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AVERMECTIN BINDING IN CAENORHABDITIS ELEGANS
A TWO-STATE MODEL FOR THE AVERMECTIN BINDING SITE
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(Received 18 March 1988; accepted 13 December 1988)

Abstract—Specific binding sites for ivermectin (IVM; 22,23-dihydroavermectin-B,) were identified and
characterized in a crude membrane fraction prepared from the nematode, Caenorhabditis elegans (C.
elegans). Specific [P’HJIVM binding was saturable with an apparent dissociation constant, K, of 0.26 nM
and a receptor concentration of 3.53 pmol/mg protein. [’H]IVM binding in C. elegans was linear with
tissue protein concentration, and optimal binding occurred within a pH range of 7.3 to 7.6. Kinetic
analysis of the binding showed that the reaction proceeded by a two-step mechanism. Initially, a rapidly
reversible complex was formed and, after additional incubation, this complex was transformed to a
much more slowly reversible complex. Stereospecificity of ["HJIVM binding to C. elegans membranes
was demonstrated by competition with a series of avermectin derivatives. The in vivo effects of IVM
and its derivatives on C. elegans motility were concentration dependent and correlated well with their
relative binding affinities. Several putative neurotransmitters including y-aminobutyric acid (GABA),
carbamyl choline, tauvrine, glutamate and dopamine were tested and found to have no effect on
IVM binding. Specific IVM binding sites were also identified in rat brain; however, the affinity was
approximately 100-fold lower than that observed in C. elegans and stereospecificity studies demonstrated
structural differences in the two binding sites. These results are the first direct demonstration of a specific
IVM binding site in nematodes and thus are important in furthering our understanding of its mode of
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action.

Avermectins (AVMY) are a family of macrocyclic
lactones isolated from Streptomyces avermitilis [1, 2]
which have potent anthelmintic |3, 4] and insecticidal
[5] activities. Structurally, AVMs possess a 16-mem-
bered lactone ring with a spiroacetal system (C-17 to
C-25) consisting of two six-membered rings and an
a~L-oleandrosyl-a-L-oleandrosyloxy  disaccharide
substituent at the C-13 position [6, 7]. The naturally
occurring AVMs can be separated into four major
components (Aj,, Az, Bj,, and By,),, of which the
B series are generally more biologically active. A
synthetic derivative of By, 22,23-dihydroavermectin
(B, ivermectin), has been developed for veterinary
and medica: use [8, 9].

The mode of action of the avermectins remains
unclear. Electrophysiological experiments using
crustacea demonstrated that high concentrations of
AVM (1.2 to 12 uM) irreversibly block inhibitory
postsynaptic potentials as a result of increased
chloride ion conductance [10, 11]. The AVM stimu-
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t Abbreviations: AVM, Avermectin (2aE,4E,5'S,-
68,6'R, 78, 8E, 11R, 158, 17aR, 20R, 20aR, 20b8)6’[(R)R -
sec-butyl]-7-12,6,dideoxy-4-0-(2,6-dideoxy-3-O-methyl)-
a-Larabino-hexopyranosyl-3- O-methyl-¢-L-arabino-hexo-
pyranosyljoxy]-5',6,6',7,10,11,14,15,172,20,20a,20b - do-
decahydro-20,20b-dihydroxy-5',6,8,19-tetramethyl-spiro-
[11,15-methano-2H,13H,17H-furo-4,3,2,-pq][2,6]benzo-
dioxyacyclo-octadecin-13,3'[2H]pyran}-17-one); HEPES,
4-(2-hydroxyethyl)-1 piperazineethane sulfonic acid; and
GABA, y-aminobutyric acid.

lated increase in membrane conductance could be
inhibited by bicuculline and picrotoxin (GABA
antagonists), suggesting that AVM acts at the level of
the GABA-gated chloride ion channel. In addition,
AVM blocks the signal transmission from ventral
interneurons to excitatory motorneurons in the para-
sitic nematode Ascaris, and this blockade can also
be reversed by picrotoxin [12]. Duce and Scott [13]
have investigated the actions of IVM on the extensor
tibiae muscle of the locust Schistocerca gregaria. This
muscle has fibers which receive inhibitory inner-
vation and are known to be GABA sensitive, and
other fibers which receive excitatory innervation and
are GABA insensitive. Low concentrations of AVM
{0.009 to 9.0nM) reversibly increase the chloride
permeability of the GABA-sensitive fibers. Higher
doses of AVM (0.012 to 1.2 yM) produce an irre-
versible increase in chloride permeability in both
the GABA-sensitive and -insensitive muscle fibers.
These results suggest the existence of multiple sites
of action for IVM, one of which is independent of
the GABA receptor—Cl ion channel complex.
Several laboratories have reported data suggesting
that avermectins modulate specific binding of GABA
[14,15] and benzodiazepines [15-18] in rat brain
membrane preparations. To further explore the
interaction of AVM with specific binding sites,
[PH]IVM has been used for ligand binding studies.
Specific high-affinity binding sites have been ident-
ified in rat and dog brain preparations [19, 20]; how-
ever, no studies have described the presence of
specific AVM binding sites in tissues from AVM-
sensitive target organisms. In this report, we describe
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the binding of ["H]IVM to membranes isolated from
Caenorhabditis elegans, a free living nematode which
is extremely sensitive to AVM [12, 21]. The charac-
teristics of [PH]JIVM binding to C. elegans mem-
branes are distinct from binding in mammalian
systems and may enable us to further understand
the mechanism by which this class of anthelmintic
compounds works.

MATERIALS AND METHODS

Chemicals. The avermectins were supplied by Drs
H. Mrozik and M. Fisher, Merck Sharp & Dohme
Research Laboratories (Rahway, NI). [3H]lver-
mectin was labeled at the 22,23-position by catalytic
hydrogenation with tritium %as to a specific activity
of 51.9 Ci/mmol. Purity of ["HJivermectin was con-
firmed using thin-layer chromatography on silica gel
60-F 254 (E.M. Laboratories, Inc.). The plate was
developed with chloroform-ethyl acetate-methanol-
methylene chloride (9:9:1:2). The Ry value was 0.51,
and the [*H]IVM was found to be greater than 95%
pure. The other compounds were purchased from
commercial sources.

Nematode cultures. C. elegans, N, strain, was
obtained from Dr T. Mellin, Merck Sharp & Dohme
Research Laboratories (Rahway, NJ). The nema-
todes were cultivated on NG agar plates covered
with a lawn of Escherichia coli, as previously
described [22]. Worms (all stages) were washed off
the plates with 50 mM HEPES buffer, pH 7.4, homo-
genized in a Braun Cell Homogenizer (using 0.45 mm
glass beads) for 15 sec, and then centrifuged for 5 min
at 1,000 g. The pellet (P,) was discarded, and the
supernatant fraction (8,) was centrifuged for 20 min
at 28,000 g. The resulting pellet (P,) was resuspended
in HEPES buffer to approximately 12.5 ug protein/
ml and used for the membrane binding assays.

Rat brain tissue preparation. Male rats (Sprague—
Dawley, 250-300 g) were decapitated, and the cere-
bral cortices were quickly removed and homogenized
in 10vol. of 50 mM HEPES buffer, pH7.4, at 4°
with a glass—glass homogenizer. The homogenate
was centrifuged for 5 min at 1,000 g, and the resulting
supernatant fraction was centrifuged for 20 min at
28,000 g. The P, pellet was resuspended in HEPES
buffer (1 mg protein/ml) and used immediately to
measure [*HJIVM binding.

Binding assays. The membrane preparations
(1.0ml) were incubated with [*H]JIVM at 22° for
45min in the presence (nonspecific binding) or
absence (total binding) of a 500-fold molar excess of
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unlabeled ivermectin in glass tubes (13 X 100 mm).
The incubation was terminated by rapid filtration
over Whatman GF/B filters ( pretreated with 0.15%
polyethylimine and 0.5% Triton X-100 in order to
minimize nonspecific binding) and rinsed with 15 ml
(3 x 5ml) of ice-cold HEPES buffer containing
0.25% Triton X-100. The filters were placed into
glass vials containing 10 ml Aquasol I (New England
Nuclear, Boston, MA), and the radioactivity was
determined by liquid scintillation spectrometry at
62% efficiency. Specific binding was calculated by
subtracting nonspecific from total binding.

Caenorhabditis elegans motility assays. Worms
were rinsed off the agar plates with Krebs’ bicar-
bonate buffer (124 mM NaCl, 5mM KCI, 26 mM
NaHCO;, 1.2mM KH,PO, and 1.3 mM MgSOy,;
pH 7.4, at 22°), washed two times by centrifugation
at 500 g for 2 min, and then resuspended into Krebs’
buffer. Aliquots (50 ul) containing approximately
100 worms each were then placed into 13 x 100 mm
glass test tubes. The avermectins were dissolved in
dimethyl sulfoxide and added to the test tubes con-
taining the worms in a final volume of 500 ul with
1% dimethyl sulfoxide. After 16 hr of incubation at
22°, the motility was determined by examination with
a low power dissecting microscope. Greater than
90% of the worms continued to swim vigorously in
the control tube. The percentage of immotile worms
was then determined at several concentrations of
each avermectin derivative.

Protein concentrations were determined using the
dye staining technique of Bradford [23], with bovine
serum albumin as the standard.

RESULTS

Optimal conditions for [°Hl}ivermectin binding. To
determine the optimal tissue preparation for C.
elegans, [PH]IVM binding was measured in whole
homogenate and various subcellular fractions. As
shown in Table 1, the specific activity of [*H]IVM
binding sites was enriched approximately 4-fold in
the P, pellet (3.0 pmol/mg protein) as compared to
the whole homogenate (0.70 pmol/mg protein). In
addition, approximately 73% of the total binding
activity was recovered in the P, fraction; conse-
quently, this preparation was used in subsequent
binding experiments.

Specific [*H]IVM binding increased linearly as a
function of tissue protein concentration between
0.007 and 0.32 mg protein/ml. The optimum pH for
binding was fairly broad, with greater than 75%

Table 1. Subcellular localization of [*H}ivermectin binding sites

Total protein

Total binding Specific activity

Fraction {mg) { pmol) (pmol/mg)
Homogenate 8.32 5.85 0.70
S, Supernatant 6.02 5.43 0.90
P, Pellet 2.64 0.56 0.21
S; Supernatant 4.16 2.17 0.52
P, Pellet 1.44 4.30 3.00

The tissue preparation and binding assays were performed as described in the text,

in the presence of 2.2 nM [PH]IVM.
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Fig. 1. (A) Equilibrium binding of [PH]IVM to C. elegans membranes. Increasing concentrations of
[*H]IVM were incubated with C. elegans membranes, and specific binding was determined as described
in the text. Each point is the average of four determinations. Replicate experiments gave similar results.
A Scatchard analysis (inset) of the saturation data is shown. (B) Similar experiments were performed

using rat cerebral

maximal binding between 7.1 and 7.6. Incubation in
buffer with higher or lower pH values resulted in
sharply decreased [*H]IVM binding (data not
shown).

Equilibrium binding parameters. C. elegans mem-
branes were incubated for 45 min at 22° in the pres-
ence of increasing concentrations of [*’HJIVM (0.055
to 2.2 nM) with (nonspecific) or without (total bind-
ing) a 500-fold molar excess of unlabeled IVM.
Specific [PH]IVM binding to membrane fractions was
saturable with increasing concentrations of [PHJIVM
(Fig. 1A). The Scatchard analysis (Fig. 1A, inset) of
these data yielded a straight line, consistent with the
existence of a single class of [*H]JIVM binding sites.
The binding site had a high affinity (K; = 0.26 nM)
and low capacity (3.53 pmol/mg protein). Non-
specific binding increased linearly and was approxi-
mately 22% of total binding at 2.2 nM [*H]IVM.

cortex membranes.

Specific IVM binding was dlso examined using
membrane fractions from rat cerebral cortex. As
shown in Fig. 1B, [P'H]IVM bound in a saturable
manner with an apparent dissociation constant (K,)
of 22 nM and a B, of 0.34 pmol/mg protein.

Binding kinetics. The rate of binding of various
concentrations of [PHJIVM at 22° is illustrated in
Fig. 2. At each concentration, the binding reaction
proceeded without a lag and reached 50% saturation
at approximately 2-10 min; a constant amount of
ligand binding was achieved between 10 and 30 min.
The amount of [PH]JIVM bound at steady state
increased with the concentration of ligand. If the
binding reaction is a reversible bimolecular reaction,
the integrated rate equation is given by In[B,,/
(B.; — B)] = (ki4[IVM] + k_,)¢t where B, and B,
are the amount of IVM bound at equilibrium
(60 min) and at time ¢; k., is the second order rate
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Fig. 2. Rate of association of specific PHIIVM binding to C. efegans membranes. Specific binding was

measured as a function of time with various concentrations of PHJIVM [0.22nM {®), 0.55 oM (O},

1.1nM (@) and 2.2 6M (O) at 22°, as described in the text. Each point is the average of at least four
determinations.
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Fig. 3. Initial rate of [*'HJIVM binding to C. elegans membranes at different IVM concentrations, C.

elegans membranes were incubated with 0.22 (W), 0.55 (0), 1.1 (@) and 2.2 (O) nM [PHJIVM for the

indicated times, and specifically bound IVM was determined as described in Materials and Methods.

The data are plotted according to the equation described in the text. Each point is the average of at
least four determinations.
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constant and k., is the rate constant for the dis-
sociation reaction. Since IVM was in large excess, it
remained constant during the reaction. Data from
an experiment in which initial rates of binding were
determined for four concentrations of IVM are plot-
ted according to this equation in Fig. 3. The data did
not define a straight line, suggesting that the reaction
is not a simple bimolecular reaction. These data
could result from concurrent reactions of IVM with
two distinct binding sites (R’ and R") having different
kinetic properties:

IVM + R"=1VM-R’ )
IVM + R"=IVM-R"
or a two-step sequential reaction of a rapid formation

of a reversible, low-affinity ligand-receptor complex
followed by a higher affinity, more stable complex:

ky ky
IVM + szIVM'kaIVNI-R*. 2)
-1 -2

The ordinate intercept, obtained by extrapolating
the linear portion of the time curves in Fig. 3to ¢ =
0, provides the fraction of total sites which reacted
slowly. The data indicate that the intercept changes
as the initial IVM concentration is increased. This is
consistent with a fast binding component converting
to a slower, higher affinity site and excludes the
possibility that we are observing two independent,
parallel reactions in which the percentage of fast-
reacting binding sites should be constant as a function
of the IVM concentration.

The sequential reaction described in equation 2
predicts the existence of a low-affinity complex
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initially present in high concentrations and decreas-
ing as a function of time. To test this hypothesis, the
rate of dissociation of IVM was determined after the
binding site was exposed to 2.2nM [PHJIVM for
either 2 or 45 min (Fig. 4). In each case, the dis-
sociation was biphasic. After the 2-min incubation,
approximately 60% of the bound IVM dissociated
rapidly (Ty == 2 min), whereas after 45 min only 15-
18% of the bound IVM dissociated rapidly. Similar
results were obtained whether the dissociation rate
was measured after simple dilution of the PHJIVM,
dilution into excess unlabeled IVM (as in Fig. 4), or
dilation into excess AVM B,, 4"-O-phosphate. These
results provide evidence that initially most of the
IVM is bound in a rapidly reversible complex and,
during subsequent incubation, this complex is trans-
formed to a more slowly reversible complex.

To further substantiate this sequential mechanism,
we measured the concentration of rapidly reversible
and slowly reversible complexes as a function of
reaction time (Fig. 5). Bound [PH]IVM not dis-
sociating during a 15-min incubation in the presence
of excess IVM was defined as slowly reversible.
These experiments show that a rapidly reversible
complex formed quickly, reached a maximum con-
centration by 3-Smin, and then diminished. The
slowly reversible complex appeared more slowly and
continued to increase until greater than 90% of the
total bound IVM appeared slowly reversible by
40 min. Control experiments showed that the revers-
ible binding component was stable under the incu-
bation conditions and, therefore, that the loss of
reversibly bound PHJIVM cannot be due to de-
naturation of a specific class of reversible binding
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Fig. 4. Rate of dissociation of PH]IVM. C. elegans membranes were incubated with 2.2 nM [PHJIVM
for 2 (@) or 45 (O) min. Unlabeled IVM (1.0 uM) was then added, and the incubation continued for
the indicated times. Specifically bound [*H]IVM was quantitated as described in the text. At zero time,
0.18 pmol of [’H]IVM was bound in the samples incubated for 2 min and 0.54 pmol of PH]IVM in those
incubated for 45 min. Each point is the average of at least four determinations.
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Fig. 5. Rate of formation of reversible and irreversible [PH]IVM binding site complexes. C. elegans
membranes were incubated with 2.2 nM [PH]IVM at 22° for the times indicated. Two aliquots were
taken at the indicated time, and total [’H]IVM bound (@) was measured using one aliquot as described
in Materials and Methods. Irreversibly bound [PH]IVM (0O)) was measured by diluting the second aliquot
into excess unlabeled IVM (1.0 uM), incubating for 15 min at 22° to allow reversibly bound [*H|IVM to
dissociate, and finally measuring bound ["H]IVM. Reversibly bound [*H]IVM (O) was calculated by
subtracting the irreversibly bound [PHJIVM from the total bound PH]IVM. Each point is the average
of at least four determinations.

sites. These results strongly suggest a precursor/
product relationship between the reversible and irre-
versible complexes and support a sequential mech-
anism as shown in equation 2 above.

The dissociation rate constant, k_; (from equation
2), can be estimated from the initial slope of the data
in Fig. 4 (after a 45-min incubation with 2.2 nM
PH]IVM) to be 0.14min"!. The value of
({IVM]k; + k_;) for the reversible phase of the reac-
tion can be estimated from the initial slope of the
data in Fig. 3. for 2.2 nM IVM where most of the
binding observed was reversible. In four experi-
ments, the average value of ([IVM]k; + k_;) was
0.38. This correspondsto k; = 0.12 X 10° M~ min"%.
There is some uncertainty in this estimate since, in
plotting the data, the value of B, actually represents
the sum of both the reversible and irreversible reac-
tion rather than B, for the reversible phase alone.
This value is, therefore, an underestimate of k;;
however, the error should not exceed 26%. The
value of K, for the reversible reaction (k_,/k;) to give
50% saturation of the sites after a 45-min incubation
(0.26 nM, Fig. 1A) was substantially less than the
binding constant for the reversible phase of the reac-
tion. This reflects the fact that the slowly reversible
phase of the binding reaction resulted in a complex
of higher affinity. Our present data do not allow us
to calculate rate constants or binding constant for
the slowly reversible phase of the reaction.

Kinetic studies of [P’H]IVM binding to rat brain
membranes were also performed. In contrast to the
C. elegans system, the IVM-receptor interaction in
rat brain membranes is a single-step reaction. Rat
brain membranes were incubated in the presence of
110 nM [*HJIVM at 22° for varying lengths of time,
and specific binding was determined. As shown in

Fig. 6, the rate of association was rapid, reaching
50% maximum binding within 5 min, and plateauing
between 30 and 60 min. The rate of association was
estimated to be 0.065nM~! min~!. The rate of dis-
sociation (Fig. 6, inset) was determined by incubating
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Fig. 6. Rate of association of specific ["HJIVM binding
to rat cerebral cortex membranes. Specific binding was
measured as a function of time with a saturating con-
centration of [PH]IVM (110 nM) at 22°. The &, value was
derived from the initial slope. Each point represents the
average of four determinations: the SE was less than 10%.
The rate of dissociation (inset) was determined by addmg
11 uM AVM B,, 4"-O-phosphate at 60 min and measuring
displacement of [3H]IVM A logarithmic analysis of the
data is shown in the inset.



Avermectin binding in Caenorhabditis elegans

the membranes for 60 min in the presence of 110 nM
PH[IVM. A 100-fold molar excess of AVM By, 4"
O-phosphate was then added to the incubation
medium, and the rate of decline of specifically bound
[PHJTVM was measured as a function of time. AVM
By, 4”-O-phosphate was used due to its relatively
high solubility in aqueous solutions. The half-life of
the [PHJIVM-binding site complex was approxi-
mately 0.5 min, and the rate constant for dissociation
was 1.35 min~!. Using the equation K, = k_,/ky, we
calculated a K, value of 21 nM for IVM binding to
rat brain membranes. This was 100-fold lower affinity
than with C. elegans membranes and demonstrates
a major difference between the invertebrate and
mammalian binding site for IVM.

Stereospecificity of [PHIIVM binding. To assess
the specificity of ["H}IVM binding, the abilities of
various avermectin derivatives to compete with
PHIIVM for specific binding sites were determined
{Fig. 7). Invermectin, AVM B;, and AVM By, 4-0-
phosphate were the most potent inhibitors of specific
[PHJIVM binding [inhibition constant (K} values
between 0.1 and 0.3 nM, see Fig. 7]. 22,23-Dihydro-
AVM B,, aglycone, 22,23-dihydro-AVM B mono-
saccharide, AVM B, monosaccharide, 2-dehydro-4-
hydro-a-2,3-AVM B, and AVM B,,-5-ketone were
less potent inhibitors and had K; values between 0.7
and 1.1nM. 2,3,8,9,10,11,22,23-octahydro-AVM
B,, had no significant effect on specific [PHIIVM
binding at concentrations up to 100nM. The po-
tencies of these AVM derivatives were determined
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Fig. 7. Inhibition of specific [*H]IVM binding to C. elegans
membranes by AVM analogs. C. elegans membranes were
incubated with 0.22 nM [PH}]IVM in the presence or absence
of various AVM derivatives. K; values were determined
using the formula: K, = 1Cs/(1 + ¢/K), where the iCy is
the concentration of the drug required to inhibit 50% of
the specific binding (determined by log probit plots), and ¢
is the concentration of [PHJIVM. The compounds examined
were IVM (00}, AVM B,, (O}, AVM By, 4"-O-phosphate
{4),22,23-dihydro-AVM By, aglycone (@), 22,23-dihydro-
AVM B, monosaccharide (R), AVM B; monosaccharide
{A), 2-dehydro-4-hydro--2,3-AVM B, (@), AVM B,,-
5-ketone (*) and 2,3,8,9,10,11,22,23-0ctahydro-AVM B,,
(+). Each point is the average of at least four deter-
minations.
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Fig. 8. Correlation between binding affinities of AVM analogs and their biological potencies on C.
elegans motility in vivo. Inhibition constants (K} are from Fig. 7. The motility of C. elegans was
determined as described in the text. The ECy, is the concentration of AVM needed to produce immotility
in 50% of the worms. The results are the mean values from two to ten experiments, each one having
at least three determinations {SE less than 15%). A correlation coefficient {r) of 0.975 was calculated
by linear regression analysis. For the log-log plot, r = 0.923. The compounds tested were: (1) IVM; (2)
AVM B,,; (3} AVM B,, 4"-O-phosphate; (4) 22,23-dihydro-AVM B, aglycone; (5) 22,23-dihydro-AVM
B, monosaccharide; (6) AVM B; monosaccharide; (7) 2-dehydro-4-hydro-¢-2,3-AVM B, and (8}
AVM B,,-S-ketone. 2,3,8,9,10,11,22,23-Octahydro-AVM By, is not shown since this compound had no
quantifiable K value.



2336

in vivo using a C. elegans motility assay and, as
shown in Fig. 8, we observed a close correlation
between bioactivity and the relative binding affinities
of the AVM analogs.

The affinities of several hundred avermectin ana-
logs for the IVM binding site have been determined
in both C. elegans and rat brain membrane prep-
arations. The purpose of these studies was to identify
analogs which differentially bind to C. elegans mem-
branes and not rat brain membranes in order to
develop more efficacious and safer avermectins. As
shown in Table 2, the 13-deoxy-avermectins have
been identified as analogs with relatively high affinity
for the C. elegans site and a markedly reduced affinity
for the rat brain binding site. These data further
demonstrate the structural differences between IVM
binding sites in C. elegans and rat brain.

GABA effect of P H]IVM binding. Electrophysio-
logical [10, 11, 24] and biochemical [19, 20] studies
have suggested that GABA interacts at the IVM
binding site. Consequently, we examined the effects
of various GABA agonists and antagonists on
specific [IVM binding. None of the compounds tested
[GABA, muscimol, (+)-bicuculline, picrotoxin and
diazepam] had any effect on [*H]IVM binding at
concentrations up to 10 uM (data not shown). In
addition, several putative neurotransmitters
(dopamine, taurine, carbamyl choline and nore-
pinephine) were also tested and had no effect on
specific [P’H]IVM binding at concentrations up to
1 mM.

DISCUSSION

We have demonstrated the presence of specific
IVM binding sites in the nematode Caenorhabditis
elegans. C. elegans was chosen to be used in this
study for several reasons: it is a simple, well-studied
organism; the adult has 811 somatic cells, 302 of
which are neurons; the neuronal interconnections
have been anatomically defined [25, 26] and many
putative neurotransmitters have been identified [27-
29]; and C. elegans is extremely sensitive to IVM in
vivo [12, 21]. The interaction of IVM with its binding
site occurred via a two-step mechanism which was
markedly different from the interaction of IVM with
its binding site in rat brain tissue. The dissociation
constant and receptor concentration of [VM binding
sites in C. elegans were calculated to be 0.26 nM and

Table 2. Inhibition of [*H]IVM binding by 13-substituted
22,23-dihydro-avermectin B,, aglycones

K; (nM)
C-13-Substituent C. elegans Rat brain
IVvM 0.2 21
H, 0.9 123
o-OH 6.4 >3000
keto 0.6 239
5Cl 1.0 1275
B-F 0.3 290
BI 2.4 >3000

K; values for each compound were determined as
described in Materials and Methods.
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3.53 pmol/mg protein respectively (Fig. 1A). The
specificity of [VM binding to its receptor was demon-
strated by the competition of binding by several
avermectin analogs (Fig. 7). The relative potencies
of the avermectin analogs as inhibitors of receptor
binding paralleled their effects on C. elegans motility
(Fig. 8). The close correlation between biological
effect and relative binding affinities of a series of
AVM analogs supports the physiological significance
of the IVM binding site. The apparent difference in
potency of ivermectin in the binding assay and
motility assay may be due to availability of the drug
to the site of action. Under in vivo conditions, the
percentage of immotile worms increased as a func-
tion of time for up to 120 hr. Specific binding of
[*H]IVM to rat brain membranes was approximately
100-fold lower affinity, suggesting a profound dif-
ference between the IVM binding site in C. elegans
and rat brain. This difference has been further char-
acterized by comparison of the K; values for hun-
dreds of avermectin analogs determined with C.
elegans and rat brain membrane preparations. As
illustrated in Table 2, the sugar moiety was crucial
for the ligand-receptor interaction in rat brain tissue,
whereas with C. elegans membranes, IVM and its
aglycone analogs had relatively similar K; values (0.2
to 6.4 nM). These data suggest that in C. elegans the
interaction of IVM with its binding site does not
require the sugar moiety.

Electrophysiological and biochemical studies have
demonstrated that IVM alters chloride permeability
of the cell membranes and results in an increased
flux of chloride ions in crustacea [10, 11], insects
[13,24], nematodes [30], and rat synaptosomal
preparations (31, 32]. GABA-sensitive inhibitory
neurons also have increased chloride permeability in
response to GABA, and the IVM-mediated increase
in membrane permeability to chloride ions appears
to be antagonized by GABA antagonists
[10, 11, 24, 31, 32]. Consequently, it was suggested
that IVM acts at the GABA binding complex or,
conversely, that GABA interacts with the IVM bind-
ing site. The effects of GABA and GABA analogs
on specific PH]IVM binding to rat brain membranes
are somewhat controversial. Drexler and Sieghart
{20] report that IVM binding is allosterically
inhibited by GABA agonists, whereas Pong and
Wang [14] report no effect of GABA antagonists on
[*H]A VM binding. Using membranes prepared from
C. elegans, we observed no effect of GABA, picro-

- toxin, or bicuculline on IVM binding. Furthermore,

no diazepam binding site was present in the C. ele-
gans membrane preparation (data not shown).
Kinetic analysis of the IVM-receptor complex
present in C. elegans revealed a time-dependent
change in the rate of dissociation (Fig. 4). Initially,
the rate of dissociation was rapid and then decreased
as the time of association was increased. These
results demonstrate that the IVM-receptor inter-
action conforms to a two-step mechanism: formation
of a rapidly reversible complex followed by con-
version to a much more slowly reversible form as
described in equation 2. The existence of a two-step
sequential mechanism of binding is supported by the
observation that the rapidly reversible IVM-binding
site complex reached a maximum concentration
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within 5 min and then diminished, whereas the per-
centage of slowly reversible complexes increased as
a function of time (Fig. 5). Similar two-step mech-
anisms of association have been described for insulin
[33], a~bungarotoxin [34] and quinuclidinylbenzoate
[35] binding. Kinetic studies of IVM receptors in rat
brain were conducted, and only a single binding
component was observed.

The differences in rates of dissociation of IVM
from the receptor in C. elegans and rat brain are
consistent with K, values determined by binding
studies conducted under equilibrium conditions (Fig.
1A and B). Our results clearly demonstrate major
differences between the IVM binding site in a nema-
tode and mammalian brain tissue preparations. As
shown in Table 2, the removal of the disaccharide
from I'VM did not alter markedly its binding charac-
teristics to C. elegans, whereas these compounds had
almost no affinity for the rat brain binding site. Since
C. elegans is sensitive to IVM, it is a logical source
of tissue to study the mode of action of IVM. The
physiological importance of the conversion to a
slowly dissociating IVM binding site in C. elegans
is not known although it may lead to our beiter
understanding of the differential effects of AVMSs in
parasite and host systems.
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