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Although multiple related genes encoding nicotinic acetylcholine receptor (AChR)
subunits have been identified, how each of these subunits contributes to AChRs in
neurons is not known. Sympathetic neurons express four classes of AChR channels and
six AChR subunit genes (a3, o4, a5, a7, B2, and B4). The contribution of individual
subunits to AChR channel subtypes in these neurons was examined by selective
deletion with antisense oligonucleotides. An &3 antisense oligonucleotide decreased
the number and altered the properties of the normally expressed ACh-activated
channels. The remaining AChR channels have distinct biophysical and pharmacolog-
ical properties that indicate an important functional contribution of the 7 subunit.

IGAND-GATED ION CHANNELS ARE
I multimeric protein complexes with
component subunits encoded by ho-
mologous genes (1). The neuronal nicotinic
AChRs that mediate neurotransmission at
many central and peripheral synapses com-
prise two subunit types (a and B) encoded
by at least 11 related genes (2). Expression
of particular combinations of the subunit
RNAs in oocytes yields biophysically and
pharmacologically distinct channels (3),
reminiscent of the multiple AChR channel
types detected in embryonic sympathetic
neurons (4). However, neither the identity
nor the functional contribution of the indi-
vidual a and B subunits in native AChR
channel subtypes is known.

To determine which AChR subunit genes
are expressed by sympathetic neurons, we
used the polymerase chain reaction (PCR)
(5). Primers to the nonconserved regions of
the a and B subunit genes were chosen to
amplify specific cDNA target sequences
(Fig. 1A). Appropriate-sized products were
generated in the o3, a4, o5, o7, and B
reactions, but not in the o2 reaction (Fig.
1B) (6). Restriction enzyme digestion of the
amplified products confirmed their identity.
RNA blots of polyadenylated [poly(A)*]
RNA from sympathetic ganglia under strin-
gent hybridization and washing conditions
revealed hybridization to a3, a4, a5, a7, B2
(n-o), and B4 (n-a3) probes but not to the
a2 probe (Fig. 1C) (7). AChR gene expres-
sion ranged from undetectable (2) and low
(04, a5, B2) to relatively high (a3, a7, p4).

Because sympathetic neurons express
multiple types of o and B subunit genes, the
AChR channel subtypes observed (4) might
result from different subunit combinations.
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To determine the role of individual AChR
subunits in sympathetic neurons, we exam-
ined changes in the properties of AChR
channels after functional deletion of a par-
ticular subunit with antisense oligonucleo-
tides.

The contribution of preexistent surface
AChRs was removed by treatment with
bromoacetylcholine (BAC), which covalent-
ly binds to and inactivates AChRs (8). BAC-
treated neurons regain ACh sensitivity
through synthesis of new AChRs (9). ACh
sensitivity was <15% of control at 3 hours
and completely restored within 48 hours of
BAC treatment (9). Sympathetic neurons
were incubated with oligonucleotide imme-
diately after BAC treatment, and the ACh-
activated single channel currents were mea-
sured after 48 hours (10). Analysis of the
number of channel openings and the aver-
aged single channel current from all patches
in a3 antisense-oligonucleotide treated neu-
rons indicates a >90% decrease from the
control levels of AChR channel activity typ-
ically evoked by 2.5 uM ACh (Fig. 2) (11).
Although the number of AChR channel
openings under these conditions was too
low for slope conductance determinations,
the residual activity included openings at
amplitudes consistent with the characterized
AChR subtypes (designated S, M, L, and
XL) (4). An o4 antisense (Fig. 2) as well as
several control oligonucleotides (10) did not
affect AChR channel opening frequency,
mean current, conductance, or desensitiza-
tion kinetics. In view of these results and the
lack of effect on other ligand or voltage-
gated channels (10), it seems likely that a3
antisense reduces AChR channel activity by
a specific functional deletion of the a3 sub-
unit.

The observed decrease in AChR channel
activity gated by 2.5 uM ACh is apparently
due to both an increase in the ACh concen-
tration required for channel activation and a
decrease in the number of functional AChRs
(Figs. 3 and 4). In patches from control
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neurons, higher concentrations of ACh (25
nM) gate all four AChR channel classes (4),
but these channels desensitize rapidly (Fig.
3, A through C). In contrast, in patches
from neurons treated with a3 antisense, 25
pM ACh elicited persistent AChR single
channel activity (Fig. 3F). Analysis of AChR
openings in a3 antisense—treated neurons
revealed two conductance classes similar to
those in control neurons and, in addition, a
conductance class of ~115 pS (Fig. 3 D, E).
All of the channels in a3 antisense—treated
neurons differed from control in requiring a
higher concentration of ACh for their acti-
vation and in their slower desensitization in
the continued presence of ACh.

Examination of macroscopic currents
evoked by maximal concentrations of ACh
reveals a significant decrease in the total num-
ber of functional AChRs in o3 antisense—
treated neurons compared with control neu-
rons (~60% decrease in the average peak
current; Fig. 4, A and C). This analysis
underestimates the decrease in AChRs, how-
ever, because of significant slowing of AChR
desensitization after a3 antisense treatment
(12). High concentrations of ACh normally
evoke currents that decay with a biphasic time
course (Fig. 4A). In contrast, in neurons
treated with a3 antisense, macroscopic cur-
rents evoked by the same concentration of
ACh desensitized at a slower rate reflected in
a significant increase in both the fast and slow
time constants of desensitization (Fig. 4, A
and D).

We next sought to identify which a sub-
unit might contribute to the new, slowly

£73
Start 300 bp
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desensitizing currents evoked by ACh in
neurons where a3 had been functionally
deleted. Because the a5 subunit gene fails to
yield functional AChR channels when coex-
pressed in oocytes with either B2 or B4
genes (13), a7 seemed the best candidate for
the ligand-binding subunit in the novel
AChRs expressed by neurons treated with
a3 antisense. The role of a7 in the AChRs
was tested two ways. The a7 subunit, unlike
a3, is blocked by a-bungarotoxin (a-BGT)
(14). If a7 is an important component of the
AChRs, then the slowly desensitizing cur-
rent in neurons treated with a3 antisense
should be eliminated by a-BGT. Similarly,
oligonucleotide-mediated deletion of a7
should have quantitatively the same effect as
a-BGT treatment, if a7 participates in these
AChRs. Both these predictions are support-
ed by the experiments in Fig. 4.
ACh-activated currents in control neu-
rons were unaffected by a-BGT. However,
in a3 antisense—treated neurons the toxin
decreased the peak of macroscopic currents
by 60 to 70% (Fig. 4, A and C). The
residual, o-BGT insensitive current was
blocked by neuronal bungarotoxin (nBGT)
and desensitized rapidly, which are features
characteristic of control AChR currents
(Fig. 4D) (15). Treatment with an a7 an-
tisense decreased control ACh-evoked cur-
rents by <25%. However, like a-BGT, the
a7 antisense decreased the ACh-evoked cur-
rents by 60 to 70% in a3 antisense—~treated
neurons (Fig. 4, B and C). The residual
current (15) also resembled control ACh-
evoked currents: it desensitized with kinetics
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Fig. 1. AChR subunit gene expression in
sympathetic neurons. (A) Diagram of neu-
ronal AChR c¢DNA sequences. Proposed
transmembrane-spanning domains are in-
dicated by boxes; arrows indicate the re-
gions used for PCR primers; bold lines
indicate the fragments used to generate
probes for Northern (RNA) blots, and
asterisks near the start sites indicate the
region used for functional block oligonu-
cleotides (6, 10). (B) PCR assay of embry-
onic day 10 sympathetic ganglia RNA
with (+) or without (—) previous cDNA
synthesis (6). (C) Northern (RNA) analy-
sis of ED 10 sympathetic ganglia poly A*
RNA (7). Approximate sizes: a3: 2.0 kb,
a4: 2.4 kb, a5: 2.9 kb, a7: 2.3 and 5.0 kb,
B2: 1.8 and 1.5 kb, B4: 1.9 kb.

equivalent to control, exhibited insensitivity
to a-BGT (Fig. 4D), and was blocked by
nBGT. Thus, the slowly desensitizing
AChRs expressed in a3 antisense-treated
neurons are blocked by a-BGT and depen-
dent on the expression of a7. This indicates
that a7 may be the principal ligand-binding
subunit of the AChR channels expressed
after functional deletion of a3.

Treatment of embryonic chick sympathet-
ic neurons with antisense oligonucleotides
against a3, a4, or a7 subunit sequences
suggests specific functional contributions of
these subunits to neuronal AChRs. The a3
subunit appears to play an important role in
all four AChR channel classes normally ex-
pressed by these neurons. The functional
deletion of the a3 subunit decreases the
numbser of openings of all channel subtypes,
alters the concentration of ACh sufficient to
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Fig. 2. AChR channel activity is decreased in a3
antisense-treated neurons (10, 11). (A) Noncon-
secutive traces from cell-attached patches on con-
trol and a3 antisense-treated neurons (2.5 pM
ACh, V,;: =50 mV relative to rest, 5 pA X 5 ms).
(B) Mean current versus time for patches in (A).
Average mean current values over 3 min were
0.0323 (Con) and 0.0031 (a3 AS). (C) Box plot
representation of mean current determinations.
Control: n = 30, a3 antisense: n = 27, a4
antisense: n = 9, a3 sense: n = 18. The a3
antisense group (a) is significantly different (P <
0.001) from other groups. Examination of chan-
nel opening frequency yielded identical results.
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Fig. 3. ¢'3 antisense-treated neurons express novel
AChR channels (10, 11). High concentrations of
ACh activate three AChR subtypes in a3 an-
tisense—treated neurons. (A) Nonconsecutive rec-
ords of channels activated by 25 pM ACh in
control neurons. S, M, L, XL subtypes with y +
SDof17 £5.1,31 59,49 = 4.7,and 65 +
4.6 were detected. (B) Amplitude histogram of
channels (Con) with summed Gaussian fit super-
imposed. (D) Nonconsecutive records of channels
gated by 25 uM ACh from 3 antisense-treated
neurons. Three AChR subtypes designated o3
AS-S (small), a3 AS-L (large), and a3 AS-G
(giant) with y = SD of 24 = 9.5, 53 % 6.0, and
114 + 13.0, respectively, are seen. (E) Amplitude
histogram of channels («3 AS) with summed
Gaussian fit superimposed. All openings required
ACh and were blocked by hexamethonium (500
uM). (Cell-attached patches; V,: —50 mV rela-
tive to rest for (A) and (B); 5 pA X 5 ms). (C)
and (F): Desensitization of AChR openings ana-
lyzed by comparison of mean single-channel cur-
rent over two consecutive 10-s periods of ACh
application to outside-out patches from control
and a3 antisense-treated neurons (Vy: —100
mV; ACh: 25 uM). Boxplots of data from all
patches indicate persistent ACh-gated single chan-
nel activity in 3 antisense-treated neurons com-
pared with control (a and b pair, P < 0.001).

gate channel activity, alters AChR desensi-
tization, and results in the expression of a
new, larger conductance AChR channel.
Biochemical and molecular studies have also
indicated that the a3 subunit is a compo-
nent of peripheral neuronal AChRs (16).
After functional deletion of a3, a new
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Fig. 4. Both o-bunga-
rotoxin and o7 antisense al-
ter ACh-evoked currents in
a3 antisense-treated neu-
rons (10, 11). (A) Macro-
scopic currents from control
and «3 antisense-treated '
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neurons before and after (*)
a-BGT application (ACh:
500 uM; a-BGT: 500 nM,
10 min) and (B) (top) Mac-
roscopic currents from con-
trol and o7 antisense-treat-
ed neuron (¢), and
(bottom) macroscopic cur-
rents from control versus a3
antisense-treated  neurons
(+) versus neuron treated
with both a3 antisense and ot
o7 antisense (+ and ¢; Vz
Vhoa: =50 mV; 500 pA X

1 s). nBGT completely

blocked ACh-evoked cur-

rents in control and in a3
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plus a7 antisense-treated neurons. (C) Summary of peak macroscopic current data (mean + SEM) (D)
Summary of desensitization time course data. Fast (t,) and slow (7,) time constants of the biexponential
decay of the macroscopic currents are displayed with boxplots. Control: n = 27; +a-BGT: n = 10; a3

antisense-treated: n = 26; a7 antisense-treated: n

= 7, a3 antisense-treated +a-BGT: n = 15; a3

antisense + a7 antisense-treated: n = 8. In (C) the comparisons (a) were significantly different (p <
0.001) for control versus a3 AS, at P < 0.023 for control versus a7 AS; (b) indicates p < 0.004 for
a3 AS versus a3AS + o-BGT; (c) indicates P < 0.041 for a3 AS versus a3 AS + a7 AS; p < 0.001
for a7 AS versus a3AS + a7 AS. In (D), (a) indicates differences at P < 0.004 to 0.001 for a3 AS
versus all other groups. The relative contribution of the fast and the slow time constant did not differ
among groups. o-BGT did not affect either peak current or decay in a4 antisense-treated neurons.

class of channels emerges that appears to be
dominated by the a7 subunit. Because treat-
ment with a7 antisense alone significantly
decreased the control ACh-evoked current,
a7 is likely a component subunit of the
AChR channels normally expressed in sym-
pathetic neurons. However, a-BGT, which
blocks a7 subunit homooligomers in the
oocyte (14), does not decrease the control
ACh-evoked currents (Fig. 4). Thus, the
AChRs in neurons that include the a7 sub-
unit or subunits must include other subunits
that are a-BGT-resistant («3) or that influ-
ence the a-BGT sensitivity of the a7 subunit
(17). Furthermore, because macroscopic
ACh-evoked currents, which are mediated
by a7 homooligomers in the oocyte, desen-
sitize rapidly (14), our findings suggest that
other factors [for example, different subunit
combinations or posttranslational modifica-
tion (18)] are important determinants of
AChR desensitization kinetics in neurons.
Homooligomers of a7 mediate a large ACh-
evoked macroscopic current in the oocyte
(14) consistent with our finding an unusu-
ally large conductance channel. Although a4
is expressed in sympathetic neurons, treat-
ment of cells with an a4 antisense had no
effect on AChR-activated currents. If the o4
antisense functionally deletes o4, then
expression of a given AChR subunit gene
may not indicate participation in functional
AChR channels.

These studies also provide a general ap-

proach for the dissection of receptor func-
tion in primary neurons that complements
studies in heterologous cell expression sys-
tems. The use of antisense oligonucleotides
to unravel the functional contribution of
individual subunits is applicable to the anal-
ysis of AChRs in other regions of the ner-
vous system (19) and should permit the
molecular dissection of the contribution of
individual subunits to other ligand-gated
ion channels within their native cellular en-
vironment.
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Refined Structure of Charybdotoxin: Common
Motifs in Scorpion Toxins and Insect Defensins

FrANCOIS BONTEMS, CHRISTIAN ROUMESTAND, BERNARD GILQUIN,

ANDRE MENEZ, FLAVIO ToOMA

Conflicting three-dimensional structures of charybdotoxin (Chtx), a blocker of K*
channels, have been previously reported. A high-resolution model depicting the
tertiary structure of Chtx has been obtained by DIANA and X-PLOR calculations
from new proton nuclear magnetic resonance (NMR) data. The protein possesses a
small triple-stranded antiparallel B sheet linked to a short helix by two disulfides and
to an extended fragment by one disulfide, respectively. This motif also exists in all
known structures of scorpion toxins, irrespective of their size, sequence, and function.
Strikingly, antibacterial insect defensins also adopt this folding pattern.

HARYBDOTOXIN (CHTX) IS A TOXIN

acting on K* channels isolated from

venom of a scorpion (Leiurus quin-
questriatus hebraeus) (1). It is a small protein,
containing 37 amino acids and three disul-
fide bridges (2). Elucidation of its three-
dimensional (3-D) structure is important for
understanding the molecular basis of its
activity and for designing drugs acting on
K* channels. The structure of Chtx has been
reported in two recent NMR studies (3, 4)
that led to different 3-D models of the toxin.
One of these has now been retracted (5).
Also, a recent communication has reported
the preliminary NMR structure of synthetic
Chtx (6) that is similar to that obtained in
our work. We have collected additional
NMR data from which further Chtx struc-
tures have been computed. The new refined
structures confirm our initial model (4) and
show that Chtx possesses a motif that is
conserved in functionally unrelated proteins
of arthropods.

We have reported elsewhere the sequence-
specific assignments of the "H NMR spec-
tra, the identification of the secondary struc-
ture elements, and the tertiary structure
computations (4). The new data, recorded at

Département d’Ingénierie et d’Etudes des Protéines,
CEN Saclay, 91191 Gif sur Yvette, France.

temperatures from 15° to 45°C, include
NOE:s (eight mixing times from 50 to 300
ms), HN-Ha and Ho-HP vicinal coupling
constants, and amide *H-?H exchange rates
at 15°C. Iteration of back calculations and
analysis of NOESY experiments led to the
assignment of 144 interresidue NOE con-
nectivities that correspond to 72 sequential
and 72 nonsequential effects (Fig. 1). Inten-
sities of backbone-backbone NOEs were
determined either from NOE buildup rates
or from cross-peak volumes in spectra re-
corded with a 150-ms mixing time. The
corresponding distance constraints were ob-
tained calibrating the backbone-backbone
NOE intensities with known distances in
regular secondary structures (2.2 A for d
ina B sheet and 2.8 A for dyy in an o helix).
Measurement of the exchange rates of amide
protons allowed the identification of 11
hydrogen bonds, leading to the introduc-
tion of 22 additional constraints. In addi-
tion, 12 x1-angle values, including those of
the six half-cystines, were deduced from the
measurement of 2 Jy, y1a and the identifica-
tion of intraresidue HaHB NOEs, whereas
30 ¢-angle values were deduced from the
values of 3 Ji 1. coupling constants.

The 3D-structures of Chtx were derived
from these data with a procedure that com-
bined minimization in the dihedral angle
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