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 The venom of the Egyptian wasp Philanthus triangulum is philanthotoxin-433 (PhTX-433) is a polyamine amide with butyryl / tyrosyl / spermine moieties. It is a noncompetitive inhibitor of the nicotinic acetylcholine receptors (nAChR) and various glutamate receptors (GluR). Over 100 analogs have been synthesized for structure / activity relations (SAR) and various other purposes. Preliminary photo-crosslinking results, coupled with SAR, have led to a putative model representing the binding of philanthotoxins in channels gated by nAChR. Exciton coupled circular dichroic studies with amphiphilic analogs designed to elucidate their mode of entry into the receptor show that the philanthotoxins are capable of forming micelles in aqueous solutions. It has also been found that PhTX can apparently form sodium transporting transmembrane channels when added to phosphatidylcholine vesicles. The sodium transporting capability of the PhTX vesicles are comparable to those of other efficient channel forming compounds such as gramicidin and amphotericin B; furthermore, the PhTX molecules in the vesicle can undergo intervesicular transfer. These findings suggest a possible mode of action of the PhTXs. Namely, PhTX may first enter the lipid bilayer and then enter the nAChR from the cytoplasmic side rather than the extracellular side. Preliminary results on solid state F-NMR of fluorinated PhTXs and nAChR complexes are also mentioned briefly. 19
 
 The venoms of funnel-web spiders and the parasitic wasp produce various neurotoxins, including a group of compounds called polyamine amides (1). They secrete toxins of similar structure and biological function, and employ identical molecular strategies to paralyze their victims. The same toxins are relevant to human neuropharmacology as well because the receptors present in the nervous systems of mammals, including Homo sapiens, share many structural properties with the target receptors of these toxins found in the excitable systems of arthropods. These low molecular weight molecules exhibit complex pharmacologies in which a hydrophilic polyamine and aromatic and/or other hydrophobic moieties play key roles. In 1986 the first two polyamine amides were isolated from spider venoms: argiopine (or argiotoxin 636 ) by Grishin et al. (2) and JSTX-3 by Aramaki et al. (3), while in 1988 the wasp neurotoxin philanthotoxin-433 was isolated by Eldefrawi et al. (4) and Piek © 1997 American Chemical Society In Phytochemicals for Pest Control; Hedin, P., et al.; ACS Symposium Series; American Chemical Society: Washington, DC, 1997.
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 et al. (5) (Figure 1). The wasp produces only a few variants, but ca. 100 variants have been isolated from various spiders and the number continues to grow. These discoveries have converged into an area of intense research which embraces basic investigations of learning and memory and the potential for the developments of new classes of pharmaceutical agents for preventing or limiting brain cell damage following a stroke. [WaspToxin \
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 Figure l . Some early polyamine amide toxins. The spider and wasp toxins are non-competitive antagonists of the nAChR and GluRs. The former receptor, sequenced in 1986 (6) is the best characterized type of ligandgated channel protein. Electron microscopic, biochemical, mutagenetic and other studies performed on the receptor isolated from the electric organs of Torpedo rays and other sources have led to a gross three dimensional structure (7-10). Recently, several genes encoding the important GluRs have been cloned and sequenced (//) but since none of them have been overexpressed in quantities sufficient for biochemical structural studies, our efforts have been focused on the readily accessible nACh-R isolated from the electric organs of the ray Torpedo californica and the Skate (Naja). Using nACh-R as a probe, we are aiming to develop new general approaches towards facilitating tertiary structural studies (at a chemical level) of the ligand/receptor interactions. The focus of the approach is to use synthetic philanthotoxin analogs which are ideally suited for use as templates, streamline and drastically scale down the amount of receptor required, and to eventually apply the experience gained through nAChR studies to the much more challenging and important glutamate receptors (GluRs), even if they have not yet been overexpressed. Extensive structure activity relationship (SAR) studies have been performed to determine the channel blocking potencies of PhTX analogs. Assays were performed with nAChR, GluR and quisqualate type GluR (qGluR) using tritiated perhydro histrionicotoxin displacement and/or neurally evoked twitch contraction of locust metathoracic retractor hind muscle (for qGluR). Over 100 analogs have been synthesized by systematically modifying the molecule selectively or simultaneously in the four regions I - IV, shown in Figure 2. SAR results are summarized in the Figure (72); the IC50 for PhTX-433 in two assays are also shown. In most cases, analogs exhibited higher potency than the native 433 toxin, the more potent analogs exhibiting ca. 30-fold activity. In Phytochemicals for Pest Control; Hedin, P., et al.; ACS Symposium Series; American Chemical Society: Washington, DC, 1997.
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 qGluR :lz> Brz> CI2 > F-Tyr
 
 Λ/ increases activity +
 
 hydrophobicity and/or aromaticity enhance activity hydrophilic groups strongly reduce activity (nAChR)
 
 Figure 2. Summary of SAR The nAChR is a membrane-bound 270 kDa glycoprotein consisting of five subunits, α, α, β, γ and δ, which encircle an internal ion channel; two external agonist binding sites are located on the extracellular surface of the two alpha subunits (Figure 3A, view into receptor from extracellular side). Each subunit consists of four membranespanning regions, M1-M4, with the M2 segments, believed to be α-helical, lining the channel. The receptor has a large hydrophilic extracellular region which connects via the transmembrane region to a hydrophobic cytoplasmic moiety (Figure 3C). Binding of the neurotransmitter acetylcholine to its two receptor sites on the extracellular surface of two α subunits leads to opening of the channel lined by the M2 segments. These segments form several well-defined rings (8) which directly affect the functional properties of the channel (Figure 3C): there is negatively charged ring (1) at the top, then a large hydrophobic region (2), a leucine ring (3) which forms a constriction in the gate, two hydrophilic rings (4), and two anionic rings (5), and finally a hydrophobic domain (6) in the cytoplasmic interior; close to the receptor in the cytoplasmic interior, there exists a 43 kDa protein (Figure 3B). Preliminary photoaffinity labeling together with SAR have led to a working stereo model for the ligand/receptor binding, where the polyamine ammonium groups (tail) of PhTX are lined against the hydrophilic circles consisting of five α-helical subunits of the open channel of the receptor in a tail-up configuration. However, in the photoaffinity studies, the channel blocker was applied in a manner that it had access to both the extracellular and cytoplasmic sides of the receptor. As a result, the model may not represent the native mode of binding; however, subsequent studies have indicated that this could well be the major binding mode (unpublished, see below). The radioactive and photolabile PhTX analog, N -Ph- l2-PhTX-343-Lys (see Figure 3), specific activity 25 Ci/mmole, was synthesized, and photoaffinity labeling studies with pure nACh-R of the electric organ of the fish Torpedo marmorata as well as the membrane-bound nACh-R from this source were performed (13. ). The receptor was incubated with N3Ph- l2PhTX-343-Lys and 125
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 Figure 3. The nAChR and binding of some PhTX analogs (Adapted from ref. 13).
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 the agonist (channel opener) carbamylcholine, photoactivated, the α/β/γ/δ subunits were separated by SDS-PAGE, and the eluted α-band was proteolysed. The main radioactivity was associated with the 20 kDa S e r - G l u segment encompassing M l , M2, M3 segments (Figure 4). In a separate run, the α-subunit was digested with 173
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 Figure 4. Photoaffinity of nAChR with PhTX analog (see Figure 3). trypsin and submitted to HPLC to locate the radioactivity; a parallel experiment was performed with cold ligand. Mass spectrometry measurements of all bands (cold) corresponding to the radioactive bands indicated that the mass ranges were less than 2,000. The cross-linking site of the azido nitrogen is presumably on the intracellular loop bridging M l and M2 and/or the intracellular segment extending from M3 up to Glu338. The short extracellular segment leading into M l from Ser 5 excluded because the same results were obtained when experiments were performed in the presence of α-bungarotoxin that binds to this short segment; α-bungarotoxin is an antagonist which competes with acetylcholine for its binding sites on nACh-R. Almost identical results were obtained from similar experiments performed on the δsubunit. Since all of the membrane-spanning peptides expected from tyrosine cleavage of nAChR have molecular weights much larger than 2.5 kDa, it follows that the azidophenyl moiety was bound to a cytoplasmic (intracellular) domain of this receptor protein (Figure 3B, unfilled arrow). However, this finding is not so surprising as it might first appear. It was shown earlier that when PhTX-343 is injected into locust muscle fibers rather than being applied by topical application, the GluR present in the surface membrane of these fibers are antagonized, a result which suggests that there is a binding site for polyamine amides on the cytoplasmic domain of these receptors (14). The polyamine ammonium tail of PhTX-433 is lined against the hydrophilic circles 4/5, and the hydrophobic regions III and IV in the hydrophobic domain 6 (Figs. 3); if the orientation were opposite, the hydrophobic head would be in hydrophobic domain 2 of the receptor. The distances between the ammonium groups .7 - 5.8 À are close to the 5.4 À pitch of a helices. In Figure 3 the PhTX molecules -e depicted with the "head" group lying in the cytoplasmic hydrophobic region 6. 'though SAR (12) and affinity labeling studies (13) lead to this orientation, it is not ->wn whether this is actually the case under all conditions. c
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 Some comments on the model depicted in Figure 3 follows. Past assay results have shown that the following comments commonly apply to GluR (of insect muscle and mammalian brain) as well as nAChR (similar comments are applicable to the reverse orientation of PhTX where the head, Regions ΠΙ and IV, is in hydrophobic space 2). (i) Region I. The long polyamine chain is essential. Small differences have been observed in activity against insect Glu-R of PhTX-343 (relative activity 1.0), PhTX433 (natural, 1.3) and PhTX-334 (1.5, not listed); this could arise from subtle differences in the alignment of the hydrophilic Ser, Thr, Glu and Gin groups in the three rings and the distances between the ammonium groups in the polyamine (Figure 3D). The 8-fold increased potency relative to PhTX-433 exhibited by Bu-433 (Figure 3D) which has a Bu side-chain extending from the hydrophilic polyamine chain, should be noted. This could be accounted for by hydrophobic binding of the Bu group to Leu-251 (?), one of the questions which will be addressed by photoaffinity labeling. Quaternization of amino groups drastically reduces activity; it is likely that the bulk of the hydrophobic methyl groups hinders the formation of hydrogen-bond stabilized links between, for example serine and the polyamine chain. (ii) Region IL Extension of the polyamine chain enhances activity. For example, the 6-fold enhanced activity of PhTX-343-Arg (Figure 3D) may be due to the generation of a Η-bond between the terminal guanidinium group and Thr-260 (?). (in) Region III. Activity is enhanced by hydrophobic groups but is drastically reduced by hydrophilic groups, i.e., substitution of the butyl group with an Asp moiety reduces affinity to nACh-R to 10 %. Regions III and IV probably interact with the hydrophobic amino acid moieties present in the nAChR space 2 or 6. The high potencies of the azidophenyl analog (6-12-fold) and the cinnamate analog (12-15-fold) are encouraging since these aromatic residues can be utilized in photolabeling studies. (iv) Region TV. Here some differences were noticed between insect muscle Glu-R and Torpedo nAChR. In the former case, 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 activity enhancement accompanying halogenation of Tyr (l2>Br2>Cl2>F) is noteworthy. It is conceivable that this trend is related to the operation of a polarizability effect during binding. The enhanced activity in the iodinated analog is important since this not only leads to analogs with 4 to 9-fold enhanced affinity through iodination that can be performed at the last stage, but also to radiolabeled 125i analogs (75). Activity with nAChR is not affected by removal of the bulky aromatic moiety. Finally, GluR affinity is not dependent on the configuration of the Tyr group, the Disomer being as active as the native L-isomer. This is not surprising in consideration of the pseudo-centrosymmetric structure of the channel of these receptors. Elucidation of the in vivo mode of entry of the toxin into the open gate as well as its mode of attachment to the receptor is a focal point in understanding the mode of action PhTX on nAChR and eventually the GluRs. Regarding the mode of entry of PhTX into the receptor, five possibilities are conceivable (Figure 5). (i) PhTX enters R from the synapse and settles in head-up direction. (ii) PhTX enters R from the synapse, flips over, and settles head-down. (iii) PhTX with BIG head cannot pass constriction and settles head-up. (iv) PhTX enters R from the synapse, the positively charged polyamine complexes with CI" anion, or the neutral polyamine chelates with N a or other cations and settles head-up. (v) PhTX penetrates the lipid bilayer into the cytoplasm and settles head-down. The mechanism of penetration is not clear (see below). +
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 Although (iv) may occur in the case of analogs with specific structures, e.g., PhTX with a macrocyclic polyamine (aza-crown-PhTX)(/6), it cannot be the general entry mechanism for several reasons. The 8-fold enhanced activity of the analog Bu-433 (Figure 3D) is specific only for this position isomer; when the alkyl branch is moved to the terminal or to the first methylene chain flanked by the two nitrogens, the activity drops drastically to 0.5 (unpublished). A cyclic polyamine structure as in (iv) would not account for this drop because of the quasi-centrosymmetric structure of the rings surrounding the channel. In order to check mode (iii), analogs with BIG head groups shown in Figure 5 were synthesized (77) and bioassayed against qGluR (muscle twitch assay) (unpublished). The iminodibenzyl-5-carbonyl benzoyl moiety cannot hardly change its dimension by rotating around single bonds, and therefore would not be possible to pass the 6.5 Â constriction of the receptor around the leucine ring (Figure 3C, ring 3). The assay showed that the longer the tail, the higher the activity, thus implying a tighter fit into the receptor. Thus the activities of these BIG head analogs can be accounted for by mode (iii) in which the BIG head is directed toward the synapse. This is opposite to the configuration resulting from photo-cross linking (Figure 3B)(73). The following unexpected results, transmembrane sodium transport by PhTX, are in agreement with mode of entry (v) and also supports configuration (ii), i.e., results of the photoaffinity labeling (13) (unpublished). Egg phosphatidylcholine vesicles were prepared in 100 mM LiCl, and to this was added 100 mM NaCl solution containing 0.3 mol % of PhTX-343 (Figure 6). Transport rate was estimated by N a / L i NMR upon which an NMR shift reagent (18) which cannot penetrate the vesicle is added; measurements of the Na and Li signals, inside and outside the vesicle, respectively, gives the cation transport rate if it occurs; this protocol follows that of Lehn et al. (79). The observed rapid transport rate, plotted in Figure 6, was comparable to those of brevetoxin Β (Matile, S.; Nakanishi, K. Angew. Chern., in press), amphotericin Β (20 and gramicidin (27). It was further demonstrated that PhTX molecules undergo intervesicular transfer (bottom plot of Figure 6). Thus upon treatment of the PhTXcontaining vesicles with the same amount of empty phosphatidyl choline vesicles, after 24 hours or when the Na/Li exchange had attained equilibrium, the height of the Na "in" peaks, after immediately dropping to 50 %, again attained equilibrium after 24 hours. PhTX-343 is ca. 25 À long, and shorter than the ca. 40 À thickness of average lipid bilayers. The mechanism of Na/Li transport across the membrane is thus not clear. But the rapid transport rate implies ion transport via a "channel-like" mechanism and not via a carrier mechanism. If PhTX can undergo intervesicular transfer, PhTX molecules can also enter a vesicle, namely PhTX can penetrate a membrane. This makes mode of entry (v) depicted in Figure 5 feasible, which in turn is in agreement with affinity cross-linking results (Figure 3)(75). Porphyrin derivatives of PhTX were made (77) in order to utilize their size as well as their intense and sharp Soret band at 415 nm (ε 350,000); these spectral properties make porphyrins one of the most powerful chromophores for studies of exciton coupled CD (22). They were used successfully for investigating the transmembrane ion pore properties formed by brevetoxin Β (submitted). It was hoped that PhTX porphyrin analog (I)(Figure 7) might enter the receptor according to mode (iii) of Figure 5, similar to the case of BIG analogs. However, when dissolved in buffer B, an exciton coupled CD with Cotton effects of equal intensities of opposite signs (conservative CD) were observed at 439 nm (Δε -3.2) and 415 nm (Δε +2.9)(Figure 7) (77). This conservative shape of the negatively split CD demonstrates that the split CD is due to intermolecular helical stacking with negative chirality because of 23
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 the insolubility of analog (I). The more soluble trispyridine porphyrin analog of PhTX was prepared as its zinc complex (II); this again exhibited a bisignate CD; the positive sign of the split CD (Figure 7) snowed that coordination of zinc had induced intermolecular stacking with opposite chirality of that of (I). However, removal of zinc now yielded the PhTX analog (III) which was soluble in buffer Β as seen by the weak Cotton effects due to the (remote) chiral center of the PhTX moiety (17). This water-soluble analog and other similar analogs will now be used for further studies of the mode of interaction between the PhTX analog and the nAChR. F-solid state (SS)-NMR should become an extremely tool to explore various aspects regarding ligand/receptor binding. The advantages of FNMR (23) include its high sensitivity comparable to ^H, no background signals and stronger homo-nuclear dipolar couplings. Since no F exists in native proteins or membranes, subtraction is unnecessary. If decoupling from neighboring protons is sufficient, the line shape would be dominated by chemical shift anisotropy, which typically is averaged by magic angle spinning (MAS). This gives rise to sharp F peaks spread over a wide chemical shift range. The following unpublished experiments have been performed in collaboration with the group of Professor Ann McDermott of this department and Dr. Takashi Iwashita of the Suntory Institute for Bioorganic Research, superb NMR spectroscopists . To insure authenticity of observed peak, a highly purified nACh-R enriched membrane (1.3 mg) was incubated with 5-10 μg of PhTX derivatives I- III and 1 mM of the agonist carbamylcholine to open the receptor gate. After
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 centrifugation, MAS-NMR of the centrifuged sample-containing pellets gave sharp diagnostic ^ F signals spread over the range of -70 to -120 ppm. This is probably the first SSNMR of any protein/ligand complex of comparable size; the receptor nAChR is 270 kDa. The high sensitivity of the ^ F nucleus, coupled with its sensitivity to environmental changes shows that F-SSNMR will provide a unique and powerful tool for mode of action and/or tertiary structural studies of ligand/receptor complexes. The development of novel techniques by McDermott and coworkers has also led to successful F-F distance measurements in SSNMR. Simple phenyl or linear polyphenyl derivatives have been selected due to ease of estimation of tie CF3/CF3 distance (Figure 8). The F chemical shift of each group is -43 ppm (SCF3) and -64 ppm, respectively, which is in the convenient range for distance measurements by
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