8 and v to a much greater extent
than to a and 5. Tx—6, and Tx—a have decreased by less than
10% while Tx—y and Tx—3 have decreased by about 70%. The
effect of several different concentrations of d-tubocurarine on
the amount of cross-linking to each subunit is shown in Figure
4A. The amount of radiolabel in Tx—83 and Tx—v declines
at low concentrations of d-tubocurarine more than that in
Tx—a and Tx—6,. High concentrations of d-tubocurarine block
essentially all cross-linking and all binding of DTSP-toxin to
these membranes.
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FIGURE 4: (A) Effect of d-tubocurarine on the amount of toxin cross-linked to each subunit in unreduced membranes. Membranes (56 pmol
of toxin binding sites) in 100 uL of NP50 were incubated with increasing concentrations of d-tubocurarine followed by the addition of 100
uL of DTSP-[’H]methyl-a-neurotoxin (18 pmol). Reaction and preparation of samples was performed as previously described. The amount
of cross-linked toxin in each band at each concentration was determined as described under Methods and then normalized to the values obtained
in the absence of d-tubocurarine. (@) Tx-q, (O) Tx~B, (O) Tx—v, (A) Tx-$, and (A) Tx-8,. Insert: (M) [*H]methyl-a-neurotoxin bound,
percent control; (X) [*H]methyl-a-neurotoxin cross-linked, percent control. Concentrations of d-tubocurarine shown here represent final
concentrations. (B) The effect of increasing concentration of d-tubocurarine on [*H]methyl-a-neurotoxin cross-linking to reduced and alkylated
membranes. Reduced and alkylated membranes (56 pmol of toxin binding sites) in 100 uL of NP50 were incubated with increasing concentrations
of d-tubocurarine followed 15 min later by the addition of 100 uL of DTSP-[*H]methyl-a-neurotoxin (18 pmol). The amount of cross-linked
toxin in each band at each concentration was determined as described under Methods and then normalized to the values obtained in the absence
of d-turocurarine. The insert shows the percent of both toxin bound (®) and cross-linked (X) relative to controls. (®) Tx—e, (Q) Tx-8, (O)
Tx—~y, and (A) Tx-6. (C) The effect of BAC on the cross-linking of [*H]methyl-a-neurotoxin to receptor-rich membranes. Reduced membranes
(400 pmol of toxin binding sites) in 100 uL of 10 M neostigmine bromide NP50 were reacted with (bromoacetyl)choline at the concentrations
shown in the figure for 20 min at room temperature. The reaction was stopped with 10 pL of 100 mM NEM, and the membranes were washed
twice by pelleting. DTSP-[*H]methyl-a-neurotoxin (62 pmol) was added to and incubated with the membranes (133 pmol of sites in 100
uL of 1 uM neostigmine NP50) for 30 min at room temperature. The reaction was stopped by the addition of lysine and NEM as previously
described. The insert shows the percent of the control for total toxin binding (@) and cross-linking (X) and the percent of the total sites blocked
by BAC (4) determined in an independent assay (Méthods). (®) Tx—a, (O) Tx—8, (O) Tx—y, and (&) Tx-4.
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FIGURE 5: Effect of unlabeled toxin, carbamoylcholine, gallamine, and procaine on toxin cross-linking to unreduced membranes. Receptor-rich
membranes (56 pmol of toxin binding sites in 100 uL of NP50) were incubated with (A) buffer, (D) unlabeled a-neurotoxin (77 nmol), (E)
carbamoylcholine (100 umol), (B) gallamine (100 umol), or (C) procaine (100 umol) for 15 min at room temperature. A total of 100 uL
of DTSP-[*H]methyl-a-neurotoxin (16 pmol) was added, and after 15 min at room temperature, the reaction was stopped by the addition
of lysine (100 nmol) and N-ethylmaleimide (1 pmol). Electrophoresis and preparation of slices for liquid scintillation were as described under
Methods.

We have also examined the effect of a second competitive
antagonist on the cross-linking patterns. Figure 5B shows the
pattern obtained from the reaction of DTSP-modified [*H]-
methyl-a-neurotoxin with receptor-rich membranes in the
presence of 0.5 mM gallamine. Similar to the results with
d-tubocurarine, gallamine inhibited DTSP-activated [*H]-
methyl-a-neurotoxin by about 50% and reduced the radioac-

tivity in Tx—f (~70% inhibition) and Tx—y (~70% inhibition)
with little effect on Tx—a and Tx—6. To determine if this effect
is characteristic of only competitive antagonists, we also tested
the effect of a noncompetitive antagonist, procaine, on the
cross-linking reaction (Figure 5C). Procaine decreases the
amount of DTSP-activated [°*H]methyl-a-neurotoxin bound
by about 30% but, in contrast to competitive antagonists,
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FIGURE 6: Effect of d-tubocurarine on [*H]methyl-a-neurotoxin to
reduced toxin cross-linking and alkylated membranes. Reduced and
alkylated membranes (56 pmol of toxin binding sites in 100 uL of
NP50) were incubated with d-tubocurarine (100 pmol) for 15 min
at room temperature. A total of 75 uL of DTSP-[*H]methyl-a-
neurotoxin (16 pmol) was added, and after 15 min at room temperature
the reaction was stopped by the addition of lysine (100 nmol) and
N-ethylmaleimide (1 umol). Electrophoresis and preparation of 1-mm
slices for counting were as previously described.

decreases the amount of radioactivity associated with each
subunit to approximately the same extent (about a 30% de-
crease for each band). This implies no specificity of effects
of procaine on the cross-linking reaction.

Effects of Receptor-Specific Ligands on [*H|Methyl-a-
neurotoxin Cross-Linking to Reduced and Alkylated Recep-
tor-Rich Membranes. One of our goals in these cross-linking
studies was to examine the effect of blockage of DTSP-acti-
vated [*H]methyl-a-neurotoxin binding to membranes by BAC
covalently bound to one of the two toxin sites. Because BAC
only reacts with reduced receptor, these studies required a more
careful examination of the cross-linking of [*H]methyl-a-
neurotoxin to reduced and subsequently alkylated membranes.

As with unreduced membranes excess underivatized o-
neurotoxin blocks essentially all of the cross-linking of
DTSP-toxin to reduced and alkylated membranes. Carba-
moylcholine, however, at 0.5 mM is less effective in blocking
the cross-linking to reduced and alkylated membranes. This
result is expected because of the lowered affinity of reduced
and alkylated membranes for agonists (Walker et al., 1981;
Blanchard et al., 1982). Carbamoylcholine blocks 67% of the
binding of DTSP-toxin to these membranes and reduces the
cross-linking in all bands by about 60%.

In unreduced membranes, d-tubocurarine inhibits cross-
linking to the v and 3 subunits about equally. In contrast,
in reduced and alkylated membranes d-tubocurarine shows
a greater effect on the cross-linking to the + subunit of the
receptor than to the 8 subunit (Figure 6). The effect of a
range of d-tubocurarine concentrations on the cross-linking
of [*H]methyl-a-neurotoxin to each subunit of the receptor
is shown in Figure 4B. Covalent reaction of the toxin with
the v subunit is affected to the greatest extent by d-tubo-
curarine.

Thus, in reduced and alkylated membranes it is possible to
block selectively toxin binding at one of the two sites. It is,
therefore, feasible to examine the effects on the [*H]-
methyl-a-neurotoxin cross-linking patterns of covalent reaction
of reduced receptor with BAC prior to NEM alkylation
(Figure 4C). BAC reduced the amount of radioactivity in
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FIGURE 7: Models for the arrangements of the subunits in the
membranes.

Tx-6, Tx~3, and Tx—a at a lower concentration than Tx-+,
suggesting that toxin occupying the site to which BAC can
covalently bind at low concentrations is not particularly close
to the + subunit of the receptor. A second possibility is that
covalently bound BAC alters the conformation of the receptor
such that reactive lysines of the + subunit are no longer within
cross-linking distance of the bound toxin.

Di1SCUSSION

In this paper we describe a new approach to analyzing the
arrangement of the nicotinic acetylcholine receptor subunits
in the membrane. Some of the possible arrangements are
shown in Figure 7. [*H]Methyl-a-neurotoxin reacted with
the bifunctional cross-linking reagent dithiobis(succinimidyl
propionate) can be covalently attached to each of the subunits
of the receptor. DTSP-activated [*H]methyl-a-neurotoxin is
shown to bind to the same site on the receptor as unmodified
toxin since its binding can be blocked by excess unmodified
toxin and by receptor agonists and competitive antagonists.
Removal of as much as 50% of the total protein from these
membranes by alkaline extraction does not alter the cross-
linking pattern. In addition, all the cross-linked bands can
be immunoprecipitated with antireceptor antibody and the
addition of DTSP to [*H]methyltoxin already bound to the
receptor produces very similar patterns.

As the toxin molecule is large, it is possible that a-neurotoxin
bound at one site is cross-linking to subunits in the vicinity
of the second site. However, radiolabeling of one of the two
a subunits with [*)H]BAC and cross-linking unlabeled meth-
yl-a-neurotoxin to receptor-rich membranes do not result in
the incorporation of the radiolabel into proteins with molecular
weights higher than that of the « subunit. A second possibility
is that a-neurotoxin bound to one receptor monomer is
cross-linking to the subunits of another receptor located close
to the first in the membrane. We do not, however, see any
changes in the receptor monomer to dimer ratios on sucrose
gradients of Triton X-100 solubilized membranes to which the
DTSP-toxin has been cross-linked.

Reduction of disulfides of the receptor alters a number of
its properties (Karlin & Bartels, 1966; Karlin, 1967, 1969;
Karlin & Winnik, 1968; Podleski et al., 1969; Landau & Ben
Haim et al., 1975; Terrar, 1978; Cox et al., 1979a,b; Walker
et al., 1981). In this paper, we report that reduction also lowers
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the affinity of the receptor for [*H]methyl-a-neurotoxin and
changes the apparent K;’s for d-tubocurarine inhibition of
[*H]methyl-a-neurotoxin binding.

The cross-linking patterns obtained when receptor-rich
membranes are reduced prior to reaction with DTSP-toxin
are also changed. There is a large increase in the cross-linking
to 6 and « and a decrease in the cross-linking to 8 and «.
There are a number of possible explanations of this observation:
(1) increased numbers of sulfhydryls on § and & could compete
with groups on 3 and + for the reaction with cross-linker, (2)
a structural change in the protein upon reduction results in
B and v being oriented away from the toxin binding sites, or
(3) reduction selectively alters the affinity of one binding site
for DTSP-activated toxin relative to the other and at the low
toxin to site ratios used in these experiments all of the toxin
is binding to one site. The third possibility is unlikely for the
following reasons. Although reduction alters the affinity of
the receptor for toxin, [*H]methyl-a-neurotoxin binding is best
fit by a one-site model (or multiple sites with smaller K’s)
regardless of the state of reduction or alkylation of the mem-
branes. The maximum number of binding sites for [*H]-
methyl-a-neurotoxin or DTSP-[*H]methyl-a-neurotoxin is not
altered by reduction, and finally, increasing the toxin to site
ratio does not increase the relative amount of radioactivity in
Tx—8 and Tx—y when DTSP-[*H]methyl-a—neurotoxin is
cross-linked to reduced membranes.

A noncleavable analogue of DTSP, disuccinimidyl suberate
(DSS), when used in place of DTSP produces similar cross-
linking patterns, and these patterns show similar changes upon
reduction and/or alkylation of the membranes. The only major
difference using the two different cross-linkers is a decrease
in the relative amount of Tx-a with DSS as compared to
DTSP, suggesting that disulfide interchange occurs between
the disulfide of DTSP attached to toxin and sulfhydryls on
the o subunit.

The effects of the competitive antagonists d-tubocurarine
and gallamine on the cross-linking of toxin to the receptor have
been examined. d-Tubocurarine has been shown to bind to
two sites on the receptor which are present in equal numbers
but with very different affinities (Neubig & Cohen, 1979; Sine
& Taylor, 1981). Neubig & Cohen (1979) report values of
33+ 6 nM and 7.7 + 4.6 uM for the dissociation constants
for [*H]methyl-d-tubocurarine binding to Torpedo receptor-
rich membranes. These values are comparable to the K’s
which we calculate for d-tubocurarine inhibition of [*H]-
methyl-a-neurotoxin binding (K; = 67 £ 21 nM; K;, = 4.9
% 1.7 um). As discussed by Neubig & Cohen (1979) and Sine
& Taylor (1981), several models can account for the two
affinities of the nicotinic acetylcholine receptor for d-tubo-
curarine. There could be two types of receptor. It is known
that the Torpedo receptor exists as a mixture of monomers
and dimers (Chang & Bock, 1977; Hamilton et al., 1979).
Neubig & Cohen (1979), however, have shown that recep-
tor-rich membranes prepared in the presence of N-ethyl-
malemide in order to increase the proportion of dimers still
possess equal numbers of d-tubocurarine binding sites. Sine
& Taylor (1981), by comparing the ratio of the two dissoci-
ation constants with the concentration dependence for func-
tional antagonism for a series of antagonists, also concluded
that the two sites are confined to a single oligomer. A second
possible explanation of the two affinities is that d-tubocurarine
bound at one site inhibits binding at the second site either by
steric hindrance or by causing a conformation change in the
protein, thereby reducing the affinity of the second site. Sine
& Taylor (1980), however, have shown that prior occupation

of part of the sites by a-toxin does not alter the concentration
dependence of antagonist binding to the remaining sites. The
most probable explanation of the two affinities observed for
d-tubocurarine is that there are two distinct binding sites on
a single receptor molecule. As the receptor has five subunits,
only two of which are apparently identical (the a’s), the
different local environments of the two binding sites could give
rise to the differences in binding affinities. Alternatively the
binding characteristics may be due to differences in structure
of the two « chains. Conti-Tronconi et al. (1984) reported
differences in the extent of glycosylation of the two « chains,
and Lindstrom et al. (1983) have demonstrated that the «
subunit with which MBTA covalently reacts is the one which
is not glycosylated. The high-affinity site for d-tubocurarine,
however, appears to be on the glycosylated « chain (Hall et
al., 1983).

Low concentrations of both d-tubocurarine and gallamine
selectively block the cross-linking of DTSP-[*H]methyl-a-
neurotoxin to the 8 and + subunits of the unreduced receptor,
suggesting that either the high-affinity site for these compe-
titive antagonists is closer to the 3 and 4 subunits than to the
& subunit of the receptor or that the [*H]methyl-a-neurotoxin
binding site has been reoriented. Most of the cross-linking
to the  subunit in unreduced membranes appears to occur
via a-neurotoxin bound at the low-affinity tubocurarine site.
d-Tubocurarine at high concentrations blocks the cross-linking
to all subunits.

Because both d-tubocurarine (Adams, 1975; Manalis, 1977,
Katz & Miledi 1978) and gallamine (Colquhoun & Sheridan,
1981) have been reported to have channel blocking type ac-
tivity in addition to their competitive blockage of agonist
binding, we have also examined the effect of a noncompetitive
channel blocker, procaine, on the [*H]methyl-a-neurotoxin
cross-linking patterns. Unlike d-tubocurarine and gallamine,
procaine appears to affect the cross-linking of the toxin to all
of the subunits of the receptor to a similar extent, and
therefore, binding of d-tubocurarine and gallamine to a local
anesthetic site does not explain their selective inhibition of
[*H]methyl-a-neurotoxin cross-linking to the 8 and + subunits.

Alkylation of reduced membranes has been shown to result
in further changes in receptor function (Walker et al., 1981;
Blanchard et al., 1982). Alkylation of reduced membranes
does not appear to result in further changes in the appearent
Kq4 for [*H]methyl-a-neurotoxin binding but changes the
pattern produced by DTSP-[*H]methyl-a-neurotoxin cross-
linking to receptor-rich membranes. There is a decrease in
Tx~o and increases in Tx—38 and Tx—y.

d-Tubocurarine also alters the cross-linking of [*H]-
methyl-a-neurotoxin to reduced and alkylated membranes but
over a narrower concentration range, as would be expected
from the changes in the apparent K;’s of d-tubocurarine in-
hibition of [*H]methyl-a-neurotoxin binding. The ratio of K;
to K; is higher for unreduced membranes than for reduced
and alkylated membranes. d-Tubocurarine inhibits the
cross-linking of [*H]methyl-a-neurotoxin to v to a greater
extent than to the other subunits. In contrast to the situation
observed with unreduced membranes, Tx—3 is not decreased
as much as Tx—y, suggesting that toxin occupying the site with
lower affinity for d-tubocurarine can cross-link to 8 in reduced
and alkylated membranes, while formation of Tx—8 in unre-
duced membranes occurs primarily via toxin bound at the
high-affinity d-tubocurarine site.

Reaction of reduced membranes with (bromoacetyl)choline
has been shown to block the binding of a-neurotoxin prefer-
entially to one of its two binding sites. BAC reaction of



2218 BIOCHEMISTRY

reduced membranes prior to NEM alkylation affects the
cross-linking of toxin to «, 8, and & to a greater extent than
to v. The magnitude of the changes suggest that toxin oc-
cupying either site can cross-link to «, 8, or §, but only toxin
occupying the site which reacts at high concentrations of BAC
can cross-link to y. One interpretation of this finding is that
the low-affinity binding site for BAC is the high-affinity site
for d-tubocurarine. This interpretation is supported by the
findings of Lindstrom et al. (1983) and Hall et al. (1983).
Alternatively, covalently bound BAC may be desensitizing the
receptor and, thereby, causing reorientation of the v subunits.

In Figure 7, several possible arrangements of the receptor
subunits are shown. Our data suggest that toxin bound to one
site can cross-link fairly selectively to the 8 and v subunits
of the unreduced receptor. As the toxin binding sites are
probably located on the « subunits of the receptor and it is
unlikely that the two o subunits are adjacent (Karlin, 1983),
we propose that the models shown in either part A or part B
of Figure 7 (or their mirror images) are the most probable
arrangements of the subunits of the receptor. Our results with
reduced and alkylated membranes suggest that toxin bound
at either site can cross-link to «, 3, and 8, but only toxin bound
at the high-affinity site for d-tubocurarine can cross-link to
v. And if the high-affinity site for d-tubocurarine is the
low-affinity site for BAC, we suggest that the aBavyd ar-
rangement shown in Figure 7 is the most probably arrange-
ment of the receptor subunits at the surface of the membrane.

In summary, we show that (1) certain competitive antag-
onists which have two binding sites on the receptor can be used
to selectively inhibit toxin cross-linking at the higher affinity
site, (2) this site for both gallamine and d-tubocurarine appears
to be closer to the 8 and v subunits of the receptor than to
the & subunit, (3) differential inhibition of cross-linking to 3
and v is not seen with a noncompetitive antagonist, and finally
(4) (bromoacetyl)choline at low concentrations, in contrast
to the the competitive antagonists, does not affect toxin
cross-linking to the v subunit but reduces the cross-linking to
a, 3, and 6. One model for the arrangement of the subunits
of the receptor which is consistent with these findings is one
in which the 8 subunit lies between the two « subunits.

Registry No. d-Tubocurarine, 57-94-3,

REFERENCES

Adams, P. (1975) Pflugers Arch. 360, 155-164.

Adams, P. (1977) J. Physiol. (London) 268, 291-318.

Anderson, D. J., & Blobel, G. (1981) Proc. Natl. Acad. Sci.
US.A. 78, 5598-5607.

Barrantes, F. J. (1980) Biochemistry 19, 2957-2965.

Ben-Haim, D., Dreyer, F., & Peper, K. (1975) Pflugers Arch.
355, 19-26.

Berg, D. K., Kelly, R. B, Sargent, P. B., Williamson, P., &
Hall, Z. W. (1972) Proc. Natl. Acad. Sci. U.S.A. 69,
147-151.

Blanchard, S., Dunn, S., & Raftery, M. (1982) Biochemistry
21, 6258-6264.

Bregestovski, P. D, Iljin, V. L, Jurchenko, O. P., Verpintsev,
B. N., & Vulfius, C. A. (1977) Nature (London) 270,
71-73.

Chang, H. W., & Bock, E. (1979) Biochemistry 18, 172-179.

Changeux, J.-P., Kasai, M., & Lee, C.-Y. (1970) Proc. Natl.
Acad. Sci. US.A. 67, 1241-1247.

Claudio, T., Ballivet, M., Patrick, J., & Heinemann, S. (1983)
Proc. Natl. Acad. Sci. US.A. 80, 1111-1115.

Colquhoun, D. (1971) Lectures in Biostatistics, Oxford
University Press, London.

HAMILTON, PRATT, AND EATON

Colquhoun, D., & Sheridan, R. E. (1981) Proc. R. Soc.
London, Ser. B B211, 181-203.

Conti-Tronconi, B., Hunkapiller, M., & Raftery, M. (1984)
Proc. Natl. Acad. Sci. U.S.A. 81, 2631-2634.

Cox, R. N., Karlin, A., & Brandt, P. W. (1979a) J. Membr.
Biol. 51, 133-144.

Cox, R. N, Kawai, M., Karlin, A., & Brandt, P. W. (1979b)
J. Membr. Biol. 51, 145-159.

Cuatrecasas, P. (1975) in Pre and Post Synaptic Receptors
in Modern Pharmacology & Toxicology (Usdin, E., &
Bunney, W. E., Eds.) Vol. 3, pp 245-263, Marel Decker,
New York.

Damile, V., & Karlin, A. (1978) Biochemistry 17, 2039-2045.

Damle, V., & Karlin, A. (1980) Biochemistry 19, 3924-3932,

Damle, V., McLaughlin, M., & Karlin, A. (1978) Biochem.
Biophys. Res. Commun. 84, 845-851.

de Souza Otero, A., & Hamilton, S. (1984) Biochemistry 23,
2321-2328.

Hall, Z. W., Roisen, M.-P., Gu, Y., & Goren, P. D. (1983)
Cold Spring Harbor Symp. Quant. Biol. 48, 101-108.
Hamilton, S. L., McLaughlin, M., & Karlin, A. (1978) Fed.

Proc., Fed. Am. Soc. Exp. Biol. 37, 529.

Hamilton, S. L., McLaughlin, M., & Karlin, A. (1979) Bio-
chemistry 18, 155-163.

Hartig, P. R., & Raftery, M. A. (1977) Biochem. Biophys.
Res. Commun. 78, 16~22.

Hartzell, H., & Fambrough, D. (1973) Dev. Biol. 30, 153-165.

Holtzman, G., Wise, D., Wall, J., & Karlin, A. (1982) Proc.
Natl. Acad. Sci. US.A. 79, 310-314.

Kaldany, R.-R., & Karlin, A. (1983) J. Biol. Chem. 258,
6232-6242.

Karlin, A. (1967) J. Theor. Biol. 16, 306-320.

Karlin, A. (1969) J. Gen. Physiol. 54, 245s-264s.

Karlin, A., & Bartels, E. (1966) Biochim. Biophys. Acta 126,
525-535.

Karlin, A., & Winnik, M. (1968) Proc. Natl. Acad. Sci.
U.S.A. 60, 668-674.

Karlin, A., Weill, C. L., McNamee, M. G., & Valderrama,
R. (1975) Cold Spring Harbor Symp. Quant. Biol. 40,
203-210.

Karlin, A., Cox, R., Kaldany, R.-R., Lobel, P., & Holtzman,
E. (1983a) Cold Spring Harbor Symp. Quant. Biol. 48, 1-8.

Karlin, A., Holtzman, E., Yodh, N, Lobel, P.,, Wall, J., &
Hainfield, J. (1983b) J. Biol. Chem. 258, 6678—6681.

Karlsson, E., Arnberg, H., & Eaker, D. (1971) Eur. J. Bio-
chem. 21, 1-16.

Katz, B., & Miledi, R. (1978) Proc. R. Soc. London, Ser. B
203, 119-133.

Kistler, J., Stroud, R. M., Klymkowsky, M. W., Lalancette,
R. A, & Fairclough, R. H. (1982) Biophys. J. 37, 371-383.

Kitazoe, Y., Miyahara, M., Hiraoka, N., Veta, H., & Vtsumi,
K. (1983) Anal. Biochem. 134, 295-302.

Klymkowsky, M. W., Heuser, J. E., & Stroud, R. M. (1980)
J. Cell Biol. 85, 823-838.

Laemmli, U. K. (1970) Nature (London) 227, 680—685.

Laudau, E. M., & Ben Haim, D. (1974) Science (Washington,
D.C.) 185, 944-946.

Lauffer, L., Weber, K.-H., & Hucho, F. (1979) Biochim.
Biophys. Acta 587, 42-48.

Lee, C.-Y. (1972) Annu. Rev. Pharmacol. 12, 265-286.

Lindstrom, J., Merlie, J., & Yogeeswaran, G. (1979) Bio-
chemistry 18, 4465-4470.

Lindstrom, J., Tzartos, S., Gullick, W., Hockschwender, S.,
Swanson, P., Sargent, P., Jacob, M., & Montal, M. (1983)
Cold Spring Harbor Symp. Quant. Biol. 48, 89-97.



Biochemistry 1988, 24, 2219-2227 2219

Lomant, A., & Fairbanks, G. (1976) J. Mol. Biol. 104,
243-261.

Manalis, R. S. (1977) Nature (London) 267, 366-368.

Muhn, M., & Hucho, F. (1983) Biochemistry 22, 421-425,

Munson, P. J., & Rodbard, D. (1980) Anal. Biochem. 107,
220-239.

Nathanson, N. M., & Hall, Z. W. (1980) J. Biol. Chem. 255,
1698-1703.

Neubig, R. R., & Cohen, J. B. (1979) Biochemistry 18,
5464-5475.

Neubig, R. R., Krodel, E. K., Boyd, N. D., & Cohen, J. B.
(1979) Proc. Natl. Acad. Sci. U.S.A. 76, 690-694,

Noda, M., Takahashi, H., Tanabe, T., Toyosato, M., Furutani,
Y., Hirose, T., Asai, M., Inayama, S., Miyata, T., & Numa,
S. (1982) Nature (London) 299, 793-797.

Noda, M., Takahashi, H., Tanabe, T., Toyosato, T., Kikyotani,
S., Hirose, T., Asai, M., Takashima, H., Inayama, S.,
Miyata, T., & Numa, S. (1983a) Nature (London) 302,
251-255.

Noda, M., Takahashi, H., Tanabe, T., Toyosato, T., Kikyotani,
S., Furutani, Y., Hirose, T., Takashima, H., Inayama, S.,
Miyata, T., & Numa, S. (1983b) Nature (London) 302,
528-532.

Oswald, R. E., & Changeux, J.-P. (1981) Biochemistry 20,
7166-7174,

Oswald, R. E., & Changeux, J.-P. (1982) FEBS Lett. 139,
225-229.

Patrick, J., Heinemann, S., Lindstrom, J., Schubert, D., &
Steinbach, J. H. (1973) Proc. Natl. Acad. Sci. US.A. 69,
2762-2766.

Podleski, T., Meunier, J.-C., & Changeux, J.-P. (1969) Proc.
Natl. Acad. Sci. US.A. 63, 1239~1246.

Raftery, M. A., Hunkapillir, M. W, Strader, C. D., & Hood,
L. E. (1980) Science (Washington, D.C.) 208, 1454-1456.

Reynolds, J., & Karlin, A. (1978) Biochemistry 17,
2035-2038.

Ruff, R. (1977) J. Physiol. (London) 264, 89-124.

Schiebler, W., Lauffer, L., & Hucho, F. (1977) FEBS Lett.
81, 39-42.

Sine, S., & Taylor, P. (1980) J. Biol. Chem. 255,
10144-10156.

Sine, S., & Taylor, P. (1981) J. Biol. Chem. 256, 6692-6699.

Strader, C. D., & Raftery, M. A. (1980) Proc. Natl. Acad.
Sci. US.A. 77, 5807-5811.

Sumikawa, K., Houghton, M., Smith, J. C., Bell, L., Richards,
B.,, & Barnard, E. (1982) Nucleic Acids Res. 10,
5809-5822.

Terrar, D. A. (1978) J. Physiol. (London) 276, 403-417.

Vandlen, R., Wilson, C.-S. W., Eisenach, J., & Raftery, M.
A. (1979) Biochemistry 18, 1845-1854,

Walker, J. W., Lukas, R. J.,, & McNamee, M. G. (1981)
Biochemistry 20, 2191-2199.

Walkinshaw, M., Saenger, W., & Maelicke, A. (1980) Proc.
Natl. Acad. Sci. US.A. 77, 2400-2404.

Weiland, G., & Taylor, P. (1979) Mol. Pharmacol. 15,
197-212.

Weill, C. L., McNamee, M. G., & Karlin, A. (1974) Biochem.
Biophys. Res. Commun. 61, 997-1003.

Witzemann, V., Muchmore, D., & Raftery, M. A. (1979)
Biochemistry 18, 5511-5518.

Wolosin, J. M., Lyddiatt, A., Dolly, J. O., & Barnard, E. A.
(1980) Eur. J. Biochem. 109, 494-505.

Zingsheim, H. P., Barrantes, F., Frank, J., Hanicke, W., &
Neugebauer, D.-C. (1982) Nature (London) 299, 81-84.

Bacteriophage T7 E Promoter: Identification and Measurement of Kinetics of
Association with Escherichia coli RNA Polymerase’
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ABSTRACT: The initiation point for transcription from the Escherichia coli RNA polymerase E promoter
on bacteriophage T7 has been determined to be at 36 835 base pairs (92.22 T7 units) from the left end of
T7. The location was determined by RNA fingerprinting of a runoff transcription product. Kinetics of
association for the E and the T7 A3 promoters were measured by using the abortive initiation assay for
approach to steady-state turnover. The kinetic association constant, k, (=Kgk;), for E was found to be over
10-fold slower than k, for A3. For the E promoter, k, = 1.2 X 105 M~! 5”1, For A3, we report k, = 4 X
107 M1 5L, This difference is due mostly to a 10-fold difference in the initial equilibrium constant, Kj,
for formation of the initial polymerase-promoter complex. The rate of isomerization, k5, of the initial complex
to the open polymerase—promoter complex for the E promoter was only 2-fold slower than k, for the A3
promoter. Various numerical methods for calculation of the kinetic parameters are discussed and compared.
We argue that a nonlinear analysis provides the most reliable means of data analysis.

Regulation of transcription is essential for the control of gene
expression. Transcriptional regulation can occur by the
presence or absence of effector molecules or simply by the
differential affinities of promoters for RNA polymerase
(RNAP).! Bacteriophage T7 is a standard example of the

! This investigation was supported by Grant MV-140 from the Am-
erican Cancer Society and by a Biomedical Science Support Grant to the
University of Colorado. D.E.P. was supported, in part, by a Colorado
Graduate Fellowship.

latter. During infection of Escherichia coli, the early region
of T7 is transcribed by RNAP from the three tandem A
promoters (Al, A2, and A3) at the left end of T7 (see Figure

! Abbreviations: RNAP, RNA polymerase; poly[d(A-T)], poly[d(A-
T)-d(A-T)]; poly[d(I-C)], poly[d(I-C)-d(I-C)]; DTT, dithiothreitol; bp,
base pair(s); RNase, ribonuclease; TE, 10 mM Tris, pH 8 at 25 °C, and
1 mM EDTA; Tris, tris(hydroxymethyl)aminomethane; EDTA, ethyl-
enediaminetetraacetic acid; PEI, poly(ethylenimine); TLC, thin-layer
chromatography.
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