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Insect Muscarinic Acetylcholine Receptor: Pharmacological
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The insect muscarinic acetylcholine receptor (MAChR) is evaluated as a potential target for insecticide
action. The mammalian M2/M4-selective antagonist radioligand [?H]JAF-DX 384 (a pirenzepine
analogue) binds to Drosophila mAChR at a single high-affinity site identical to that for the nonselective
antagonist [*H]quinuclidinyl benzilate (QNB) and with a pharmacological profile distinct from that of
all mammalian mMAChR subtypes. Three nonselective antagonists (QNB, scopolamine, and atropine)
show the highest affinity (Ki = 0.5—2.4 nM) at the Drosophila target, and AF-DX 384 and M3-selective
4-DAMP (dimethyl-4-(diphenylacetoxy)piperidinium iodide) rank next in potency (Ki = 5—18 nM).
Eleven muscarinic antagonists generally exhibit higher affinity than eight agonists. On injection into
houseflies, the antagonists 4-DAMP and (S)-(+)-dimethindene produce suppressed movement, the
agonist (methyloxadiazolyl)quinuclidine causes knockdown and tremors, and all of them inhibit [3H]-
QNB binding ex vivo, indicating possible mAChR-mediated intoxication. The insect mMAChR warrants
continuing study in lead generation to discover novel insecticides.
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INTRODUCTION been cloned, and the structure is most similar to the human M3,

. o . o . 0 .
Insect cholinergic neurotransmission is the major target for ;hanng 33% overall amino acid identity (50% when the variable

. - intracellular loop i3 is excluded) (4,0). The pharmacology of
current insecticides. Organophosphates and methylcarbamates_. . /
as inhibitors of acetylcholinesterase lead to aberrant accumula—ﬁqls Drosophila mAC_:hR expressed in COS-7 ceIIXenopus_
oocytes, omDrosophilaS2 cells resembles that of mammalian

tion of endogenous acetylcholine (ACh). Nicotine and neoni-

cotinoids act as agonists of the nicotinic ACh receptor (hHAChR)/ M3/M1.subtypes (1112). . - L

. . A - The insect mAChR provides a continuing fascination and

ion channel complex. All ofthese insecticides induce hyperexcitation challenge to discover new chemicals with no target site cross-

by nAChR channel opening and then paralysis by receptor resistar?ce against known insecticides. One oalgof this inves-

desensitization (1). Another insecticide, cartap, blocks this tigation is togexamine the harmacol6 ical gro erties of the

channel (2). An alternative target in the cholinergic system is 9 : : ph gical prop

the muscarinic ACh receptor (NAChR3,(@). No commercial Dro_soph|lanat|ve mAChR using for the first time the mam-
e malian M2/M4-selective radioligandfl]JAF-DX 384 (13,14)

insecticide modulates insect mMAChR function. . . . . . A ;
. . . ., in comparison with the nonselectivéH]quinuclidinyl benzilate
MAChHR is a metabotropic G-protein-coupled receptor which (QONB) (Figure 1). The second aim is to determine whether

initiates continuous intracellular signaling events. There are two muscarinic antagonists and agonists with diverse chemical
groups of F“AChRS coupled with ?'ther stlmulatory G-protein structures Figure 1) display intrinsic toxicity to houseflies
Gq or inhibitory G-protein G Gq activates phospholipase C to (Musca domestich.)

produce inositol 1,4,5-trisphosphate, andn@gatively modu- o
lates adenylate cyclase to reduce cytosolic CAMP levels. In MATERIALS AND METHODS

mammals, five MAChR subtypes with diverse pharmacological  ~cmicals. Sources were as follows:*H]JAF-DX 384 (115 Cil
profiles are identified and classified into two groups on the basis mmol) and fH]JQNB (36.5 Ci/mmol) from Perkin-Elmer (Boston, MA);

of coupled effector systems. Subtypes M1, M3, and M5 are most of the muscarinic antagonists and agonists from TOCRIS
associated with g while M2 and M4 are coupled with&5). (Ellisville, MO) except for ()-QNB, scopolamine hydrobromide
In insects the MAChR pharmacological profile is somewhat trinydrate, atropine methyl nitrate, methoctramine tetrahydrochloride,
similar to that of mammalian M3/M1 receptor§8). In and ACh bromide from Sigma (St. Louis, MO); 3-(3-methyl-1,2,4-

Drosophilaonly a single gene encoding mAChRr(11) has oxadiazol-5-yl)quinuclidine (MOQ) described by Saunders etl);(
organophosphates chloropyrifos oxon and paraoxon from ChemService
Inc. (West Chester, PA); nicotinic agonist imidacloprid from a previous

*To whom correspondence should be addressed. Phone: (510) 642-

5424. Fax: (510) 642-6497. E-mail: ecti@nature.berkeley.edu. study in this laboratory (16).
T Permanent address: Functional Chemicals Laboratory, Mitsui Chemi- ~ Radioligand Binding. Drosophilawas used as the mAChR source
cals, Inc., 1144 Togo, Mobara, Chiba 297-0017, Japan. because it is the best known insect relative to genomics and neurobi-
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0O administration (thorax) into the brai2@). At the predetermined times,
FiN the treated flies in a plastic tube were quickly frozen using liquid
¥ nitrogen. The capped tube was shaken vigorously to break the frozen

\ NN O flies into their body regions, which were placed on a dry ice block,
HN™ ™0 o and the heads only were collected with forceps. A batch of 50 heads
;N OH in 2 mL of ice-cold 50 mM sodium phosphate buffer (pH 7.4) was

N N7 O O homogenized for three 10 s periods with 60 s intervals between using

()A * 4 a Polytron. The homogenate was taken m@i5 mL plastic syringe
H: and filtered by passing through four layers of attached cheesecloth. A

200uL aliquot of the filtrate (-800ug of total protein) was immediately

[PH]AF-DX 384 [PHIQNB used for incubation with 0.5 nMIHJQNB in a total volume of 50@L

of phosphate buffer for 60 min at 2& prior to filtration. Nonspecific

binding was determined in the presence QfM atropine.

RESULTS

Comparative Binding Kinetics of [°H]JAF-DX 384 and [3H]-
QNB in DrosophilamAChR (Figure 2). Specific PHJAF-DX
384 binding was saturable and showed a single high-affinity
site withKp = 4.7 nM, Bnax = 155 fmol/mg of protein, andy

4-DAMP (S)—(+)—d|.m.eth|nden(.e MOQ _ = 1.02. PHJQNB also gave a single high-affinity binding site
Figure 1. Structures of muscarinic antagonists and an agonist. Two with Kp = 0.21 nM, Brmax = 206 fmol/mg of protein, andy =
radiolabeled antagonists, [*HJAF-DX 384 and [*HJQNB, are shown with 0.99. Interestingly, similaByax values were obtained for each
positions of tritium indicated by asterisks. Antagonists 4-DAMP and (S)- radioligand.
(+)-dimethindene and agonist MOQ are representative of the chemicals Simultaneous Dual Radioligand Binding in Drosophila
studied. mMAChR (Table 1). The simultaneous binding or direct com-

petition of two radioligands was determined with dual probes
ology. Head membranes were prepared according to Abdallah et al.j, the same receptor preparation; this approach provides direct
(7). Radioligand binding assays were performed using a published g /jqence that two radioligands bind either to the same domain
rﬁith;(;zfgszlggzz\’g;)h Z}'r;?;n%?g::at:g?;h /:ssbezle)f’w?seirr\iﬁigttgz or to distinct sites 16, 21, 22). With single individual radioli-
prep g P Y gands, HJAF-DX 384 and PH]JQNB bindings were 65% and

in 50 mM sodium phosphate buffer (pH 7.4) (250 final volume) . .
for 60 min at 25°C with one or two (for a simultaneous dual-probe  39%, respectively, of that for the theoretical total of 100%. The

binding experiment described later) radioligands alone or plus unlabeledtWo radioligands together gave only 54% of the expected
displacer. Concentrations of radioligand were 2 or 0.5 AN]JAF-DX summation value; i.e., on this basis the binding site fbf]{

384 or BH]QNB, respectively, for determination of inhibitory potencies AF-DX 384 clearly overlaps with that foPiH]JQNB, and they

of test compounds. The binding reaction was terminated by rapid compete with each other for the same binding domain.
filtration on a GF/B filter presoaked in 0.1% polyethylenimine. The  Pharmacological Profiles of Muscarinic Antagonists and
filter was rinsed three times with ice-cold saline and was transferred Agonists in Competing for [FH]AF-DX 384 and [H]JQNB

into a vial for scintillation counting. Nonspecific binding was defined Binding Sites in Drosophila MAChR. The pharmacological
as the difference between the absence and the presengd/cd2opine profiles were compared for 11 muscarinic antagonists, 8

(10uM was employed for saturation experiments). Binding parameters . ists. 2 ticholi ¢ d 2 nicotini
[dissociation constank(), maximum binding capacityBmay), and Hill musc_arlnlc agonists, anticho Ine_s erases, f?"‘_ nico |_n|C
coefficient ()] were calculated from Scatchard and Hill plotssgc ~ @donists (Table 2). Three nonselective muscarinic antagonists

values, molar concentrations of test compounds necessary for 50%(QNB, scopolamine, and atropine) were extremely potent at
displacement of specific radioligand binding, were determined by binding sites for the two radioligand(= 0.5—2.4 nM).
iterative nonlinear least-squares regression using the Sigmaplot programAmong the antagonists with subtype selectivity in mammalian
(SPSS Inc., Chicago, IL). ig values were converted to inhibition ~ mAChRs, the M2/M4-selective AF-DX 384 had the highest
constant (i values using the equatidy = ICso/(1 + [LJ/Kp) (17). affinity (4.8—6.1 nM). The M3-selective 4-DAMP was next in
All experiments were repeated three or more times to give the mean activity (15—18 nM), whereas DAU 5844 (also M3-selective)
and SD values reported. was moderate in potenci{(= 570-640 nM). Pirenzepine and

Toxicity to Houseflies. Muscawas employed for toxicity tests  gimathindene with M1 and M2 selectivities, respectively, also
because of the ease of intrathoracic treatments. A standard insecticide-had moderate affinity (396660 nM) The, M2- and M'4_

susceptible strain was obtained as pupae from Benzon Research . .
(Carlisle, PA). Adult female houseflies (about 25 mg of body mass selective AF-DX 116 and PD 102807, respectively, showed

per fly) were treated witld-propyl O-(2-propynyl) phenylphosphonate similar but low affinity (103(}1_4_30 nM). Methoctramine (an
(PPP) at 2.5ug/fly applied topically in 0.5.L of acetone to the ventrum M2 ligand) had the lowest affinity (28568860 nM). All of
of the abdomen. Although not directly tested here with muscarinic the test muscarinic agonists generally had lower affinities
agents, PPP was used as a potential P450 and esterase inhibitor becausempared with the antagonists. Among the agonists, MOQ and
of its remarkable synergistic effect for many insecticid&s)(and arecaidine but-2-ynyl ester possessing M1 and M2 selectivities,
particularly injected nicotinic agents with the same treatment protocol respectively, showed the highest affinity (1320660 nM), and
(19). After 90 min at room temperature, the test chemical (as the active grecaidine propargyl ester was several-fold less potent (4490
ingredient) was administered in 0.22 of water or 25-50% M&SO/ 5700 nM) than the but-2-ynyl ester analogue. The natural
water solu_uon by mtrathoracu:_ injection. Kno<_:|_<down effects (including product pilocarpine had moderate affinity (2808980 nM), and
flies showing aberrant behavior) and mortalities were observed at 0.5, ! .

all other agonists showed very low potencies (79080000

1.0, 1.5, 2.5, and 24 h after administration; flies treated with the vehicle . . -
only were completely recovered within 0.5 h. nM). Mammalian M2-selective chlorpyrifos oxon and paraoxon

Ex Vivo Experiment. Flies (PPP-pretreated) were injected with the @nd insect-selective nicotinic agonist imidacloprid gave little
test compounds and the heads removed 0.5 or 24 h thereafter toOF NO inhibition at 100000 nM.
determine mAChR ex vivo inhibition measured &4]JQNB binding. An important relationship is evident on comparing ke
This procedure involves translocation of the chemical from the site of values for muscarinic antagonists and agonists at3HpAF-
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Figure 2. Comparative binding kinetics of [°H]JAF-DX 384 and [*H]QNB in Drosophila mAChR showing saturation isotherms (a), Scatchard plots (b), and
Hill plots (c) for specific binding. The Scatchard and Hill plots are representative data from three individual experiments. The binding parameters (+SD,
n = 3) are as follows: for [PHJAF-DX 384, Kp = 4.7 £ 0.6 nM, Bnax = 155 + 15 fmolimg of protein, and ny = 1.02 + 0.08; for [*HJQNB, Kp =
0.21 £ 0.02 nM, Byax = 206 + 4 fmol/mg of protein, and ny = 0.99 + 0.02. Nonspecific hinding for [*H]AF-DX 384 was 10-20% at 0.08—4.5 nM (no
concentration dependency) and 25-70% at 9.6—110 nM (with concentration dependency); that is, the high level of nonspecific binding at higher concentrations
interferes to some extent in obtaining an accurate By Value. In the [*H]JQNB assay, the nonspecific binding percentages were 4—10% through the entire
concentration range.

Table 1. Simultaneous Dual Radioligand Binding in Drosophila mAChR whereas the other three were less effective, or solubility limited
the test dose to 2mg/fly. The active antagonists generally
specific binding®  dual binding® induced suppressed movement, particulay-(+)-dimethin-
. assay level?  (dpm/mg of (% of expected dene with a toxic effect similar to that of ether or carbon dioxide
radioligand(s) (n) protein) value) (but persisting much longer). The agonist MOQ showed
[z:]Allz\l-gX 384 20 igggg f %gg gg knockdown with slight leg tremors, and the two arecaidine esters
{3H%2F-DX 384 + FHIQNB 5049 23900 £ 1050 = caused abnormal behavior including aberrant motions of the

wings and legs. The insecticidal activities of the muscarinic
— - - - agents withMuscawere not directly correlated with their in
4 Radioligand concentrations were at or near saturation levels on the basis of it ACHR t t sit t ith eithe hil
their saturation isotherms (Figure 2).  Means + SD (n = 4). ¢ The expected value viro m arget site potency with el rosophiia or

is the theoretical total of 100% defined as the sum of the dpm/mg of protein for Musca(Table 2) . o o
each individual radioligand. Ex Vivo Inhibition of [ 3HJQNB Binding Sites in Musca

Brain. This study was designed to test whether the toxic effects

oo . . of muscarinic agents were mediated by interaction with the
DX 384 and PH]QNB binding sites Figure 3). TheK; values Musca brain mAChR. The three most toxic but nonlethal

for the 19 muscarinic antagonists and agonists at ¥HpAF- . o
DX 384 binding site oDrosophilamAChR perfectly correlated Zolgn E&%nd(ss;i_ t(f)?t 3{:2&";5{; eizlegﬁg fl\zggl\.:sltégjt)'or]llh':”

3 : O ; .
to those at the’H]JQNB site (= 0.996). This correlation was observed inhibition establishes that each compound moves from

:lgsc())nii\t”sdem considering separately either the antagonists Ofthe thorax to the brain, and much remains bound during the

" - . . SHIQNB reporter assay. Time and dose dependency were
Toxicity of Muscarinic Antagonists and Agonists toMusca [HIQ P y b y

. o observed for the three compounds. Consistent with the toxic
(Table 3). The organismal effects of the muscarinic agents were P

: . effects, the percentage mAChR inhibition was higher at 0.5 h
evaluated as knockdown or lethality 6:84 h after administra- _compared to 24 h in each case & 0.01). Direct ex Vivo

t'o? and yv:are cons;stently tlmde- ?ndldose-depel_nﬁrt.tThe Cltatis' otency comparisons among the test compounds are not
an ?g?nls s s;\:gpg;rgéle and illrgp[[net"vsre SI '9 ty loxwgl € appropriate because of the large differences in in vitro potency
early imes. Ar- an (tested only at a low dose and hydrophobicity and probable variations in distribution, e.g.,

due to solubility limitations) also had a little effect. 4-DAMP, R . . ™ S
DAU 5884, and §-(+)-dimethindene displayed distinct knock- tsri?gslocanon into the brain and dissociation from the binding

down effects and mortalities, while pirenzepine and PD 102807
were weak toxicants. Interestingly, methoctramine showed an
immediate lethality at the higher dose. Among seven agonists,
MOQ, pilocarpine, arecaidine propargy! ester, and aceclidine  Single Class of NativeDrosophilamAChR with a Distinc-

were toxic at 75ug/fly for 67—100% of the test organisms, tive Pharmacological Profile. This study establishes that the

DISCUSSION
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Table 2. Pharmacological Profiles of Muscarinic Antagonists and Table 3. Toxicity of Muscarinic Antagonists and Agonists to Musca
Agonists in Competing for [*H]JAF-DX 384 and [*H]QNB Binding Sites iy (06) at indicated time
in Dr hila mAChR toxicity? (%) at indicated time after
Osophila mAC administration® ()
K2 (nM) £ SD (n=3) dose
ligand selectivity?  [*H]JAF-DX 384 [*HIQNB compound (ugffly) 05 1.0 15 25 24
Muscarinic Antagonists® Antagonists
(£)-QNB none 05%02 05+03 scopolamine 25 10 3 3 3 3
scopolamine none 0.7£0.2 11406 75 20 3 0 0 0
atropine none 18+05 24%08 atropine 25 17 7 7 7 13
AF-DX 384 M2/M4 6.1£29 48+25 75 23 23 20 20 7
4-DAMP M3 18+6.2 15+6.6 AF-DX 384¢ 6.25 30 3 3 3 3
pirenzepine M1 390+ 130 430 + 150 4-DAMP 75 10 10 7 3 7
DAU 5844 M3 570 + 320 640 + 370 25 60 47 40 20 10
(S)-(+)-dimethindene M2 660 + 210 510+ 82 75 100 67 57 60 33
AF-DX 116 M2 1380 + 410 1220 + 120 pirenzepine 25 20 7 7 7 7
PD 102807 M4 1430 + 460 1030 + 24 75 27 27 20 13 10
methoctramine M2 3860 + 1330 2850 + 250 DAU 5884 25 23 17 10 0 0
. . 75 70 43 23 17 7
Muscarinic Agonists® . .
MOQ M1 1330 + 280 1320 + 380 (S)-(+)-dimethindene 2;'5 1(1)8 78 48 1‘7) g
arecaidine but-2-ynyl ester M2 1560 + 670 1500 + 230 75 100 100 100 o7 2
pilocarpine none 2800 + 630 2980 + 89 AF-DX 116¢ 6.25 17 10 10 10 3
arecaidine propargyl ester M2 5200 + 1120 4490 + 1270 PD 102807 25' 20 13 13 13 13
ACh (+50 M paraoxon) none 8000 + 5200 7000 + 2040 .
5-methylfurmethiodide none 1230042500 14900 + 1500 methoctramine 2;'5 1(1)(7) 1(1)8 108 108 103
oxotremorine none 21500 + 6200 19400 + 4750
aceclidine none 114000 + 52000 130000 + 76000 Agonists
Anticholinesterases MoQ i 47 2 13 8 3
chlorpyrifos oxon M2 >100000 (20%)¢ 100000 (17%) o 5 oo 8 60 38 13
paraoxon M2 >100000 (13%)¢  >100000 (0%)? arecaidine but-2-ynyl ester gg 18 g 3 g 2
Nicotinic Agonist pilocarpine 25 3 0 0 0 0
imidacloprid >100000 (3%)4  >100000 (1%)? 75 67 23 10 7 7
arecaidine propargyl ester 25 17 0 0 0 0
2The following Kp values (see Figure 2) and concentrations of radioligands, - s 100 100 100 100 87
[L], were used in converting ICso to K; values: Kp = 4.6 and [L] = 2.0 nM for 5-methylfqrmcceth|od|ne 55 13 g g 3 g
PHJAF-DX 384, and Ko = 0.21 and [L] = 0.5 nM for PHJQNB. b Selectivity based ororemorine o RO T S
on potencies among the mammalian mAChR subtypes (5, 15, 23-28). © ny values 75 100 30 27 10 3

of the 19 muscarinic antagonists and agonists were 0.88—1.29 (average 1.03) in
the [*H]JAF-DX 384 assay and 0.82-1.13 (average 1.02) in the [*H]QNB assay,
except for PD 102807 with 1.77 and 1.91 and methoctramine with 1.64 and 1.79
in the [*H]JAF-DX 384 and [*H]QNB assays, respectively. Potencies (K, nM) of
QNB, atropine, 4-DAMP, pirenzepine, AF-DX 116, and MOQ as inhibitors of PHJQNB
binding to the Musca receptor are 0.17, 1.0, 19, 484, 1560, and 620, respectively
(3 7),i.e., essentially the same as those tabulated for Drosaphila. @ Inhibitory percent
at 100000 nM.

@ Average SD values (%) at various ranges of toxicity (knockdown or lethal):
6% for 3-19%, 14% for 20—39%, 9% for 40—-59%, 11% for 60—-79%, and 9% for
80-99%. ? Pretreated with the synergist PPP. ¢ Treatment dose limited by solubility
in the injection vehicle. Compounds not tested including QNB were not soluble in
the vehicle even at the minimum test dose of 6 ug/fly.

Table 4. Ex Vivo Inhibition of PHJQNB Binding Sites in Musca Brain

m

Z 54Aa antagonists inhibition? (% + SD) at indicated time

=3 ; after administration (h)

T 440 agonists

= 3 dose

’; 5 compound (ugffly) 0.5 24

g ] 4-DAMP 75 795 49 +7b

£ T _ 25 92+7 59 + 70

S 0 ’ ;72'1936 (S)-(+)-dimethindene 25 417 0+0b

= 75 81+11 28+ 80

o -1 L LA MOQ 25 49 + 11 9+15b
101 2 3 45 75 80+11 16 + 26°

s 3
log[K] (nM) with [H]AF-DX 384 @ Compound-injected flies compared with vehicle-treated controls based on two
Figure 3. Correlation plot of K; values for mAChR antagonists and agonists independent experiments involving a total of 6-8 measurements. © Significant
at the Drosophila mAChR [*H]JAF-DX 384 and [*H]QNB binding sites. Data difference between the two time points (P < 0.01).
are from Table 2. 2 = 0.995 (n = 11) for the antagonists only, and
2 = 0.993 (n = 8) for the agonists only.
the M2/M4-selective AF-DX 384 and M3-selective 4-DAMP
rank next in potency, while other ligands with selectivity to
mammalian M2/M4-selective radioligantH]JAF-DX 384 binds M1, M2, M3, or M4 are rather moderate to relatively low in
to theDrosophilabrain mAChR with a single high-affinity site  their affinity. This specificity profile does not follow those for
pharmacologically characterized here using various muscarinicany of the five mammalian mAChR subtypes. Importantly, the
antagonists and agonists with differential subtype selectivity Drosophilabinding site for fHJAF-DX 384 is identical to that
among mammalian mAChRs. The three nonselective antagonistfor [3H]JQNB on the basis of three substantial types of
QNB, scopolamine, and atropine show the highest affinity, and evidence: (1) perfect correlation in their pharmacological
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profiles; (2) similarBmax values of the two radioligands; (3)

Honda et al.

antagonists also display toxicity Muscaat levels comparable

shared binding domain based on the simultaneous dual-bindingto those of the agonists.

experiment. The antagonist profile of recombinBnbsophila

Concluding Remarks. The insect mAChR is a potential but

MAChR (12) is also consistent with the present finding. poorly developed target for insecticide action. This investigation
Therefore, only a single class of native mMAChR appears to be and two others3, 4) establish the high potency of muscarinic

expressed iDrosophilabrain, and the pharmacological profile
is distinctive from all of the mammalian mMAChR subtypes.

Antagonist/Agonist Comparison.All of the test muscarinic

agents atDrosophila or Musca mAChRs and that some
antagonists and agonists have moderate insecticidal activity. The
receptor studies were made with the antagonist radiolig&hidis [

agonists show generally lower affinity compared to those of AF-DX 384 and fH]JQNB, but for now there is no useful agonist

antagonists t@rosophilamAChR assayed by the two antagonist

radioligand for insects. The mAChR target warrants continuing

radioligands. In mammalian mAChRs, the agonists have high study in lead generation programs to discover novel insecticides.

potency (antagonists also show high affinity) in agonist radio-

ligand binding but show diminished potency in antagonist ggrEVIATIONS USED

radioligand assayslb, 29) as with our results iDrosophila.
There is no suitable agonist radioligand available for insect
mMACHR (although not detailed here, we also found tRe-[
oxotremorine-M has no specific binding in tHerosophila

ACh, acetylcholine; AF-DX 384 or3H]AF-DX 384, an

antagonist pirenzepine analogue or its tritiated radioligBpg,
maximum binding capacityKp, dissociation constantk;,

preparation). The potency difference in mammalian mAChR inhibition constant; mAChR, muscarinic ACh receptor; MOQ),
observed ingH]agonist/PH]antagonist assays is interpreted in  3-(3-methyl-1,2,4-oxadiazol-5-yl)quinuclidine (an mAChR ago-
terms of separate binding subsites for an agonist and annist); ny, Hill coefficient; PPPO-propyl O-(2-propynyl) phe-
antagonist, with hydrogen-bonding interactions characterizing nylphosphonate; QNB ofiH{]JQNB, quinuclidinyl benzilate or
agonist behavior and lipophilic features determining antagonist its tritiated form; SD, standard deviation.

interaction (L5). Muscarinic agonists tend to be small molecules
with very little tolerance for steric bulk, and introduction or
extension of one carbon unit to an agonist may lead to an
antagonist or a partial agonist (29).

Structure of the Drosophila Muscarinic Receptor. There
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are distinct structural differences between insect and mammalianthe research of H.H. at Berkeley. This study was also facilitated

mAChRs. TheDrosophila mAChR has an extremely large

by Todd Laverty of the Department of Molecular and Cell

intracellular loop (i3, between the fifth and sixth putative Biology of the University of California at Berkeley, who

transmembrane domains). Drosophilait is almost twice as
long as in most mammalian MAChR subtypes and contains 17
potential phosphorylation site8)( Loop i3 apparently involves
the alternative splicing variants of tlgm1 gene, because the
sequence reported by Shapiro et dl0) has an insert of 17
amino acids in this region that is not present in the sequence
by Onai et al. 9). Intracellular loops i2 and i3 represent the
approximate region that determines recept@rprotein cou-
pling; thus, the difference in structure of i3 with and without
the 17 amino acid extension might reflect an associated effector
system for differential roles in neurotransmission. Interestingly,
the presynaptic mMAChR mediates inhibition of ACh release
coupled to reduction of cAMP levels (mammalian M2-like),
while the postsynaptic receptor plays a stimulatory role as-
sociating an increase in CAMP levels and phosphatidiylinositol
turnover, supporting the differential effector coupling and/or

suggesting that possibly more than one receptor subtype exists

in cockroach and locus8(30, 31). The other curious structural
aspect is that the extracellular N-terminus of Desophila
MAChHR is much longer than that in the mammalian receptor;
however, the functional or pharmacological significance is
unknown (8).

Toxicological Features of Muscarinic Antagonists and
Agonists toMusca Some of the antagonists and agonists elicit
distinct toxicological effects in insects. Although direct cor-
relation is not observed between in vitro mMAChR target site
potency and insecticidal actions of muscarinic agents, the ex
vivo inhibitory effect on radioligand binding provides support
for mAChR-mediated intoxication. The structuractivity re-
lationships of muscarinic agonists in terms of receptor or agonist
potency and insecticidal activity have been explored with

quinuclidine, azabicycloheptane, and azabicyclooctane analogues
in studies based on therapeutic agents modulating mammalian

mAChR functions (3,4). We find that some muscarinic

provided all of theDrosophilaused.

LITERATURE CITED

(1) Casida, J. E.; Quistad, G. B. Golden age of insecticide research:
past, present or future®nnu. Rev. Entomoll998,43, 1-16.

(2) Lee, S.-J.; Caboni, P.; Tomizawa, M.; Casida, J. E. Cartap
hydrolysis relative to its action at the nicotinic chandelAgric.
Food Chem2004,52, 95-98.

(3) Dick, M. R.; Dripps, J. E.; Orr, N. Muscarinic agonists as
insecticides and acaricideBestic. Scil1997,49, 268—276.

(4) Benting, J.; Leonhardt, M.; Lindell, S. D.; Tiebes, J. The design,
synthesis and screening of a muscarinic acetylcholine receptor
targeted compound libraryComb. Chem. High Throughput
Screening2005, 8, 649—653.

(5) Eglen, R. M.; Choppin, A.; Watson, N. Therapeutic opportunities
from muscarinic receptor researdirends Pharmacol. Sc2001,

22, 409—414.

(6) Orr, G. L.; Orr, N.; Hollingworth, R. M. Distribution and
pharmacological characterization of muscarinic-cholinergic re-
ceptors in the cockroach braiArch. Insect Biochem. Physiol.
1991,16, 107—122.

(7) Abdallah, E. A. M.; Eldefrawi, M. E.; Eldefrawi, A. T.
Pharmacologic characterization of muscarinic receptors of insect
brains.Arch. Insect Biochem. Physidl991,17, 107—118.

(8) Trimmer, B. A. Current excitement from insect muscarinic
receptorsTrends Neuroscil995,18, 104—111.

(9) Onai, T.; FitzGerald, M. G.; Arakawa, S.; Gocayne, J. D;
Urquhart, D. A.; Hall, L. M.; Fraser, C. M.; McCombie, W. R.;
Venter, J. C. Cloning, sequence analysis and chromosome
localization of aDrosophilamuscarinic acetylcholine receptor.
FEBS Lett.1989,255, 219—225.

(10) Shapiro, R. A.; Wakimoto, B. T.; Subers, E. M.; Nathanson,

N. M. Characterization and functional expression in mammalian
cells of genomic and cDNA clones encodingbaosophila
muscarinic acetylcholine receptéroc. Natl. Acad. Sci. U.S.A.
1989,86, 9039—9043.



Insect Muscarinic Acetylcholine Receptor

(11) Blake, A. D.; Anthony, N. M.; Chen, H. H.; Harrison, J. B.;
Nathanson, N. M.; Sattelle, D. Bdrosophilanervous system
muscarinic acetylcholine receptor: transient functional expression
and localization by immunocytochemistrilol. Pharmacol.
1993,4, 716—724.

(12) Reaper, C. M.; Fanelli, F.; Buckingham, S. D.; Millar, N. S.;
Sattelle, D. B. Antagonist profile and molecular dynamic
simulation of aDrosophila melanogastanuscarinic acetylcho-
line receptorRecept. Channel$998,5, 331—345.

(13) Entzeroth, M.; Mayer, N. Labeling of rat heart muscarinic
receptors using the newAdelective antagonistfi]AF-DX 384.
Biochem. Pharmacotl990,40, 1674—1676.

(14) Miller, J. H.; Gibson, V. A.; McKinney, M. Binding of°H]-
AF-DX 384 to cloned and native muscarinic receptors.
J. Pharmacol. Exp. Therl991,259, 601-607.

(15) Saunders, J.; Cassidy, M.; Freedman, S. B.; Harley, E. A,
Iversen, L. L.; Kneen, C.; MacLeod, A. M.; Merchant, K. J.;
Snow, R. J.; Baker, R. Novel quinuclidine-based ligands for the
muscarinic cholinergic receptal. Med. Chem199Q 33, 1128-
1138.

(16) Honda, H.; Tomizawa, M.; Casida, J. E. Insect nicotinic
acetylcholine receptors: neonicotinoid binding site specificity
is usually but not always conserved with varied substituents and
speciesJ. Agric. Food Chem2006,54, 3365—3371.

(17) Cheng, Y.-C.; Prusoff, W. H. Relationship between the inhibition
constant (K and the concentration of inhibitor which causes
50% inhibition (ko) of an enzymatic-reactiorBiochem. Phar-
macol.1973,22, 3099—3108.

(18) Casida, J. E. Mixed-function oxidase involvement in the
biochemistry of insecticide synergist$. Agric. Food Chem.
1970,18, 753—772.

(19) Liu, M.-Y.; Lanford, J.; Casida, J. E. Relevance 8HJf
imidacloprid binding site in house fly head acetylcholine receptor
to insecticidal activity of 2-nitromethylene- and 2-nitroimino-
imidazolidines.Pestic. Biochem. Physiol993,46, 200—206.

(20) Yamamoto, |.; Tomizawa, M.; Saito, T.; Miyamoto, T.; Walcott,
E. C.; Sumikawa, K. Structural factors contributing to insecticidal
and selective actions of neonicotinoidsch. Insect Biochem.
Physiol.1998,37, 24-32.

(21) Zhang, N.; Tomizawa, M.; Casida, J. Brosophila nicotinic
receptors: evidence for imidacloprid insecticide anunga-
rotoxin binding to distinct sitedNeurosci. Lett2004,371, 56-

59.

(22) Tomizawa, M.; Millar, N. S.; Casida, J. E. Pharmacological
profiles of recombinant and native insect nicotinic acetylcholine
receptorsinsect Biochem. Mol. BioR005,35, 1347—1355.

J. Agric. Food Chem., Vol. 55, No. 6, 2007 2281

(23) Barlow, R. B.; Weston-Smith, P. The relative potencies of some
agonists at M muscarinic receptors in guinea-pig ileum, atria
and bonchiBr. J. Pharmacol1985, 85, 437—440.

(24) Silveira, C. L. P.; Eldefrawi, A. T.; Eldefrawi, M. E. Putative
Mz muscarinic receptors of rat heart have high affinity for
organophosphorus anticholinestera3esicol. Appl. Pharmacol.
1990,103, 474—481.

(25) Dorje, F.; Wess, J.; Lambrecht, G.; Tacke, R.; Mutschler, E.;
Brann, M. R. Antagonist binding profiles of five cloned human
muscarinic receptor subtypes. Pharmacol. Exp. Therl990,
256, 727—733.

(26) Doods, H. N.; Willim, K. D.; Boddeke, H. W. G. M.; Entzeroth,
M. Characterization of muscarinic receptors in guinea-pig uterus.
Eur. J. Pharmacol1993,250, 223—230.

(27) Pfaff, O.; Hildebrandt, C.; Waelbroeck, M.; Hou, X.; Moser,
U.; Mutschler, E.; Lambrecht, G. TheS)-(+)-enantiomer of
dimethindene: a novel Mselective muscarinic receptor antago-
nist. Eur. J. Pharmacol1995,286, 229—240.

(28) Bomser, J. A.; Casida, J. E. Diethylphosphorylation of rat cardiac

M2 muscarinic receptor by chlorpyrifos oxon in vitrdoxicol.

Lett. 2001,119, 21-26.

Tecle, H.; Lauffer, D. J.; Mirzadegan, T.; Moos, W. H,;

Moreland, D. W.; Pavia, M. R.; Schwarz, R. D.; Davis, R. E.

Synthesis and SAR of bulky 1-azabicyclo[2.2.1]-3-one oximes

as muscarinic receptor subtype selective agoni#fs Sci.1993,

52, 505—511.

Le Corronc, H.; Lapied, B.; Hue, B. Mike presynaptic receptors

modulate acetylcholine release in the cockroaebriplaneta

americana) central nervous systeinInsect Physiol1991,37,

647—652.

Lapied, B.; Tribut, F.; Hue, B. Effects of McN-A-343 on insect

neurosecretory cells: evidence of muscarinic-like receptor

subtypesNeurosci. Lett1992,139, 165—168.

(29)

(30)

(€1Y)

Received for review November 6, 2006. Revised manuscript received
January 15, 2007. Accepted January 16, 2007. This work was supported
by Grant RO1 ES08424 from the National Institute of Environmental
Health Sciences (NIEHS), the National Institutes of Health (NIH). The
contents of this paper are solely the responsibility of the authors and
do not necessarily represent the official views of NIEHS, NIH.

JF0631934



