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Background: The nicotinic acetylcholine receptors 
(nAChRs) and glutamate receptors are ligand-gated 
cation channels composed of five separate polypeptide 
chains. A 43 kDa protein of unknown function is non- 
covalently associated with the cytoplasmic side of 
nAChR in viva. The ‘venoms of many wasps and spiders 
contain toxins that block the activity of these channels. 
Philanthotoxin-433 (PhTX-433) is a non-competitive 
channel blocker found in the venom of the wasp 
Philanthtrs. We have used a photolabile derivative to 
investigate how PhTX-433 interacts with nAChRs. 
Results: A radiolabeled PhTX analog, containing a pho- 
tolabile group substituted on one of its aromatic rings, 
photocrosslinked to aII five subunits (a, a’, p, y, 6) of 
purified nAChR in the absence of the 43 kDa protein. In 
the presence of the 43 kDa protein, the a subunit was 

preferentially labeled. Proteolysis of the receptor after 
crosslinking indicated that the hydrophobic end (head) of 
the PhTx-433 analog bound to the cytoplasmic loop(s) 
of the a-subunit. Binding is inhibited by other 
non-competitive channel blockers such as the related 
polyamine-amide toxins from spiders and chlorpromazine. 
Conclusions: These results, coupled with previous 
structure/activity studies, lead to a putative model of the 
binding of PhTx and related polyamine toxins to 
nAChRs in vitro.The 43 kDa protein appears to influence 
the orientation of toxin binding. Further binding studies 
are necessary to confirm the model and to define how 
toxins enter the receptor and how they are oriented 
within it. A precise understanding of ligand/receptor 
interaction is crucial for the design of drugs specific for a 
particular subtype of receptor. 
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Introduction 
Many polyamine-amide toxins from funnel-web spider 
venoms are potent noncompetitive antagonists of neuro- 
transmitter receptors in vertebrate and invertebrate 
neurons [1,2] (Fig. 1). Th e venom sac of the parasitic 
Pkilantkus wasp also contains a similar toxin, philantho- 
toxin-433 (PhTX-433; the numerals denote number and 
sequence of methylene groups between amino groups) 
[3,4] (Fig. l).Th ese o p ly amine-amide toxins inhibit con- 
ductance of cation channels gated by nicotinic acetyl- 
choline receptors (nAChRs) or ionotropic glutamate 
receptors (GluRs) [5] I ocated at post-synaptic neurons. 
Receptors of this type are part of a superfamily of 
ligand-gated, ion channel receptors which also include 
serotonin receptors, glycine receptors, and y-amino- 
butyric acid (GABA) receptors [6]. The ionotropic 
GluRs, gated by the neurotransmitter L-glutamate, are 
some of the principal excitatory amino acid receptors in 
the vertebrate central nervous system and the inverte- 
brate peripheral nervous system, and have been impli- 
cated in learning and memory. It has been suggested that 
a number of neurodegenerative diseases are caused by 
alterations in the normal function of these receptors.The 

vertebrate GluRs are further divided into two sub-classes 
based on their responses to exogeneous ligands: N- 
methyl-D-aspartate receptors (NMDA-Rs) and kainate 
(KAIN)/a-amino-3-hydroxy-5-methyl-4-isoxazolepro- 
pionate (AMPA) receptors (non-NMDA-Rs). The inver- 
tebrate GluRs are classified into four subtypes: (i) 
quisqualate receptors which gate cations (qGlu-R), (ii) 
ibotenate receptors which gate Cl- channels, (iii) a 
purported KAIN-R, and (iv) a purported NMDA-R. 

Previous electrophysiological studies and biochemical 
binding assays suggest that the polyamine-amide neuro- 
toxins comprise a novel class of non-competitive channel 
blockers of cation-conducting transmitter receptors in 
nervous systems [l-5]. Our understanding of the major 
mode of non-competitive antagonism is that the toxins 
enter and plug the open cation channels gated by GluR 
and nAChR, and sterically inhibit the ion flow. But 
because of the complex properties of polyamines, and the 
diversity in cellular responses, the interactions between 
polyamine-amides and channels are not understood at the 
molecular level. As a first step, the structure-activity 
relationships of PhTX analogs have been assessed by 
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Fig. 1. Spider and wasp toxins. Argiopine toxin is described in 
[43-45], JSTX-3 in [46], agel- in [47,481, and philanthotoxin- 

433 in [3,4]. 

determining their channel blocking potencies using these 
receptors (summarized in Fig. 2). 

Approximately 100 PhTX analogs have been synthesized 
and assayed by various methods. Electrophysiological 
studies of nAChR from frog muscle and cockroach ganglia 
showed that PhTX is a non-competitive channel blocker 
of nAChR [7-121. Information on the structure-activity 
relationships of these analogs when tested against nAChR 
was systematically obtained using biochemical displace- 
ment experiments with [3H]perhydrohistrionicotoxin, 
which is also a non-competitive antagonist [S]. Bioassays 
for qGlu-R were performed by measuring the inhibition 
of electrically-stimulated contractions of locust leg muscles 
by application of PhTX [9,11]. Patch clamp assays have 
been performed with Xenopus oocytes injected with rat 
brain or chick mRNA encoding NMDA-R [12], non- 
NMDA-R [12] or nAChR (our unpublished data).These 
studies have shown that PhTXs are reversible, non- 
competitive channel blockers of GluR and nAChR at 
micromolar concentration ranges. 

Studies of the structure-activity relationships for PhTX 
were performed by systematically modifying the mole- 
cule in one of four regions (I-IV; see Fig. 2); analogs 
simultaneously altered in two or three regions were also 
assayed. Except for region IV there was little 
difference in the activity of PhTX analogs on qGlu-R or 
nAChR. We have defined regions III and IV as the ‘head’ 
and regions I and II (the polyamine chain) as the ‘tail’. 
Altering the structure of PhTX had a similar, but less pro- 
nounced, effect on its antagonistic activity against 
NMDA-R compared to the other receptors (not shown). 

Several genes encoding GluR have been cloned and 
sequenced [13-151, however none of them have been 
overexpressed in quantities sufficient for biochemical or 
structural studies. Our efforts, therefore, have focused on 

nAChR isolated from the electric organ of the ray 
Torpedo calijknica. This is probably the best understood 
receptor both pharmacologically and structurally, due to 
extensive studies by the groups of Changeux, Hucho, 
Karlin, the late Numa, Unwin and others [16-231. The 
nAChRs are located at synaptic clefts and are composed 
of five transmembrane subunits (denoted a, a’, p, y and 
8) arranged in a ring to form a central cation-conducting 
pathway. Collectively these subunits comprise a 270 kDa 
glycoprotein with two external agonist binding sites. 
(Fig. 3) [21-23].The cation channel opens transiently 
when acetylcholine molecules bind to the two a subunit 
sites halfway down the synaptic side. Each subunit con- 
sists of four membrane-spanning regions Ml-M4, with 
M2, believed to be a-helical, lining the inner pore. A 
43 kDa protein is non-covalently associated with the 
cytoplasmic side of the receptor, but interaction of this 
protein with nAChR is not essential for the channel 
gating process. It has been suggested that the 43 kD 
protein is important for the aggregation of nAChR in 
the developmental stage of postsynaptic membranes, and 
in anchoring the receptor to the cytoskeleton [16-231. 

These studies have suggested a working model for the 
functional domains of PhTX. We set out to locate the 
binding site(s) for PhTX within the receptor and to 
clarify the molecular basis of channel blocking by 
toxins. Here, we describe preparation of a photolabile, 
1251-labeled PhTX molecule and its use in photoaffinity 
labeling studies with Torpedo nAChR.This has yielded the 
first experimental evidence regarding the mode of ligand 
binding to receptor. It is important to note, however, that 
the mode of ligand binding may vary according to 
conditions, and that these results may or may not apply to 
the conditions found in vivo. 

Results 
Synthesis of photolabile analogs of PhTX 
The photolabile, radioactive PhTX analog N,Ph- 
12512PhTX-343-Lys (analog 2) was synthesized as shown 
in Fig. 4; synthetic analogs were based on the 343 

hydrophobic anchormg groups 

nAChR : actiwty increases wtth i&nation; 
Tyr, Leo, Ala, Phe, Gly, Trp all active 

qCluR : I2 > Br, > Cl2 > F 
longer chain with 

N+ increases activih 

Philanthotoxin-433 

/ 
polyamine chain essential 

N-permethylation kills activity 

hydrophobicity and/or aromaficity enhances actiwty 

hydrophihc groups kill activity CnAChR) 

philanthotoxin-433 KS,, 
i 

nAChR lSHlperH-hlstrionicotoxin : 1  .l x 1 O-6 M 

qCluR locust muscle contraction : 1.8 x 1 O-5 M 

Fig. 2. Summary of studies of the structure-activity relationships 
of philanthotoxin-433 analogs on insect GluR and nAChR. 
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Fig. 3. The five subunits of nAChR. Each subunit has four trans- 
membrane segments, Ml-M4; the amphiphilic helices, M2, of 
each subunit line the gate. A further putative helical domain 
called MA resides in the cytoplasmic region (see Fig. 7b). 
Binding of acetylcholine to sites within the two u-subunits opens 
the channel. 

polyamine skeleton rather than the 433 backbone due 
to ease of synthesis. In the following, the ability of toxins 
to block ion channels gated by nAChR is presented as 
relative activity compared to natural PhTX-433 (IC,, 
for competition with 3H-perhydrohistrionicotoxin = 
1.1 PM, relative activity = 1). The relative activity of the 
analog PhTX-343 is 0.4 times that of native PhTX-433 

[8].Analog 2 contains three modifications to the PhTX- 
343 structure: first, the precursor is elongated by a Lys 
residue in region II (this single modification increases 
the relative activity by a factor of 3.0); second, the pho- 
tosensitive azido phenyl moiety has been added to 
region III (the relative activity for analogs carrying only 
this modification was not measured); and, finally, it is 
diiodinated in region IV (the relative activity for an 
analog carrying only this modification is 3.6). The rela- 
tive activity for analog 2 is 1.3 [8] which is less than that 
of the analogs containing either of the single modifica- 
tions for which there are data. Recent results appear to 
show that when two bulky hydrophobic groups coexist 
in regions III and IV, the activity of the doubly-modi- 
fied analog is less than that of each of the component, 
singly-modified analogs. Analog 2, however, is highly 
active against qGluR, with a relative activity of 10 [8]. 
Incorporation of radioactive iodine was accomplished 
by electrophilic iodination of the Tyr moiety in the 
last stage of synthesis [24], thus allowing convenient 
preparation of labeled PhTX with a high specific 
activity of 25 Ci mmol-‘. 

Crosslinking of nAChR subunits 
The nAChR antagonist N3Ph-12512PhTX-343-Lys 
(analog 2) (IC,, = 0.84 l.tM, 25 Ci mmol-‘) was incu- 
bated with a-cobrotoxin affinity-purified nAChR 
(0.25 ~.LM) from Torpedo cali$rnica [25-291 and irradiated 
at 254 nm. nAChR was cross-linked with analog 2 in 
7-10 % yield, with the two a subunits and the p, y and 6 
subunits labeled with relative intensities of 2.1, 1 .O, 0.8 
and 1 .O, respectively (Fig. 5a, lane 2). Without irradiation, 
no cross-linking was observed (lane 3), and addition of 

N-Cbz-(L)-tyrosine -- 

H2N-Tyr-343.Lys (Boc)~ 

Fig. 4. Synthesis of N,Ph-I,PhTX-343-Lys. Reagents and conditions: 1) p-azidobenzoic acid, diphenylphosphoryl azide (DPPA), 

dimethyl formamide (DMF), room temperature, 85 %; 2) trifluoroacetic acid/CH,CI, (l/l), 0 “C, 4 h, 90-95 %; 3) pazidobenzoyl 

chloride, Et,N, CH,CI,, 79 %; 4) LiOH, MeOH/1,2-dimethoxyethane (DME)/HzO (3/2/l), room temperature, 95 %; 5) a) 1,3-dicyclo- 
hexylcarbodiimide (DCC), pnitrophenol, EtOAc, room temperature; b) spermrne, MeOH, room temperature, 45 %; 6) Na,NE-di-Boc- 

lysine p-nitrophenyl ester, DMF, room temperature, 85 %; 7) Na1251, Na1271, chloramine-T, 1M K,HPO,, pH 6.0.; 8) KI, 

N-bromosuccinimide (NBS), K,HPO,, H,O/MeOH, 60-80 %. 
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Fig. 5. Photoaffinity labeling of nAChR with analog 2. Representative procedure: (a) The radioactive N,Ph-12512PhTX-343-Lys 
(I .90 PM, 25 Ci mmol-l) and non-radioactive effector (as described below) were mixed with Torpedo nAChR (0.25 pM) purified with 
a-cobrotoxin affinity chromatography. After incubation for 30 min at 4 ‘C, carbamylcholine (13 pM) was added to the mixture of 
toxin/receptor. The resulting mixture was further incubated for 4 h at 4 ‘C, followed by 20 min UV-irradiation at 254 nm at 4 “C. After 
SDS-PAGE of irradiated nAChR, the dried gel was subject to autoradiography. Lane 1 is a picture of a Coomassie blue stained gel of 
nAChR. Lanes 2-9 are autoradiograms of gels. Lane 2, control, no addition of non-radioactive effector; lane 3, no UV; lane 4, 1.25 mM 
N,Ph-12712PhTX-343-Lys; lane 5, 1.25 mM I,PhTX-343-Arg; Lane 6, 1.25 mM Cl O-PhTX-343-Arg; lane 7, 1.25 mM Me,-ArgTX-636; 
lane 8, 1.25 mM chlorpromazine; lane 9, 16.7 pM a-BgTX. The relative intensities of labeling are shown at the bottom of each lane 
and are based on measurements by Phosphorjmagefi (Molecular Dynamics), in which the dried gel is inserted into a cassette for 4-6 
h to avoid saturation of bands. The intensity of the control (lane 2) was taken as 100 %; the relative intensities of a, B/y, and 6 subunits 
are given along the respective bands (19:17:9 or 2.1:1.9:1 .O). (b) Photoaffinity labeling of nAChR with analog 2 in the presence of the 
43 kDa protein. The nAChR/43 kDa enriched membranes (0.25 FM) in Torpedo saline buffer were photolabeled with N,Ph-12s12PhTX- 
343-Lys (1.4 pM) in the presence of carbamylcholine (1 mM) and non-radioactive effector as described in (a). Lane 10 is a Coomassie 
blue stained gel of nAChR/43 kDa. Lanes 11-14 are autoradiograms of gels. Lane 11, control, no addition of non-radioactive effector; 
lane 12, 0.8 mM Cl O-PhTX-343-Arg; lane 13, 0.8 mM Me*-ArgTX-636; lane 14, 0.8 mM chlorpromazine. 

1.25 mM cold analog 2 as a competitor reduced binding 
to 12 % of the level observed in the absence of competi- 
tor (lane 4). In the presence of a 1.25 mM concentration 
of other nAChR channel blockers, including wasp toxin 
analogs and a spider toxin analog, all subunits were 
labeled as in the control, but to a lesser extent due to 
competition for the binding site: lane 5, I,PhTX-343- 
Arg, -0 %; lane 6, ClO-PhTX-343-Arg, -0 %; lane 7, a 
spider toxin dimethylargiotoxin-636 [ll], 10 %; and lane 
8, chlorpromazine, -0 %. The binding site for chlorpro- 
mazine is shown schematically in Fig. 6 [22]. The pres- 
ence of the competitive antagonist a-bungarotoxin 
(a-BgTX) which binds to the acetylcholine binding site, 

as expected did not appear to affect binding of analog 2 
(lane 9). The above results were reproducible with 
nAChR-rich membranes, in which the receptor chan- 
nels are embedded in the natural lipid environment, but 
the receptor-associated 43 kDa protein is removed. Thus 
in the absence of the 43 kDa protein, all five subunits are 
uniformly labeled, approximately to the same extent. 

Crosslinking in the presence of the 43 kDa protein 
To examine the influence of the 43 kDa protein on 
binding, nAChR- ric membranes were purified without . h 
adjusting the pH to 11 [29]. Under these conditions the 
43 kDa protein is retained, and the a (and/or a’) subunit 
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Fig. 6. Comparison of labeling patterns 
between nAChR with or without 43 kDa 
protein. Red designates phoiocrosslinked 
subunits. As chlorpromazine inhibits the 
binding of PhTx analog 2 to nAChR, the 
binding sites for the two molecules must 
overlap. The chlorpromazine site is 
known to be near the gate of the 
channel from previous studies [22]. 

II. nACh-R/43 kDa 

cl’ 

Hz0 
triphenylmethyl-phosphonlum ion 

Hz0 

synapse 

Hz0 PhTX and chlorpromazine 
binding sites overlap. 

H20 
Cytoplasm 

43 kDa 

was the major labeled component of nAChR cross- 
linked with analog 2, whereas y and 6 subunits were only 
weakly labeled (Fig. 5b, lane 11); note that the cytoplas- 
mic protein was also labeled. Other channel blockers 
such as another PhTX analog, a spider toxin and chlor- 
promazine competed for binding of analog 2 in the pres- 
ence of the 43 kDa protein (lanes 12-14). The labeling 
pattern of the five subunits, with and without the 43 kDa 
protein, is shown schematically in Fig. 6. 

localization of the photoaffinity label by proteolysis 
The a subunit was photoaffinity labeled with analog 2 in 
the absence of the 43 kDa protein and subjected to 
proteolytic mapping studies with Staphylococcus aureusV8 
protease [30-321. The radioactive label was found 
predominantly on the 20 kDa fragment comprising 
Ser173 to Glu338 (Fig. 7a) and, to a much lesser extent, 
on the 12 kDa peptide,Asn339 to Gly437. In a separate 
experiment, the labeled a-subunit was digested with 
trypsin followed by SDS-PAGE/autoradiography and 
mass spectroscopy measurements (fast atom bombard- 
ment (FAB) and electrospray, JEOL HX/HXllOA 
tandem four-sector mass spectrometer). These studies 
showed that the peptides linked to the PhTX analog 2 
had a molecular weight of less than 2.5 kDa [5]. Since all 
of the membrane-spanning peptides resulting from 
trypsin cleavage are expected to have molecular weights 
of much greater than 2.5 kDa [16], this shows that the 
azidophenyl moiety does not cross link to moieties inside 
the membrane-spanning region. 

Discussion 
The photochemical reactivities of the azidophenyl 
group in analog 2 are expected to be similar to those 
normally observed with the aryl azide compounds, 
which have been well--studied [33]. During UV-irradia- 

tion (254 nm), analog 2 is electronically excited and 
loses N, from the benzoyl azide group, thus generating 
the reactive nitrene species. The short-lived nitrene 
radical can covalently cross-link to any nearby amino 
acid residue; to our knowledge, the relative activity of 
various residues, although important, has not been 
systematically investigated. Nitrenes can also rearrange 
to dehydroazepines which selectively react with amino 
acids such as Ser, Thr, Lys and Cys. Certain iodinated 
aromatic azides containing iodine and the azide group 
in the same ring are not ideal reagents because they also 
lose iodine during photolysis, however, a compound 
containing these groups on separate rings has been 
shown to retain its iodine during irradiation [34]. We 
believe that this is also the case for N,Ph-12512PhTX- 
343-Lys (analog 2). 

The entire sequence of the nAChR from Torpedo 
californica has been determined [16] and used to predict 
the structure of the receptor [21,22] (Fig. 8a,b).The pore 
is lined by the five M2 segments of the subunits of the 
nAChR which are arranged is such a manner that six 
five-membered rings, consisting of one side chain from 
each polypeptide are present. Three of these are anionic 
(the top and two bottom rings), one is hydrophobic 
(comprised solely of leucine residues) and the remaining 
two are hydrophilic. Just below the top anionic ring 
there is a large hydrophobic space, and the leucine ring 
forms a constriction near the center of the gate. Also 
depicted in Fig 8a is the 43 kDa protein that is associatqd 
with the cytoplasmic side of the receptor. 

Photoaffinity labeling studies have been performed with 
nAChR using radioactive N3Ph-12512PhTX-343-Lys (2) 
and the nAChR from Torpedo cal@nica. Without the 
cytosolic 43 kDa protein, all five subunits became linked 
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(a) 1 2 
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(40 kDa) * 
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Fig. 7. Limited proteolysis of affinity-labeled a-subunit. (a) The 
a-subunit from nAChR labeled with analog 2 was proteolyzed 
to a limited extent with Sfaphy/ococcus aureus V8 protease 
according to the method of Cleveland et. al. [301. Lanes 1 and 2 
are autoradiograms of a mapping gel (15 % polyacrylamide gel): 
Lane 1, labeled a-subunit (40 kDa) before proteolysis; Lane 2, 
radioactive peptide fragments (20 and 12 kDa) after proteolysis. 
(b) Summary of the cleavage positions in V8 limited proteolysis 
of affinity-labeled a-subunit. Three major fragments are pro- 
duced after limited proteolysis: an 18 kDa fragment 
(Thr52ZGlul61), a 20 kDa fragment (Serl73-Gtu338) and a 12 
kDa fragment (Asn339-Gly437). The 20 kDa fragment is heavily 
labeled after treament with analog 2, the 12 kDa fragment 
shows some labeling, and the 18 kDa fragment is not labeled. 
Photolabeling is not affected by a-BgTX, narrowing the likely 
area of interaction further. 

to the toxin; in contrast, in the presence of the 43 kDa 
protein, fewer subunits became radioactive, and in addi- 
tion, the protein itself became crosslinked to analog 2. 
Although ‘the interaction of 43 kDa with nAChR is not 
essential for the channel gating process [19], we propose 
that the presence or absence of 43 kDa greatly affects the 
binding of PhTX to the nAChR channel. Thus, the 
43 kDa protein may be a useful geometrical marker indi- 
cating that the photolabile groups of the toxin analog are 
oriented toward the cytoplasmic side of the pore. 
Moreover, the cytosolic protein must be asymmetrically 
disposed with respect to the nAChR, such that analog 2 
preferentially cross-links to the a-subunit in its presence. 
Binding of analog 2 to nAChR could be competed for by 
other potent wasp and spider toxin analogs, indicating that 
all of these compounds bind to a similar part of the recep- 
tor. Binding of analog 2 was also inhibited by chlorpro- 
mazine, a non-competitive antagonist of nAChR, which 

photocrosslinks to Ser248 of M~CX and to several other 
residues in the vicinity such as Ser254 of M2P,Thr253 of 
M2y, and Ser262 of M26 (see Fig. 8b) [22]. Our data 
support a model in which the binding of the azidobenzoyl 
group in analog 2 is sterically directed toward the a 
subunit in the presence of the 43 kDa protein, while the 
polyamine-Lys chain competes with chlorpromazine for 
the binding site centered around the constricted site 
within the membrane-spanning ion channel (Fig. 8a). 

In the photolabeling studies with analog 2, the 20 kDa 
fragment that carried the bulk of the cross-linked sites 
(Fig. 7) contains the agonist binding site (Cys192- 
Cysl93), transmembrane segment Ml (Pro21 l-Thr237), 
M2 (Met243-Val262), M3 (Tyr279-Thr298) and the 
cytosolic region up to Glu338. a-BgTX is a competitive 
antagonist which binds to Cys192/193 [21-231, but did 
not affect the binding of PhTX analog 2 to the receptor 
(Fig. 5a). We were able, therefore, to exclude the peptide 
chains residing close to the &BgTX binding site (extra- 
cellular chains, Serl73-Pro211 andVal262-Tyr279) from 
the site of crosslinking in our model. The transmembrane 
segments Ml, M2 and M3 were ruled out as binding 
sites on the basis of proteolytic studies on the photoaffin- 
ity labeled subunit. This leaves the cytoplasmic loops 
Thr237-Met243 and Thr298-Glu338 as the site(s) of 
cross linking to analog 2.The results lead to the proposed 
model for high-affinity binding of PhTX to nAChR 
shown in Fig. 8; the conformation of bound state PhTX 
is extended, and the polyamine chain (regions I/II) 
and the anchoring groups (regions III/IV) are located in 
different hydrophilic and hydrophobic sites, respectively. 

The alignment shown in Fig. 8 accounts for most of the 
information summarized in Fig. 2, as detailed below. 

Region I 
In this model, it is possible to line the polyamine ammo- 
nium moieties of PhTX-433 against the hydrophilic 
rings, leading to favorable stabilizations from electrostatic 
and H-bonding interactions. Thus, the relative disposition 
and the number of protonated groups on the toxin seem 
to be important in determining the potency. Here, the a- 
helical pitch (5.4 A) matches spacing of the methylenes or 
their equivalents including the amide bond. 

The small differences in activity between PhTX-433 
(natural, relative activity 1 .O for nAChR and qGluR), 
PhTX-343 (0.4 for nAChR and 0.8 for qGluR) and 
PhTX-334 (1.2 for qGlu-R) presumably arise from subtle 
differences in the matching between the amino functions 
of the PhTXs and hydrophilic rings (Fig. 8~). Bu-433 
(Fig. 8c), which has a butyl branch from the polyamine 
chain, surprisingly has an increased potency of 8; the 
hydrophobic branch probably increases the affinity 
through hydrophobic binding to Leu251. This can be 
determined experimentally by photolabeling with an 
analog carrying the label in this branch. Quaternization of 
amino groups drastically reduces the activity (the relative 
activity of per-Me-PhTX-343 is 0.2 for binding to insect 
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Fig. 8. Model of the high-affinity site for philanthotoxin in nAChR. (a) Cutaway view of a model for the nAChR with PhTX bound in the 
gate of the channel. (b) Close-up view of the channel gate, with hydrophobic (pink) and hydrophilic (blue) residues shown. (c) 
Structures of PhTX analogs used in this study and elsewhere, with relative activities shown. Philanthotoxin appears to bind on the intra- 
cellular face of the pore, with its ‘head’ oriented outwards and the ‘tail’ making contact with the hydrophilic internal rings formed by 
the amphipathic a-helices of M2. The ‘head’ region is therefore close to the 43 kDa cytoplasmic protein, consistent with the finding 
that this protein is labeled in crosslinking studies. The relative activities of the different analogs of PhTX can be rationalized on the 
basis of the model by proposing that the longer chain of PhTX-343-Arg makes additional hydrogen bonds to the hydrophilic groups 
lining the channel, and that the butyl group of Bu-433 makes a hydrophobic contact, possibly with Leu251. 

qGlu-R), probably because the bulk of the hydrophobic 
methyl groups hinders hydrogen bond stabilization. 

Region II 
The enhanced activity resulting from chain elongation can 
be rationalized by further H-bonding. For example, the 
increased activity of PhTX-343-Arg, (Fig. 8c, relative 
activity = 6), may be due to a hydrogen bond between the 
terminal guanidinium group and a Thr, possibly Thr260. 
Electrophysiological and circular dichroic studies using 
artificial ion channels formed from synthetic M2 peptides 
embedded in lipid bilayers have unambiguously shown 
that PhTX interacts with the M2 channel walls [35,36]. 

Region III 
Activity is enhanced by hydrophobic groups: for example, 
the activities of the decylamide and benzylamide analogs 
are four-fold and eight-fold increased over that of PhTX, 
respectively. Hydrophilic groups such as asparamide 
reduce activity, however. Regions III and IV probably 
interact with the hydrophobic amino acid moieties 
present on the cytoplasmic side of the channel. 

Region IV 
Some differences in antagonist activity were observed for 
binding of analogs with modifications in this region to 
qGlu-R or nAChR. For binding to qGlu-R, a bulky 
anchoring group with moderate hydrophobicity appears 

to be necessary. The hydroxyl group on Tyr is not 
required; rather activity is increased in the Phe analog. 
The systematic change in qGlu-R activity accompanying 
halogenation ofTyr @-fold enhancement for I,; 1.5-fold 
for Br,; no change for Cl,; and 0.5 for F) is noteworthy. It 
is conceivable that this trend is related to polarization of 
the molecule during binding. The enhanced activity in 
the iodinated analog not only leads to enhanced affinity 
but also allows radiolabeling in the last step in the synthe- 
sis [24]. Binding of analogs to nAChR, unlike qGlu-R, is 
not affected by removal of the bulky aromatic moiety.As 
might be expected from the circular arrangement of the 
channel aligning subunits, the affinity is independent of 
whether the configuration of the Tyr group is S or R. 

Since the nAChRs used in these experiments are ran- 
domly oriented in vesicles or in unsealed vesicles (as 
planar membrane fragments), PhTX could enter the 
binding site from either the synaptic or cytoplasmic side 
of the receptor. The photolabeling studies with azi- 
dophenyl analog 2 showed that the azido group cross- 
linked to the cytoplasmic loop and also to the cytoplasmic 
43 kDa protein. Thus, at least under the experimental 
conditions employed, the scheme in Fig. 8 is reasonable. 

In the natural system, however, nAChR is embedded in a 
sealed electrocyte membrane, and therefore only the 
synaptic entrance would be exposed to applied PhTX. 
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Thus in the tertiary structure Fig. 8, it may also be possi- 
ble that the anchoring group of PhTX rests in the 
hydrophobic pocket, and that the polyamine lies in the 
hydrophilic gate (an inversion of the configuration of the 
toxin in Fig. 8a). On the other hand, it has been observed 
that synthetic PhTX-343 blocks channels gated by insect 
Glu-R more efficiently and potently when injected into 
the cytoplasmic region instead of extracellularly [37]. The 
increased efficiency of cytoplasmic application of a 
channel blocker has also been noted for the activity of 
chlorpromazine against a mouse cell line [22] .The model 
that we are proposing may, therefore, identify the most 
stable interaction of toxin with receptor if toxin is 
allowed to enter from either side. It is also possible that, 
in viva, the hydrophobic end of PhTX may pass through 
the open gate and reach the cytoplasmic side. Although 
the working model presented in Fig. 8 is plausible, 
further mechanistic, kinetic and binding studies are 
needed. Several studies along these lines, including toxin 
binding with intact skate electrocytes containing nAChR 
are in progress. 

Significance 
PhTX-433 and analogs are potent non-competi- 
tive, reversible antagonists of various subtypes of 
glutamate receptors (GluR) and N-acetylcholine 
receptors (nAChR). There are at least 60 types of 
polyamine-amide toxins isolated from venomous 
spider species, which also potently inhibit neuro- 
transmitter receptors by blocking their internal 
cation-conducting channels [l]. Since wasp and 
spider polyamine-amide toxins are structurally 
similar, and since cation channels gated by GluR 
or nAChR are presumed to share common char- 
acteristics in their architecture of channels, it is 
not surprising to find that their channel blocking 
activities are relatively nonspecific. It is probable, 
however, that clarification of the mode of toxin 
binding to various channel subtypes on a molecu- 
lar level will eventually lead to potent subtype- 
specific antagonists. The PhTX analogs are useful 
tools to investigate the tertiary structures of 
receptors, ligand-receptor interactions, and the 
pathway by which the ligands enter and block the 
open channels, because of the ease with which 
their elongated structures can be manipulated to 
allow the attachment of various ‘tags’ at different 
points along the length of the molecule. 

Here, we have used a photolabile analog of PhTX 
to determine the position and orientation of 
PhTX binding to the nAChR, in the presence and 
absence of the 43 kDa cytoplasmic protein. 
Together with previous results, these results have 
allowed us to build a model for the interaction of 
the toxin with the receptor, which proposes that 
the toxin binds ‘head-down’ in the gate of the 
channel, close to the cytoplasm& face-This model 
can now be tested. 

The acetylcholine, GABA, glycine and serotonin 
gated channels are all homologous and belong to 
one family [21]; the GluRs constitute a separate 
family, but since modifications in the structure of 
PhTX have the same effect on GluR binding as 
they do on nAChR binding, it appears that the 
GluR gate structures have some similarity to the 
other ion gated channels. Therefore, a model cor- 
rectly representing the mode of binding between 
the PhTX analogs and nAChR should be impor- 
tant in understanding toxin binding for all of these 
receptors. It is even possible that PhTX analogs 
with high degrees of specificity for GluRs could 
be used in affinity isolation of GluRs. The design 
of antagonists of specific receptor subtypes may be 
important for the development of therapeutic 
agents for diseases involving neurological disorders 
and nerve cell death. 

Materials and methods 
Unless otherwise mentioned, all chemicals and materials were 
used as received. The wasp/spider polyamine-amide toxins 
were synthesized according to methods of Choi et. al. [11,38] 
and Goodnow et. al. [39]. Frozen electric organs from Torpedo 
cal$rnica were purchased from Pacific Bio-marine Lab. Inc., 
Venice, California. 

Preparation of N,Ph-PhTX-343~Lys (analog 1) and N,Ph- 
12712PhTX-343-Lys (analog 2’) 

Analogs 1 and 2’ were synthesized according to specific proce- 
dures as described in Fig. 4 and by the method of Goodnow et 
al. [39]. The non-radioactive iodination of N3Ph-PhTX-343- 
Lys was performed following published procedures [39]. All 
intermediates and final compounds were characterized by ‘H- 
NMR, 13C-NMR and FAB mass spectrometry. 

Preparation of N,Ph-12512PhTX-343-Lys (analog 2) 
To the Nensure vial containing carrier-free 5 mCi of Na1251 in 
14 ~1 of low5 M NaOH solution, pH 8-10 (Dupont/NEN) 
were added 80 ~1 of 1 M K,HPO, (pH 6.0), 20 ~1 of 10 mM 
Na12’I and 20 ~1 of 5 mM N3Ph-PhTX-343-Lys [36]. After 
stirring the mixture for 30 s using a small magnetic stirring bar, 
26 /.tl 10 mM chloramine T was added to initiate reaction.The 
reaction mixture was stirred for an additional 5 min, then 10 pl 
of 10 mM Na$O, was added to quench the reaction. The 
whole reaction mixture was injected into an analytical reverse- 
phase HPLC column, by which the product could be purified 
according to following conditions: (i) column,YMC-ODS (4.0 
x 250 mm); (ii) linear gradient, 100 % buffer A (80 % 
water/20 % MeCN/O.l % trifluoroacetic acid (TFA)) to 50 % 
buffer A/ 50 % buffer B (20 % water180 % MeCN/O. 1 % TFA) 
over 30 min; (iii) flow rate, 2 ml mm-l; (iv) detection, 274 nm. 
The 9-11 min fractions corresponding to the desired di-iodo 
labeled product, the retention time of which was identified by 
injection of corresponding authentic cold analog, were col- 
lected and evaporated to dryness. The residue was solubilized 
in 1 ml of Torpedo saline buffer (250 mM NaCl, 5 mM KCl, 
3 mM CaCl,, 2 mM MgCl,, 5 mM Na,HPO+ pH 7.0). 
Typically, starting with 5 mCi of Na1251, 2.0 to 3.1 mCi of 
radiolabeled product was obtained in -50-62 % radiochemical 
yield.The chemical conversion yield was almost quantitative. 
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Isolation and assay of Torpedo nAChR 
The nAChR was isolated from electroplaque membranes of 

Torpedo calijwaica rays according to published protocols 
[25-291. The affinity purified nAChR (>90-95 % in purity) 
was prepared by extracting nAChR from crude membranes 
containing nAChR with soybean lipid/cholate, and by 
employing Naja naja a-cobrotoxin affinity column (Sigma) 
chromatography as described [25-271. The pure nAChR was 
reconstituted into small unilamellar liposomes according to the 
published protocol [40]. From reconstituted nAChR, active 
channel openings were detected in lipid bilayers containing 
nAChR only after addition of acetylcholine [35].The nAChR- 
enriched membrane was obtained after discontinuous sucrose 
gradient centrifugation of crude membranes [28]. For 43 kDa- 
extracted nAChR, the above enriched membrane was adjusted 
to pH 11, followed by shaking for 1 h at 0 “C [29].The purity 
of nAChR was estimated with a-‘251-BgTX binding assays 
[26,27,41] and SDS-PAGE according to established protocols 
[42].The membranes (1.5-2.0 nmol a-‘251-BgTX sites per mg 
protein) used in these experiments were about 20-30 % in 
purity of nAChR relative to total protein in the preparation. 

Photocrosslinking experiments 
A representative protocol used for photoaftinity labeling experi- 
ments follows. The radioactive N3Ph-IzPhTX-343-Lys (25 Ci 
mmol-‘) in Torpedo saline was mixed with pure nAChR in 
5 mM Tris, pH 7.0 at concentrations of 1.90 PM (toxin) and 
0.25 PM (receptor).After incubation of the mixture for 30 min 
at 4 “C, carbamylcholine was added to the toxin/receptor at a 
final concentration of 13 pM.The resulting mixture was further 
incubated for 4 h at 4 “C, followed by 20 min UV-irradiation at 
254 nm at 4 “C. After irradiation, the solution was lyophilized 
and the residue was solubilized in SDS sample loading buffer 
(0.13 M Tris, 4 % SDS, 3 0,/o DTT, 0.001 % bromophenol blue, 
pH 6.8) at 2 pg protein pl-l. When nAChR enriched mem- 
branes were used, the irradiated suspension was centrifuged at 
14 000 rpm using a small desktop ultracentrifuge, and the 
pellets were solubilized in :sample loading buffer. After centr&- 
gation of SDS sample solution at 14 000 rpm for 5 min, the 
supernatant was loaded onto gels followed by electrophoresis in 
a Mini-PROTEAN II Electrophoresis System (Bio-Rad). The 
SDS polyacrylamide gel w,as composed of 3 % stacking gel (top 
l-2 cm) and 8 % separating gel, the thickness of which was 
0.75 or 1 mm. After completion of electrophoresis, gels were 
fixed in 50 % MeOH/lO ‘% AcOH for 30 min before staining 
with Coomassie brilliant G in 45 % MeOH/lO % AcOH. For 
autoradiography, the stained gel was dried, and exposed to X- 
ray film (Kodak) at -78 “C for 6-12 h with an intensifying 
screen. The relative intemities of labeling were measured by 
PhosphorImager@, Molecular Dynamics, in which the dried gel 
and was kept in a cassette for 4-6 h. Scintillation counting was 
also used to obtain the caoss-linking yield of each lane. Here, 
each subunit protein band was excised from the wet gel, and 
each gel slice was suspended in 0.4 ml of 4 % SDS, 10 mM Tris, 
20 mM DTT, pH 8.0 in a plastic vial and shaken overnight.The 
contents of the vial was transferred to a scintillation vial fol- 
lowed by addition of 10 ml scintillation cocktail (Fisher). The 
radioactivity was measured in a scintillation counter equipped 
with an I’25 window (Beckman). 

1 imited proteolytic mapping studies 
Proteolytic mapping of labeled nAChR a-subunit was per- 
formed with S. uureuz V8 protease according to protocols 
previously published [30--321. The nAChR (typically 30 pg) 
labeled with analog 2 was resolved in an 8 % mini slab gel 

(0.75 mm thickness) and visualized with Coomassie blue stain- 
ing.The a-subunit bands were excised, soaked in overlay buffer 
(125 mM Tris, 5 % sucrose, 0.1 % SDS, pH 6.8) plus 1 mM 
dithiothreitol (DTT) for 2 h, and gel slices were transferred to 
the wells of a mapping gel (1 mm thickness, 5 % stacking and 
15 % separating polyacrylamide gel).The S. aureurV8 protease 
(20 ~1; 0.2 mg ml-’ overlay buffer) was added to each well 
followed by 20 ~1 of overlay buffer without DTT. After elec- 
trophoretic mapping (70 V for 3.5 h, then 120 V for 3 h) and 
Coomassie staining, the major radioactive peptide bands (20 and 
12 kDa) were detected by autoradiography. For characterization 
of the radioactive peptides, the wet gel was electroblotted onto 
Trans-Blot@ PVDF membrane (Bio-Rad) followed by partial 
N-terminal sequencing of the 20 kDa band (Protein Chemistry 
Core Facility at the Howard Hughes Medical Institute, 
Columbia University). 
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