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Cholinergic Receptor Mutants of the Nematode Caenorhabditis
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Potential acetylcholine receptor (AChR) mutants of the
nematode are selectable by resistance to the neurotoxic
drug levamisole, a probable cholinergic agonist. To deter-
mine which mutants may have achieved resistance through
loss of levamisole receptor function, we have assayed mu-
tant extracts for specific *H-meta-aminolevamisole binding
activity in the presence and absence of mecamylamine. We
find that mutants in 3 of the 7 genes associated with extreme
levamisole resistance are obviously deficient in saturable
specific *H-meta-aminolevamisole binding activity. Mutants
of the 4 other genes have abnormal binding activities that
fail to undergo the apparent allosteric activation of saturable
specific *H-meta-aminolevamisole binding activity caused
by mecamylamine. Thus, all 7 genes appear to be required
to produce a fully functional levamisole receptor. Mutants
of several other genes associated only with partial resis-
tance to levamisole have at least grossly normal receptor
binding activities.

Considerable progress is being made towards identifying the
structural components of vertebrate neuroreceptors and defining
the functions of these components. Large areas of uncertainty
are likely to remain, however, as to what other molecules are
involved in the developmental control and expression of these
receptors beyond their immediate structural components. A more
complete picture of the genes necessary for receptor expression
might actually be obtainable by studying an invertebrate like
the nematode Caenorhabditis elegans, where the advantages of
more modern molecular techniques might be combined with
the possibility of identifying genes affecting receptor expression
by more classical techniques of mutant selection.

Potential receptor mutants of C. elegans can be identified by
selection for resistance to the toxic muscle-hypercontracting ef-
fects of the nicotine-like drug levamisole (Lewis et al., 1980b).
Recent electrophysiological experiments on the larger nematode
Ascaris indicate that levamisole acts directly on cholinergic re-
ceptors present on nematode muscle (Harrow and Gration, 1985).
Loss of muscle receptor function or deficiency in processes fur-
ther along in the pathway of muscle contraction could allow
mutants to escape the overstimulating effects of levamisole. Re-
sistant mutants do arise by mutation of any one of 12 different
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genes, and the mutants fall into 3 different classes (Brenner,
1974; Lewis et al., 1980a). First, mutants that are extremely
levamisole-resistant and are receptor-abnormal, as this work
will show, occur by mutation of any one of 7 genes. Such mu-
tants share the same stereotyped uncoordinated motor behavior
and have increased resistance to cholinergic agonists, but are
normal in response to the noncholinergic muscle agonist oua-
bain. The mutants are very uncoordinated early in larval life,
but recover substantially during the time period when new mo-
tor neurons and synapses are added to the motor nervous sys-
tem. The mutants have little or no response to nicoting, to the
normally very potent nicotinic cholinergic agonist dimethyl-
phenylpiperazinium, or to the nicotine-like anthelmintics lev-
amisole and pyrantel, but still have a noticeable, although re-
duced, response to the more direct acetylcholine analog carbachol.
The phenotype of these extremely levamisole-resistant mutants
is consistent with a deficiency of a juvenile nicotinic acetylcho-
line receptor type and with the continued independent existence
of other non-nicotinic acetylcholine receptor (AChR) types in
the nematode.

A second class of mutants has much weaker resistance to
levamisole and cholinergic agonists and appears normal in mo-
tor behavior. Some mutants in this class simply represent mu-
tations of weaker effect in some of the 7 genes also mutable to
extreme levamisole resistance. Three additional genes are iden-
tifiable only as genes giving rise to partial resistance. Extremely
resistant mutant isolates of these genes have never been found.

A third class of mutants arises from mutation of either of 2
genes. Mutants of this class exhibit spasmodic muscle twitching
and have partial resistance to levamisole and cholinergic ago-
nists, as well as resistance to the noncholinergic muscle agonist
ouabain. Consequently, these mutants probably represent de-
fects in muscle contraction physiologically downstream from
the site of levamisole action.

To characterize the receptor present in these 3 classes of lev-
amisole-resistant mutants, we have developed a tritiated ligand
binding assay. We synthesized tritiated meta-aminolevamisole
(*H-MAL), a much more potent derivative of the mutant-se-
lective agent levamisole (Lewis and Paterson, 1984). Using *H-
MAL, a high-affinity binding activity can be detected in extracts
of the wild-type nematode (Lewis et al., 1987). Binding is com-
peted by levamisole derivatives and cholinergic agonists with
the same relative potencies that these compounds exhibit in
causing nematode muscle contraction. The pharmacological
specificity of the nematode receptor is different from that of any
other cholinergic receptor described so far. Vertebrate cholin-
ergic antagonists do not inhibit ligand binding, but mecamyl-
amine and the snake neurotoxins a-bungarotoxin and cobra
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Table 1. Mutant strains used

Extremely resistant uncs Partially resistant mutants with

ZZ13  lev-7(x13) wild-type motor behavior
Z7Z18  unc-63(x18) ZZ15  lev-8(x15)
ZZ19  unc-74(x19) ZZ16  lev-9(x 16)
7720  unc-38(x20) ZZ17  lev-10(x17)
7721  lev-I(x21D) 7722 lev-1(x22)
7728  unc-38(x28) ZZ38  lev-1(x38)
ZZ29  unc-29(x29) 771006  lev-1(x2I)
7736  unc-29(x 36) x 1006rt
Z7Z37  unc-63(x37) ZZ1010 lev-1(x61)
ZZAT  unc-50(x47) x 1010rt
ZZ255  unc-74(x55) Partially resistant twitcher
7761 lev-1(x 61) mutants
CB306 unc-50(e306) ZZ12  lev-11(x12)
CB66  unc-22(e66)

Uncoordinated mutant sensitive
to levamisole
2714  unc-68(x 14)

rt, Revertant.

Naja naja kaouthia venom cause allosteric activation of 3H-
MAL binding. The noncompetitive blocking effect of meca-
mylamine observed in vivo might be thus explained if the higher
affinity *H-MAL binding state produced by mecamylamine were
a physiologically inactive state of the receptor. Similar activa-
tion of cholinergic ligand binding by noncompetitive blocking
agents has been observed for the vertebrate nicotinic skeletal
AChR (discussed by Changeux et al., 1983).

In this work we examine the binding activity arising from
alleles of all 12 levamisole resistance loci. Our results indicate
that, at the molecular level of *H-MAL binding, mutants of all
7 genes associated with extreme levamisole resistance produce
an abnormal receptor. Mutants of the 5 other partially resistant
loci have grossly normal receptor activity, except for mutants
of the 2 twitcher loci, which have about 2 times as much total
binding activity as does the wild type.

Materials and Methods

Materials. All materials used were as previously described (Lewis et al.,
1987).

Strains and culture conditions. The wild-type strain of nematode was
the Bristol variety of Caenorhabditis elegans (N2) described by Brenner
(1974). The mutants described in this paper are shown in Table 1 and
were isolated by us (Lewis et al., 1980a), except that CB306 and CB66
were obtained from the MRC Laboratory of Molecular Biology in Cam-
bridge, England.

Worms were grown and harvested and extracts were prepared as
previously described (Lewis et al., 1987). “Well-fed” worms were har-
vested shortly after all bacteria in the culture flask were consumed, and
the worms were purified by centrifugation through 15%, then 35% (wt/
vol) Ficoll 400, followed by washing. For later experiments, mixtures
of dauer larvae and starved juveniles were harvested after 1 week of
starvation by flotation through 30% (wt/vol) sucrose, followed by pel-
leting through 15% (wt/vol) Ficoll 400 and washing. All extracts pre-
pared were frozen and thawed 5 times, using liquid nitrogen to elicit
maximal specific *‘H-MAL binding (Lewis et al., 1987).

Binding assay. Determination of mean specific SH-MAL binding was
done in quadruplicate, as previously described (Lewis et al., 1987). For
the assay of well-fed worm extracts, 10 um unlabeled MAL was used
as the competitor in the determination of nonspecific binding, and assays
were incubated for 60 to 240 min on ice as necessary to achieve equi-
librium. For the assay of starved worm extracts, 0.5 mm dimethyl-
phenylpiperazinium was used as the unlabeled competitor and all assays
were incubated for 240 min on ice. Total and nonspecific binding in
the presence of | mM mecamylamine were determined by including in
the 10 pl assay aliquot reserved for drug additions (Lewis et al., 1987)
either 102 M mecamylamine hydrochloride or 10-2 M mecamylamine
hydrochloride and the unlabeled competitor, respectively. For well-fed
worm extracts, measurements of mean specific *H-MAL binding for
each extract were normalized to the AChE activity of that extract to
correct for any differences in specific *H-MAL binding between extracts
that might be caused by differences in the relative age distributions of
the mixed-age worm populations used to make the extracts (Lewis et
al., 1987). AChE activity was measured at 1| mm acetylthiocholine chlo-
ride, as described by Ellman et al. (1961). We define 1 unit of cholin-
esterase activity as a change of 1 x 103 A,,, U/sec at 22°C in 0.025 m
sodium phosphate buffer, pH 7.0. Protein was measured by the Lowry
method as modified by Dulley and Grieve (1975).

Regression analysis of binding measurements. Measurements of mean
specific *H-MAL binding were fitted to a model of binding activity by
weighted nonlinear regression using the SAS program NLIN (SAS Insti-
tute, 1985). The theoretical curves generated for the directly observed
binding data were simply replotted to obtain the theoretical curves for
the Scatchard plots shown. The directly observed binding activity was
fitted either to a hyperbola and line model (saturable and nonsaturable
activity) or a 2-hyperbola model (2 saturable activities). Weights for
regression were based on the variance for individual mean determi-

Table 2. Binding activity of the wild type and levamisole-resistant mutants grown as well-fed worms

Slope of
Dissociation  nonsaturable  No,
Total saturable constant (fmol/mg/nM  pts. AChE
Strain Mec. (fmol/mg/AChE) (nm) AChE x 10-%) used units
1. N2, wild type — 1.2 £ 0.2 57+1.2 1.8 +0.4 11 1.79
+ 1.9 £ 0.2 1.1 £0.2 2.1 £0.5 15
Mutants with low saturable activity
2. unc-29(x29) - 0.1 £0.2 ND 1.0 + 0.4 9 1.29
+ 0.08 + 0.04 ND 0.9 = 0.1 9
3. unc-29(x 36) - 0.06 £ 0.02 ND 0.9 £ 0.1 9 1.99
+ 0.1 £0.1 ND 0404 9
4. unc-50(x47) - 0.01 £ 0.02 ND 1.3+ 1.6 11 147
+ - — 1.2 £ 0.22 9
5. unc-350(e306) - 0 + 0.06 ND 1.5 + 0.2 9 2.87
+ 0.02 + 0.003 ND 0.7 £ 0.03 9
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Table 2. Continued

Slope of
Dissociation nonsaturable  No.
Total saturable constant (fmol/mg/nM  pts. AChE
Strain Mec. (fmol/mg/AChE) (nm) AChE x 10-?) wused units
6. unc-74(x 19) - 0.04 £ 0.05 ND 1.2 +£0.2 9 1.79
+ 0.2 £ 0.1 ND 0.6 £ 0.2 9
7. unc-74(x 55) - — - 1.7 + 0.2 10 0.89
+ — - 1.4 £ 0.2¢ 9
Mutants with saturable activity of abnormally high affinity
8. unc-38(x20) - 0.6 £ 0.1 1.2+04 0.2+03 5 1.40
+ 0.7 £ 0.1 1.2 + 0.6 1.0+ 04 10
9. unc-38(x28) - 0.8 £0.03 0.9 0.1 1.1 £0.1 10 2.22
+ 0.9 + 0.05 14 +02 0.9 £ 0.1 9
10. unc-63(x 18) - 1.0 = 0.1 0.5+ 0.2 1.1 = 0.3 11 1.18
+ 1.2 £ 0.1 1.1 0.3 14+ 04 11
11. unc-63(x37) - 14 + 0.1 1.1 £0.2 1.6 + 0.3 12 1.39
+ 1.6 + 0.1 1.5 £ 0.1 09 +0.3 9
12. lev-7(x 13) - 0.6 £ 0.1 09 +04 1.9 +04 9 1.55
+ 0.5 + 0.04 0.9 £0.2 1.1 £ 0.2 9
Mutants associated with the /ev-1 locus
13. lev-1(x61) - 2.5 £0.1 2.0 +0.2 2404 16 2.62
+ 2.7 £ 0.1 0.9 + 0.1 1.7 £ 0.5 15
14, lev-1(x21) - 22+0.3 4.2 £ 0.7 4.6 = 0.7 9 1.42
+ 3.7 £0.2 2.4 £ 0.2 34 +£038 9
15. lev-1(x22) - 1.2+ 04 10.7 + 3.9 1.9 £ 0.5 8 2.09
+ 1.8 + 0.2 8.6 +0.9 1.8 £0.3 9
16. lev-1(x 38) - 1.2 £ 0.1 0.8 £ 0.1 1.0 £ 0.3 9 1.78
+ 1.3 £ 0.1 0.6 = 0.2 1.9 + 0.3 9
17. ZZ1006 - 1.2 + 0.1 5.0+ 0.8 1.9 £ 0.2 9 2.89
+ 1.0 £ 0.1 53+07 2.0 + 0.1 9
18. ZZ1010 - 0.8 £0.2 54+ 18 0.8+0.3 9 2.54
+ 0.9 = 0.1 3.6 £ 0.6 0.5+£0.2 18
Partially resistant mutants with nearly wild-type motor behavior
19. lev-8(x 15) - 2.1 £0.2 4.0 £ 0.8 14 +04 9 1.93
+ 32=+0.1 1.4 +0.1 2.7 £0.5 11
20. lev-9(x 16) - 1.1 +0.2 22+ 0.7 1.6 £ 0.4 9 2.18
+ 2.2 +0.2 1.7+ 03 2.1 +0.4 9
21. lev-10(x 17) - 1.2 + 0.1 43+ 0.6 1.0 £ 0.2 10 2.53
+ 2.1 £0.1 2.1 +£0.2 1.0 = 0.3 10
Partially resistant mutants with spasmodic muscle twitching
22. lev-11(x12) - 2.6 £0.2 3.3 +£0.5 1.9 + 0.7 10 1.30
+ 3.8 +04 2.1+0.5 38 £ 1.1 10
23. unc-22(e66) - 2.0+ 0.2 8.5+ 1.1 22=+03 9 2.23
+ 3.7+ 04 2.6 £0.5 25+09 10
Uncoordinated mutant with no levamisole resistance
24, unc-68(x 14) - 1.3 £ 0.1 6.3+ 0.6 1.7 £ 0.1 9 2.48
+ 2.7+0.2 23+03 2.5+0.5 11

The saturable and nonsaturable specific ‘H-MAL binding activities present in wild-type and 23 mutant extracts are
shown. Each well-fed worm extract was assayed in the absence (—) and presence (+) of 1 mm mecamylamine (Mec.),
and the predicted saturable and nonsaturable activities are shown both with and without 1 mM mecamylamine. Meta-
aminolevamisole (10 um) was the unlabeled competitor. The parameters for the saturable activity in an extract are given
by the total amount of saturable activity and the dissociation constant, and, for the nonsaturable activity, by the slope
of a line (see Materials and Methods). For each extract, measurements of specific *H-MAL binding were normalized to
ACHhE activity to correct for any differences in *H-MAL binding between extracts that might be caused by age differences
in the mixed-age populations of worms used to make the extracts. The actual activity measured may be calculated by
multiplying the appropriate parameters by the AChE activity given for each extract. 1 fmol = 24.8 cpm. The number
of mean specific (H-MAL determinations done for each extract between 0.17 (or 0.87) and 104 nm is shown. Some
mutants (nos. 2-7) have low total saturable binding, and consequently the dissociation constants for these mutants are
poorly defined (ND, not determinable).

2 For 3 of these data sets, it was difficult to decide whether low total binding or a weak dissociation constant better

explained the data, and the low amount of overall binding is represented by a single parameter for low-affinity nonsaturable
binding.
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Figure 1. Specific *H-MAL binding
in an extract of well-fed wild-type
nematodes, assayed with and without

1.6

mecamylamine. Binding activity was
measured and analyzed as described
in Materials and Methods. Ligand
binding is shown in femtomoles of
specific *H-MAL bound/mg total ex-
tract protein normalized per unit
AChE. Meta-aminolevamisole (MAL;
10 uM) was the unlabeled competitor.
1 fmol = 24.8 cpm. Binding param-
eters and AChE activity are sum-
marized in Table 2, no. 1. Specific
SH-MAL bound per unit AChE vs
H-MAL concentration is shown in
the inset; the main section shows the
data as a Scatchard plot. Fitted curves
were derived from SAS NLIN analysis
of the data. Nonspecific binding in-
creased linearly with increasing *H-
MAL concentration and was 3-4
fmol/mg protein/unit AChE at 104
nM, the highest 3H-MAL concentra-
tion assayed. Specific ’'H-MAL bound
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0.0
in the presence of 1 mm mecamyl-
amine, ¢——=¢; specific *H-MAL 0
bound in the absence of 1 mm meca-
mylamine, O—-—{1.

nations of specific *(H-MAL binding (pooled variance for total and non-
specific assays). Error increased as a linear function of the H-MAL
concentration used in the assay, but we felt that weights derived purely
from the variance associated with individual mean data points provided
a greater safeguard against possibly wild individual determinations of
mean specific binding. In the analysis of each extract, one determination
of mean specific *H-MAL binding at the lowest *H-MAL concentrations
assayed was chosen on the basis of its typical variance to carry a base
weight of 1.0. Other points whose variances were less were forced to
carry a weight of 1.0 also. All points with greater variance were assigned
a lesser weight in inverse proportion to the variance of the point carrying
the base weight of 1.0. The choice of weights on the basis of individual
variances may not provide the minimum possible estimates of error in
fitting parameters, but the parameter estimates themselves will still be
unbiased (Draper and Smith, 1981). Fitted data points were examined
for the size of associated Studentized residuals, weighted leverage, and
the very approximate parameter (¢2/(p + 1) x (h;/(1 — h;) borrowed
from linear regression (Gunst and Mason, 1980) and crudely indicative
of the influence that the /th point has on the parameter estimates (¢, and
h; are the Studentized residual and the weighted leverage for the ith
point, p the number of model parameters). Data points having excep-
tionally large values for any of these statistical parameters were either
deleted or assigned a reduced weight.

Inboth untransformed and Scatchard plots of the data, the total ligand
concentration added to the assay was used as the free ligand concen-
tration, unless the calculated free ligand concentration dropped below
97% of the total ligand concentration.

For the wild type and most mutants, more than one binding com-
ponent was observed. Only the highest-affinity component was saturable
within the range of the binding assay and therefore readily characterized
in terms of total binding (B,.,,) and a ligand equilibrium dissociation
constant (K,). Thus, for the most part, we used a binding model of a
hyperbola and line to fit the high- and low-affinity components, re-
spectively, subsuming all low-affinity components present into a single-
slope parameter for a linearly increasing, nonsaturable component. The
addition of mecamylamine increased the ligand binding affinity of both
high- and low-affinity components, making the low-affinity component,
at least for the wild type, more saturable. In mixed-age populations of
well-fed worms, the most complex binding model allowed by the total
amount of binding was still a 3-parameter hyperbola and line model.
Such a model provides a reasonable characterization of the ligand af-
finity of the high-affinity component in the presence of mecamylamine,
but errs in including some of the low-affinity component in the estimate
of total high-affinity binding (compare the wild type assayed with and
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without mecamylamine in Table 2, no. 1). Even with allowance for this
limitation, some striking differences in total high-affinity binding or
mecamylamine response are seen between the wild type and some mu-
tants using well-fed worm extracts. In starved wild-type worm extracts,
there was 4-6 times as much binding activity, and a 2-hyperbola model
could be used to characterize both high- and low-affinity wild-type bind-
ing components in the presence of mecamylamine. The binding activ-
ities present in starved worm extracts of most mutants were still well
fitted by a hyperbola and line model whether or not mecamylamine was
present.

Results

Two different assay conditions show mutants are different
from the wild type

Binding assays conducted under 2 different sets of conditions
show that mutants of the 7 genes associated with extreme lev-
amisole resistance have deficient or altered levamisole binding
activity. Under one set of conditions, we assayed mixed-age
populations of well-fed worms. Since adult hermaphrodites of
C. elegans lay eggs continuously, large quantities of well-fed
animals of uniform age cannot readily be generated. Receptor
binding per milligram extract protein is highest in the early
larval stages and decreases severalfold in adult animals, perhaps
because of the relative growth of non-neuromuscular tissue like
the gut and the gonad in the adult animal (Lewis et al., 1987).
Using mixed-age populations of well-fed wild-type worms, we
could maximally assay about 130 cpm of specific *H-MAL (5
fmol)/mg extract protein at the highest practicable ligand con-
centrations in our assay (Fig. 1). Possible variations in age struc-
ture between populations have been taken into account by
normalizing to cholinesterase-specific activity, as in Figure 1.
Wild-type *H-MAL binding, as shown also in Figure 1, is al-
losterically activated by 1 mM mecamylamine, a noncompeti-
tive cholinergic antagonist. Upon screening all our mutants,
using 10 um unlabeled MAL as a competitor in the determi-
nation of nonspecific binding, the most deficient type of mutant
we could find still retained a low-affinity component whose
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Figure 2. Specific *H-MAL binding
in an extract of well-fed unc-74(x 55),
a mutant deficient in saturable high-
affinity binding activity (Table 2, no.
7). Binding was assayed with and
without mecamylamine and the data
plotted as for Figure 1. Unc-74(x55)
with 1 mMm mecamylamine, ¢ ¢;
with no mecamylamine, C0—{1. In
addition, the predicted wild-type
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binding properties were not altered by the addition of meca-
mylamine (Fig. 2). Such mutants were highly deficient in de-
tergent-soluble *H-MAL binding, but had wild-type amounts of
detergent-insoluble *H-MAL binding. It seemed likely that the
low-affinity binding remaining in the most deficient mutants
might correspond to the detergent-insoluble component and be
unrelated to the true, physiologically active, levamisole receptor,
which appears to be detergent-soluble.

We subsequently found a more advantageous set of assay
conditions, at least for assaying wild-type activity. In worm
populations starved for 1 week, adults die off, and dauer larvae,
a special juvenile stage designed to survive conditions of star-
vation and overcrowding, accumulate among the predominantly
younger-stage juveniles that survive starvation. Wild-type
starved worms have 4-6-fold increased specific *H-MAL bind-
ing/mg extract protein, representing about 600-700 cpm of total
binding at saturation (Table 3, no. 1; Fig. 3). The increase in
receptor activity is probably attributable to the higher propor-
tion of young juveniles, and possibly to the preferential survival
of receptor protein in starved populations. In comparing assay-
able activities in starved wild type and the most receptor-de-
ficient mutants, 0.5 mm dimethylphenylpiperazinium was found
to be a more selective competitor, eliminating the background-
specific *H-MAL binding component observed in highly recep-
tor-deficient mutants when 10 um unlabeled MAL was used as
the competitor (Fig. 4). A disadvantage of using starved worm
extracts is that some mutant receptors appear to be degraded
as compared to the receptor activity observable in the same
strains assayed as well-fed worms. The wild-type receptor, as
judged by its high-affinity component, suffers at worst a 2-fold
decrease in *H-MAL affinity (Table 3, no. 1 vs Table 2, no. 1).
The overriding conclusion under either set of assay conditions,
however, is that clear-cut differences exist, as discussed below,
between wild-type and mutant receptors.

Abnormalities of receptor binding in mutants of extreme
levamisole resistance loci

The receptor abnormalities seen in mutants of the 7 genes as-
sociated with extreme levamisole resistance fall into 3 different

are shown for reference. Wild type

4 with mecamylamine (heavy broken
line), wild type without mecamylam-
ine (light stippled line).

categories: (1) mutants of 3 genes, unc-29, unc-50, and unc-74,
are severely deficient in saturable binding activity; (2) mutants
of 3 other genes, unc-38, unc-63, and lev-7, show saturable
binding activity that, at least in part, represents activity in an
abnormally high-affinity state; the addition of the allosteric ac-
tivating agent mecamylamine causes no further increase in re-
ceptor affinity; (3) mutants of the /ev-1 gene show remarkable
variations in receptor activity, depending on which particular
lev-1 mutant is assayed. Extremely levamisole-resistant lev-1
mutants, probably originating from an altered but functional
lev-1 gene product, have normal amounts of saturable binding
that, at least for the lev-I(x 61) mutant, shows increased ligand
affinity even without the addition of the activating agent, mec-
amylamine. Much more common, but only partially levamisole-
resistant Jev-1 mutants, that paradoxically probably result from
elimination of the lev-1 gene product, usually have a receptor
in a constitutively low-affinity state not activatable by meca-
mylamine.

Receptor deficiency in unc-29, unc-50, and unc-74 mutants

We assayed well-fed worm extracts from 2 mutants each of the
unc-29, unc-50, and unc-74 genes in the presence and absence
of the activating agent mecamylamine. All the mutants were
deficient in saturable high-affinity specific *(H-MAL binding (Ta-
ble 2, nos. 2-7), and the addition of mecamylamine had no
effect. A residual low-affinity binding activity remains in these
mutants using 10 um unlabeled MAL as a competitor in the
determination of nonspecific binding, as explained above. Even
50, all these mutants have an average of 10 = 3% of the activity
found in the wild type when assayed at 17 nm 3H-MAL with
1 mMm mecamylamine present, and are thus clearly receptor-
deficient compared to the wild type.

To more clearly demonstrate the lack of specific SH-MAL
binding, we reassayed one mutant each of the unc-29, unc-50,
and unc-74 genes, using starved worm extracts and 0.5 mm
dimethylphenylpiperazinium as the unlabeled competitor. The
data, obtained with 1 mM mecamylamine present (Fig. 4; Table
3, nos. 2-4), show that there is little or no saturable binding
activity in these mutants, and that the use of dimethylphenyl-



3064 Lewis et al. - Cholinergic Receptor Mutants

-
N

o
L 4

Figure 3. Specific *H-MAL binding
in an extract of starved wild-type
nematodes (Table 3, no. 1). The data
are presented as described for Figure
1, except that specific 3 H-MAL bound
is given as fmol/mg total extract pro-
tein and is rot normalized to AChE
activity. Dimethylphenylpiperazin-
ium (0.5 mm) was the unlabeled com-
petitor. The amount of nonspecific 3H-
MAL binding linearly increased with
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piperazinium eliminates the background binding activity that
was observed in well-fed worm extracts of these mutants (Fig.
4). The unc-29(x 29) mutant assayed does seem to have a small
amount of residual saturable activity (Fig. 5). The lack of co-
ordination of this mutant is modest compared to that of other
extremely levamisole-resistant unc-29 mutants. The unc-
29(x 29) mutant might be a mutant for which the total amount,
rather than the functionality, of the levamisole receptor has been
lowered by mutation.

Mutants of unc-38, unc-63, and lev-7 with abnormally
high-affinity activity

We tested 2 mutants each of the unc-38 and unc-63 genes, and
the one known mutant of Jev-7, using well-fed worm extracts
(Table 2, nos. 8-12). The saturable high-affinity binding activity

10 15 20 25
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in these mutants had an unusually high affinity for 3H-MAL in
the absence of mecamylamine. Binding could not be further
activated by mecamylamine [see unc-63(x 37), Fig. 6]. The af-
finity that all these mutants show, with or without mecamyl-
amine, is about the same as that of the wild-type receptor with
mecamylamine present.

To corroborate these results, we reassayed one mutant of each
of the unc-38, unc-63, and lev-7 genes, using starved worm
extracts (Table 3, nos. 5-7; Fig. 7). For each of these 3 mutants
grown as starved worms, there is a greatly reduced amount of
the high-affinity binding site as compared to that in the wild
type (Table 3, no. 1). With no mecamylamine added, the ligand
binding affinity of the high-affinity site in the mutants ap-
proaches that of the wild-type site activated by mecamylamine.
For the unc-38 and lev-7 mutants, there is also a considerable
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Figure 4. Specific *H-MAL binding . Y|
in an extract of starved unc-50(e306), .0
a mutant with no saturable or non- I
saturable activity, assayed in the pres- -0.05

ence of 1 mM mecamylamine (Table

3, no. 3). Binding is plotted as for Fig- -2 -1
ure 3. The predicted curve is shown

as a stippled line for clarity.
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Table 3. Binding activity in the wild type and levamisole-resistant mutants grown as starved worms

or
nonsatu-
rable No.
(fmol/mg/ of
B, K, B> nMm x K,, data
Strain Mec. (fmol/mg) (nm) (fmol/mg) 102 (nm) points
1. N2, wild type  — 133 £0.6 94 =x0.6 5.8 £ 0.8 14
or 13306 94+06 135 167
+ 13.5+£0.7 1.3+01 13.2+09 316 + 8.7 14
Mutants with little or no saturable activity
2. unc-74(x 19) + 0+04 ND 0=x0.7 19
3. unc-50(e306) + 0.01 £ 0.04 ND 0x+04 11
4. unc-29(x29) + 02+01 19=x21 0+£05 11
Mutants with altered ligand binding activity
5. unc-38(x20) - 2202 3.0=x06 32+ 04 22
+ 20+0.1 32+03 23+03 11
6. unc-63(x37) - 25+01 14+0.1 0.6 + 04 12
+ 26 £0.1 1.7x0.2 03+03 11
7. lev-7(x 13) - 23+0.1 29%0.2 43+0.2 19
+ 1.6 +01 17+x04 29+03 11
Mutants associated with the lev-1 locus
8. lev-1(x61) - 10,1 £33 1.7+05 11724 14+9 17
+ 77 +07 0601 122=+0.6 10+ 2 11
9. lev-1(x22) - 42 +04 4908 46 + 0.7 11
+ 33+05 43=+1.1 1.7 = 0.8 11

The specific *H-MAL binding activities present in the wild-type and 8 levamisole-resistant mutants grown as starved
worms were determined in the absence (—) or the presence (+) of | mm mecamylamine (Mec.). Dimethylphenylpiperazinium
(0.5 mm) was the unlabeled competitor. 1 fmol = 24.8 cpm. Binding activity was fitted either to a model of a high-
affinity saturable activity and a low-affinity nonsaturable activity, and 3 parameters given, or fitted to a model of high-
and low-affinity saturable activities, with 4 parameters given. B, = total binding, K, = dissociation constant for saturable
activity. For the wild type assayed without mecamylamine, an estimate of the B, and K, of a low-affinity saturable
activity was obtained by constraining a 2-hyperbola model to the values of B, , and K,, estimated from a hyperbola
and line model. Unlike Table 2, binding parameters are not normalized to AChE activity. The AChE activities for each
strain were 4.58, 2.50, 1.84, 4.92, 3.92, 3.42, 4.56, 4.48, and 4.55, respectively. ND, not determinable.

amount of nonsaturable, low-affinity binding activity present, tivity that is not attributable to its high-affinity site (Fig. 8). The
even in the presence of 1 mM mecamylamine, an agent that addition of mecamylamine causes no change in binding, as found
makes the lower-affinity activity of the wild type saturable. On for the assay of well-fed worm extracts of these mutants, except
the contrary, the unc-63(x 37) mutant has strikingly little ac- for the possible modest inhibition of some activity [lev-7(x 13),
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N °
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M 0.00 . . . :
.. Figure 5. Specific *H-MAL binding
in an extract of starved unc-29(x 29),
-0.02 a mutant with a very small amount
of binding activity, assayed in the
-1 0 1 2 3 presence of 1 mM mecamylamine

(Table 3, no. 4). Binding plotted as
BOUND, FMOLE for Figure 3.
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Table 3, no. 7]. Since the use of 0.5 mMm dimethylphenylpiper-
azinium eliminates nonlevamisole receptor 3H-MAL back-
ground binding, as demonstrated by the unc-29, unc-50, and
unc-74 mutants, the low-affinity, nonactivatable 3 H-MAL bind-
ing components seen in the unc-38 and lev-7 mutants must arise
by mutation of the levamisole receptor sites found in the wild
type.

Mutants of the lev-1 gene

We have tested both extremely and partially levamisole-resis-
tant mutants of the /ev- I gene. Partially resistant mutants of the
lev-1 gene are very easy to isolate (Brenner, 1974; Lewis et al.,
1980a), while extremely resistant mutants are exceedingly rare
(2 of 211 extremely resistant mutants; Lewis et al., 1980a). The
levamisole resistance of the partially resistant mutants is reces-
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sive to the drug sensitivity of the wild type, while that of the
rare, extremely resistant /ev-I mutants is semidominant. The
rarity and semidominant nature of the extremely resistant
lev-1 alleles lead us to believe that the extremely resistant alleles
produce a specificaily altered gene product that has a more dele-
terious effect on levamisole receptor function than does the
simple elimination of the lev-1 gene product, which we believe
results in the more common, partially resistant /ev- I alleles. A
corollary of this hypothesis is that /ev-1, since it appears genet-
ically dispensable, is not essential for the developmental expres-
sion or function of the receptor, but has some peripheral mod-
ifying role in receptor function. Our binding results are consistent
with these ideas.

Both extremely resistant /ev-1 mutants that we assayed as
well-fed worm extracts have closer to normal receptor binding

8
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Figure 7. Specific *H-MAL binding 02 }
in an extract of starved unc-38(x 20), M 0.
a mutant with reduced levels of high-
affinity activity and substantial recep- \_ 8]
tor-related nonsaturable activity, nei- \LO—.-—(. m)n] O
ther potentiable by mecamylamine 0.0
(Table 3, no. 5). Binding plotted as
for Figure 3. Unc-38(x 20) with 1 mm 0 1 2 3 4 5 6 7 8
mecamylamine, 4 &; with no

mecamylamine, O——{1.
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activity than any other of the extremely resistant mutants as-
sayed [lev-1(x 61) and lev-1(x 21); Table 2, nos. 13 and 14]. In
fact, over the range of ligand concentrations assayed, these mu-
tants appear to have 50-100% more high-affinity specific *H-
MAL binding activity than is found in the wild type assayed
without mecamylamine. The apparent increase in ligand bind-
ing affinity caused by mecamylamine also does not appear to
be as great as for the wild type.

These observations are explained, at least in part, by the
reassay of the mutant lev-1(x 61) using a starved worm extract
(Table 3, no. 8; Fig. 9). As for the wild type, both high- and
low-affinity *H-MAL binding receptor sites are readily detect-
able. Both sites seem to be endogenously in a higher affinity

amine, ¢——4¢; with no mecamyl-
amine, O0—0.

state, and the addition of mecamylamine to the assay causes
little further increase in affinity. The apparent increase in total
high-affinity binding sites observed in well-fed worm extracts
of the /ev-1(x61) mutant could thus result from the inclusion
of some of the endogenously activated lower-affinity sites in the
estimate of the total high-affinity ligand binding sites when using
the simpler hyperbola and line binding model necessitated by
the lower amount of activity in well-fed worm extracts.

The 2 partially resistant /ev- I mutants that we assayed as well-
fed worm extracts have much more abnormal saturable *H-
MAL binding activity [lev-1(x 22) and lev- 1( x 38); Table 2, nos.
15 and 16]. Both mutants show very little response to mecamyl-
amine: lev-1(x 22) remains in the low-affinity ground state of

Figure 9. Specific *H-MAL binding
in an extract of starved lev-1(x61), a
mutant with increased ligand affinity
and normal amounts of total binding
(Table 3, no. 8). Binding plotted as
for Figure 3. lev-1(x61) with 1 mm
mecamylamine, ¢——¢; with no
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mecamylamine, O—/. Predicted
wild-type curves: with mecamyl-
amine (heavy broken line), without
mecamylamine (light stippled line).
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the wild type without mecamylamine (Fig. 10) and lev-1(x 38)
is always in the high-affinity state of the wild type with mecamyl-
amine.

We reassayed the partially levamisole-resistant lev-1(x 22)
mutant using a starved worm extract (Table 3, no. 9). The data
show reduced amounts of the high-affinity site and a significant
amount of levamisole receptor-related nonsaturable activity.
The inclusion of mecamylamine in the assay has no effect, except
for the possible inhibition of some of the nonsaturable activity.
The high-affinity binding site of this mutant has the lowest ligand
binding affinity of all mutants that showed appreciable specific
3H-MAL binding when tested as starved worms, in agreement
with the constitutively lower-affinity state found when a well-
fed worm extract of this mutant was assayed.

Using well-fed worm extracts, we also assayed 2 spontaneous
revertants of the lev-1(x 61) and lev-1(x 21) extreme resistance
alleles. These revertants, ZZ1010 and ZZ1006, respectively, were
found to have reverted to more wild-type motor behavior with
simultaneous reversion to partial levamisole resistance. The re-
verting mutation in both instances is linked to the original Jev-1
mutation and “reversion” probably occurred by further mu-
tation of the forms of /ev-1 found in x67 and x2I. By ethyl
methanesulfonate mutagenesis, we have also shown that x61
and x 21 mutants can be reverted at a high rate consistent with
nonspecific loss of a gene function. If the directly isolated, par-
tially resistant /ev-1 mutants are really a more /ev-I-deficient
type of mutant than the extremely resistant kind, we might
expect the revertants to have binding activity more like the
partially resistant mutants described above. We find that they
do. Our assay results are consistent with reversion by loss of
lev-1 function.

The receptor binding activity in both Jev-1 revertants is in a
low-affinity state, unresponsive to mecamylamine (Fig. 11; Ta-
ble 2, nos. 17 and 18). The total amount of receptor, which had
appeared elevated in the original x61 and x2I mutants, has
fallen to wild-type levels (taking wild type without mecamylam-
ine as a standard). For the x 61 revertant, the apparent decrease
in total binding might be expected if activation of the lower-
affinity site found in the x 61 mutant were undone by the second
mutation in the revertant.

BOUND, FMOLE

Partially resistant mutants of the lev-8, lev-9, and lev-10
genes

Partially levamisole-resistant mutants of C. elegans occur in a
variety of genes besides the /ev-1 locus mentioned above. Par-
tially resistant isolates, probably leaky alleles, have been iden-
tified for all the other extreme levamisole resistance genes de-
scribed above, except for the unc-50 and lev-7 genes. In this
work, we elected not to assay partially resistant mutants of unc-
29, unc-38, unc-63, and unc-74, believing the uncoordinated
mutants tested represent the most extreme phenotype for mu-
tants of these genes.

Three other genes, /ev-8, lev-9, and Jev-10, are known to give
rise to only partially levamisole-resistant mutants. These mu-
tants show near wild-type motor behavior and a strong initial
contractile response to levamisole, but, unlike the wild type,
they recover and survive well in the presence of the drug (Lewis
et al.,, 1980b). We tested the most resistant mutant known for
each of these genes, and our results show that the receptor bind-
ing activity in these mutants is grossly normal.

The saturable binding activities in the lev-8, lev-9, and lev-
10 mutants all seem to respond to mecamylamine (Table 2, nos.
19-21). There appears to be 1.7 times more high-affinity sat-
urable binding activity in the lev-8(x 15) mutant. Because the
high-affinity binding parameters are otherwise very similar to
that of the wild type assayed with and without mecamylamine,
it would be worthwhile to reassay this mutant using a starved
worm extract to determine if the total binding has actually in-
creased. There may also be moderate differences from wild type
in the 3H-MAL binding affinities of the lev-9(x 16) and lev-
10(x 17) mutants. Otherwise, the fairly normal binding behav-
ior of these mutants is consistent with their responsiveness to
levamisole.

Twitcher mutants of unc-22 and lev-11

Partially levamisole-resistant mutants are known for 2 other
genes that are different from any described so far: unc-22 and
lev-11 produce levamisole-resistant mutants having an uncoor-
dinated phenotype of spasmodic muscle twitching superim-
posed on normal sinusoidal motion (Brenner, 1974; Lewis et
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al., 1980a). These mutants, unlike other levamisole-resistant
mutants, are also resistant to the noncholinergic muscle agonist
ouabain (Lewis et al., 1980b). Defects in muscle structure itself
have been observed in unc-22 mutants (Waterston et al., 1980),
and the protein encoded by the unc-22 gene has recently been
localized histochemically to the A band of muscle (G. Benian
and D. Moerman, personal communication). The twitcher mu-
tants thus appear to have defects at stages further along the
pathway of muscle contraction than the initial site at which
levamisole acts.

Our binding assays on well-fed worm extracts show that the
amount of saturable *H-MAL binding activity in both the mu-
tants unc-22(e66) and lev-11(x 12) is increased about 2-fold
over the wild-type amount, whether one compares the derived
binding parameters or the actual amount of specific *H-MAL

2.0

amine (Table 2, no. 18). Binding plot-

4 ted as for Figure 2. ZZ1010 with 1
mM mecamylamine, ¢——4¢; with
no mecamylamine, O—1{J.

binding measured over the range of the assay (Table 2, nos. 22
and 23; Fig. 12). The ligand binding affinity of both mutants is
increased by mecamylamine, but less than for the wild type.

Normal receptor activity in an unc-68 mutant

unc-68 mutants possess the same stereotyped uncoordinated
motor behavior as do the extremely levamisole-resistant un-
coordinated mutants described above, but they are sensitive to
levamisole. The response to levamisole and ouabain is reduced
in the head region, but otherwise unc-68 mutants contract and
die when exposed to levamisole (Lewis et al., 1980b). We think
that unc-68 mutants are defective in some other function of the
nervous system that mimics the defect caused by levamisole
receptor deficiency. In support of this idea, we find that unc-68
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Figure 12. Specific *H-MAL bind-
ing in an extract of well-fed /lev-

R [ ] i
e —@ 11(x12), a mutant with increased
0.0 T e O—0 LJ total binding (Table 2, no. 22). Bind-
ing plotted as for Figure 2. lev-
0 2 4 6 8 11(x 12) with 1 mM mecamylamine,
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(x 14) has reasonably normal saturable 3 H-MAL binding activ-
ity (Table 2, no. 24).

Discussion

We have compared the specific *H-MAL binding activity pres-
ent in the wild-type nematode with the binding activities present
in levamisole-resistant mutants of 12 different nematode genes.
We find the saturable *H-MAL binding activity in mutants of
7 of these genes to be clearly abnormal compared to the wild
type. These 7 genes are related in that they are all known to
produce mutants with a similar stereotyped uncoordinated mo-
tor behavior, resistance to levamisole and cholinergic agonists,
and sensitivity to hypo-osmotic shock (Lewis et al., 1980b). We
conclude from our binding assay results and from the shared
phenotype of these mutants that the primary defect in these
mutants is levamisole receptor deficiency. The abnormalities
detected in binding activity leave no doubt that the receptor
activity detected in vitro represents the physiologically relevant
site of action for levamisole in vivo.

The mecamylamine effect has been an important tool in show-
ing the abnormality of binding activity in a number of different
mutants. By the simple test of *H-MAL binding alone, most
mutants, other than those of unc-29, unc-50, and unc-74, would
not appear to be greatly different from the wild type. The lack
of a mecamylamine effect for mutants of unc-38, unc-63, lev-
7, and lev- I shows that the molecular structure of the levamisole
receptor is also altered in these mutants. Mecamylamine prob-
ably acts at a second site on the receptor and causes a change
in receptor structure that places the *H-MAL binding site in a
higher-affinity state. The transmittance of this allosteric effect
through the receptor probably requires a greater degree of struc-
tural integrity than does the simple ability to bind *H-MAL.
The unc-38, unc-63, lev-7, and lev-1 mutants, with no meca-
mylamine response, have 3H-MAL binding subunits that cannot
be induced to change affinity states.

It is most interesting that a single mutation in any one of 3
different genes (unc-29, unc-50, or unc-74) can largely destroy
both the high- and low-affinity SH-MAL binding sites present
in a normal worm. If, as for the vertebrate nicotinic acetylcho-
line receptor (Conti-Tronconi et al., 1984), sites of differing
affinity arise by differential modification of the same polypep-
tide, a single mutation in the gene encoding the ligand binding
subunit could simultaneously destroy the basis for both high-
and low-affinity *H-MAL ligand binding sites. The unc-29 gene
has already been implicated as a good candidate for a gene
encoding a ligand binding subunit by rare mutants of the unc-
29 gene that are very levamisole-resistant, but are still quite
responsive to more direct analogs of acetylcholine, and can still
move ~ normally (Lewis et al., 1980a). Such rare mutants might
be created by site-specific amino acid changes that selectively
change the ability of the ligand binding subunit to interact with
levamisole without severely affecting the response to more direct
acetylcholine analogs or the endogenous receptor signal. The
severe deficiency in *H-MAL binding that we found in unc-29
mutants further supports the hypothesis that the unc-29 gene
encodes a ligand binding subunit. Because severe binding de-
ficiency could arise secondarily from any mutation that causes
receptor activity to be unstable and rapidly degraded, firm con-
clusions as to what any gene does must await higher-resolution
molecular studies of the production of individual receptor
mRNAs and structural peptides. It is an advantage of our sys-
tem, however, that any gene that affects receptor production,

and not just the receptor structural genes themselves, ought to
be detectable by our classical genetic selection for levamisole
resistance. Thus, one of the more exciting possibilities for a gene
like unc-29, unc-50, or unc-74, which produces little or no re-
ceptor activity when mutated, is that when normal, its function
is only to indirectly promote or regulate levamisole receptor
expression during development, while its mutation halts recep-
tor expression. The opportunity for detecting such gene func-
tions seems inherently greater in our system than in receptor
systems based primarily on a biochemical approach to receptor
genes through receptor structural peptides and other proteins
physically associated with the receptor itself.

Mutants of the unc-38, unc-63, lev-7, and lev- I genes all have
substantial amounts of specific ‘H-MAL binding activity, but
the activity in these mutants is abnormal, especially in not being
activated by mecamylamine. These genes would seem more
likely to encode receptor structural peptides other than a ligand
binding subunit or to represent functions affecting the matu-
ration and processing of receptor, causing the receptor to end
up in an abnormal binding state when a required function is
missing. When these mutants are grown as starved worms (Table
3), the relative amounts of total high-affinity *H-MAL binding
appear significantly reduced compared to what is found in the
wild type under the same starvation conditions, and to the more
normal amounts of high-affinity binding found in these mutants
grown as well-fed worms (Table 2). The apparent general de-
crease in mutant receptor activity in starved worm extracts might
be further evidence of receptor structures that are abnormal and
undergo some degradation during conditions of growth arrest.

In conclusion, we have identified 7 genes important to the
function of a putative nematode muscle acetylcholine receptor.
They probably comprise structural genes of the receptor, and
might also include functions affecting the receptor’s develop-
mental expression or processing. Mutants of several other genes
show no distinct receptor abnormality, but might affect receptor
function in ways too subtle to detect in our initial screening of
well-fed worm extracts, or in ways transcending characterization
by ligand binding assay, e.g., receptor placement in the nervous
system, or perhaps—as seems more likely for the unc-22 and
lev- 11 mutants—they might be altered in other functions further
along in the process of muscle contraction initiated by leva-
misole.

Binding assays confirm the importance of a set of genes to
receptor function, but only more detailed and direct methods
of molecular analysis can determine the actual function of any
gene. Two powerful, inherently higher-resolution approaches
are now possible. Using affinity columns derivatized with tri-
methylaminocaprylic acid and concanavalin A, we have co-
purified both high- and low-affinity binding activities to more
than 30,000 times the specific activity present in wild-type crude
extracts, and we have raised several monoclonal antibodies
against the receptor that reveal at least 2-3 structural peptides
in the 40,000 M, range (J. A. Lewis, S. McLafferty, and J. Skim-
ming, unpublished observations). Transposon tagging (Eide and
Anderson, 1985; Greenwald, 1985; Moerman et al., 1986), how-
ever, promises to be an even more powerful and more general
method of analysis. By selection for the occurrence of sponta-
neous levamisole resistance mutations, we have been able to
readily isolate putative Tcl transposon insertions into 6 of the
7 genes that have been identified in this work as affecting re-
ceptor binding activity. Beyond those genes already identified,
transposon tagging allows for the possibility of cloning almost



any other gene of the nervous system that can be identified
through classical genetics as causing, reverting, or even resem-
bling a receptor-deficient phenotype. Transposon tagging should
help circumvent many of the difficulties inherent in this study
relating to the low amounts of receptor present and the necessity
of indirectly observing mutant phenotypes by binding assay
several steps removed from the primary level of gene expression.
The ability now to reintroduce cloned genes into nematodes
(Fire, 1986) also provides the exciting possibility, since the lev-
amisole receptor is nonessential, of drastically manipulating re-
ceptor expression in an iz vivo developmental context through
deliberate site-directed mutagenesis.

The ability to generate classical genetic mutants might also
greatly facilitate the detailed analysis of an AChR as a protein
machine. Partially levamisole-resistant, partially functional re-
ceptor mutants likely to be missense amino acid substitutions
can easily be obtained using levamisole as a selective agent
(Lewis et al., 1980a). Such mutants could be studied in an in
vitro or in vivo single-channel assay for their effects on ligand
binding, channel opening or closing, ion translocation, etc. Be-
cause the muscle cells of adult C. elegans hermaphrodites are
10—-15 um across at their widest point (Epstein et al., 1974),
direct analysis performed on an in vivo preparation may be
possible. Since the precise 3-dimensional structure of membrane
receptor molecules is not known, the generation of similar mu-
tants in other systems by site-directed mutagenesis of cloned
receptor genes is a very tedious, trial-and-error process. The
existence of a phenotypic mutant, however, predefines the DNA
sequence change introduced to be of functional importance and
more worth the effort of analysis.
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