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 (Tan et al., 1993).

The charge distribution on the enzyme creates a dipole that not only directs ligands to the gorge entry, but may also facilitate diffusion to the active center. This, in turn, has led to the suggestion of a "back door," a portal of substrate access distinct from the gorge entrance, to accommodate the rapid product removal or solvent contact (Ripoll et al., 1993;Gilson et al., 1994 et al., 1970;Endo and Tamiya, 1991), and the subtype-specific muscarinic receptor agonists (Adem et al., 1988;Segalas et al., 1995) et al., 1994), ligand competition [START_REF] Karlsson | Fasciculins, anticholinesterase toxins from the venom of the green mamba Dendroaspis angusticeps[END_REF][START_REF] Marchot | Binding of '251-fasciculin to rat brain acetylcholinesterase: the complex still binds diisopropyl fluorophosphate[END_REF]Radid et al., 1995;Eastman et al., 1995), and site-directed mutagenesisstudies (Radid et al., 1994(Radid et al., , 1995)), indicate that fasciculin does not completely occlude ligand access to the active center Ser, but rather binds to the peripheral site to inhibit catalysis, perhaps allosterically. Although the X-ray structures of the fasciculins Fasl and Fas2 have been solved (Le [START_REF] Du | 1.9A resolution structure of fasciculin 1, an anti-cholinesterase toxin from green mamba snake venom[END_REF][START_REF] Du | Crystal structure of fasciculin 2 from mamba snake venom: evidence for unusual loop flexibility[END_REF] et al., 1991). Secondary The side chain of FasP Arg-I 1 comes in close apposition with mAChE and Asn-87( 85) and surrounds mAChE Trp-86(84), a proposed second portal for entry of substrate and exit of product (Gilson et al., 1994). mAChE Asp-283( 276) and , suspended from helix CITY,,, are hydrogen bonded to Fas2 Thr-8 and Thr-9. For clarity, Fas2 residues Thr-8, Thr-9, and Ser-IO at the tip of loop I are not labeled, but their side chains are clearly visible. The capacity for hydrogen bonding of the hydroxyl groups of Thr-8 and Thr-9 is evident. (C) Side chain to side chain interactions between mAChE (blue Ca tubes with light blue side chains and colored spheres) and the core region of FasP (yellow Ca tubes with orange side chains and colored spheres).

The cavity formed at the molecular surface of FasP by the side chains of Arg-11 (protruding at the front), Ala-12, Tyr-4, and Tyr-61 is filled by mAChE .

FasP Arg-24, a structurally important residue, is hydrogen bonded to the carcarboxy-terminal region of Fas2. Fas2 Arg-37, a residue conserved in the three-fingered peptide toxin bony1 atom of Tyr-61 and stabilizes the family, is in stacking interaction with FasP Arg-24 and is hydrogen bonded to mAChE Thr-75(73). et al., 1994, 1995). This constella- et al., 1994, 1995). [START_REF] Karlsson | Fasciculins, anticholinesterase toxins from the venom of the green mamba Dendroaspis angusticeps[END_REF][START_REF] Lin | Anticholinesterase activity of angusticeps-type toxins and protease inhibitor homologues from mamba venoms[END_REF][START_REF] Marchot | Binding of '251-fasciculin to rat brain acetylcholinesterase: the complex still binds diisopropyl fluorophosphate[END_REF]RadiC et al., 1994;Eastman et al., 1995) The GlcNAc moiety linked to is displayed in white with colored spheres. [START_REF] Du | Crystal structure of fasciculin 2 from mamba snake venom: evidence for unusual loop flexibility[END_REF] et al., 1993;Radic et al., 1995) and demonstrating the existence of detectable levels (0.1 %-V/o) of residual catalytic activity toward acetylthiocholine for the fasciculin-AChE complexes [START_REF] Marchot | Binding of '251-fasciculin to rat brain acetylcholinesterase: the complex still binds diisopropyl fluorophosphate[END_REF]Marchot et al., submitted;Radic et al., 1994;[START_REF] Du | Crystal structure of fasciculin 2 from mamba snake venom: evidence for unusual loop flexibility[END_REF]Eastman et al., 1995).

Fractional inhibition by fasciculin is even less for larger substratesof lowerturnover ratessuch as p-nitrophenylacetate (Radic et al., 1995). Both residues belong to the proposed back door region (Ripoll et al., 1993;Axelsen et al., 1994) 

Significance and Implications

The crystal structure of the FasP-mAChE complex offers a model for a three-fingered snake toxin in a complex with its specific receptor and reveals several features that are likely to be characteristic of the fasciculins, the a-neurotoxins, and the peptidic muscarinic agonists.

First, the tips and exposed side surfaces of the loops govern the speci- and crystallization of the Fas2-mAChE complex will be reported elsewhere (Marchot et al., submitted). The Fas2-mAChE complex generated two indistinguishable hexagonal crystal forms, A and B, obtained from identical crystallization conditions, both diffracting up to 2.8 A. This resolution limit, however, could not be achieved because the crystals could not be flash cooled and were very sensitive to X-ray radiation. All data were therefore collected at 4OC. Form A crystals belong to space group P6522 with cell dimensions a = b = 75.5 A, c = 556.2 A, giving a Vm value of 3.1 AZ/Da (60% solvent; Matthews, 1~968) for a single Fas2-mAChE complex in the asymmetrrc unit. A 3.2 A resolution data set, which consisted of 62,214 observations for 14,488 unique reflections (85% complete; R,,, = 8.9%) was collected from four crystals with a crystal-to-detector distance of 862 mm (h = 1 A) and a 10.6O tilt or with a distance of 538 mm (h = 1.5 A) and a 12.4O tilt. In the 3.3-3.2 A resolution range, the data set was 67% complete with an R,,, of 21%. Form B crystals also belong to spacegroupP6,22withcelldimensionsa = b = 128.4A,c = 556.6 A, giving the same Vm value as form A crystals for three Fas2-mAChE complexes in the asymmetric unit. A 3.5 A resolution data set, which consisted of 92,846 observations for 33,798 unique reflections (87% complete; R,,, = 9.4%) was collected from four crystals with a distance of 757 mm (h = 1.15 A) and a 10" tilt. Data were collected at beam line X12C of the National Synchrotron Light Source with a MarResearch imaging plate detector and were processed with DENZO and SCALEPACK (Otwinowski, 1993).

Structure Solution and Refinement Initial phases for the form A crystal data set were obtained by the molecular replacement method using the TcAChE model (PDB code, 1ACE) as a search model with the AMoRe program package [START_REF] Navaza | AMoRe: an automated package for molecular replacement[END_REF]. The positioned mAChE (correlation = 51%; R factor = 41% in the 15 A to 4 A resolution range) was refined with X-PLOR (Brtinger et al., 1987) which gave an R factor~of 26%~and a free R factor of 39% (5% of the reflections) in the 10 A to 3.2 A resolution range. The mAChE model was manually fitted, and a poly-Ala model corresponding to Fas2 was built into (Jo weighting electron density maps (Read, 1986) with the graphics program XFIT [START_REF] Mcree | Avisual protein crystallographic software system for Xl l/Xview[END_REF] et al., 1993), and 80% of the polypeptide backbone dihedral angles were found to lie in the most favored regions of the Ramachandran diagram. The coordinates of model A will be deposited with the Brookhaven Protein Data Bank. The structure of form B was determined by molecular replacement with the AMoRe program using the refined model A. For three Fas2-mAChE complexes in the asymmetric unit, the corlelatio? and R factors were 70% and 39%, respectively, in the 15 A to 4 A resolution range. Successive rounds of refitting were followed by refinement cycles. The final model (model 6) has an OR factor of 20.8% for 29,167 reflections (all data) in the 10 A to 3.5 A resolution range and a free R fac!or of 32.2%. The overall deviations from ideal geometry are 0.01 A for bond distances and 1.7O for bond angles. Model B is essentially identical with model A and is not described herein.
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 1 Figure 1. Quality of the Structure and Overall View of the Complex (A) Stereoview of the final oA weighting 2F,-F, electron density map (contoured at 1 a) of the entire Fas2 molecule at 3.2 A resolution. Labels I, II, and Ill refer to Fas2 loop I (residues 4-16), loop II (residues 23-38) and loop Ill (residues 42-51). The Fas2 molecule is particularly well ordered in the complex. T~he Arg-11 side chain extends on the right of the molecule. (8) Stereoview of the 3.2 A resolution omit F,-F, electron density map of the tip of FasP loop II and the surrounding mAChE residues (5% of the total number of atoms, contoured at 2.5 a). The coordinates of this region were omitted and the protein coordinates refined by simulated annealing before the phase calculation for the map. Residues are labeled in white for mAChE and in yellow for FasP.
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  Figure 2. Three-Point Interface of the FasZ-mAChE Complex (A) Side chain to side chain interactions between mAChE (blue Cu tubes with green side chains and colored spheres) and the tip of FasP loop II (yellow Ca tubes with light yellow side chains and colored sphere). A part of the molecular surface of mAChE buried in the complex is displayed in transparency and shows the cavities around the gorge entrance for Fas2 Pro-30, Pro-31, and Met-33. The tip of Fas2 loop II interacts with mAChE peripheral anionic site residues Tyr-72(70), Tyr-124(121), Trp-286(279), Tyr-341(334), and Gly-342(335).Extensive polar and van der Waals interactions between Fas2 loop II and mAChE residues surrounding the gorgeentrance stabilize this interface of the complex.

  (C) Stereoview ribbon diagram of Fas2 (yellow and green) bound to mAChE (blue and magenta). The tip of loop II and the inner side of 8 strand 4 of Fas2 are tightly associated with the peripheral anionic site of mAChE, whereas loop I binds on the other side of the lid region (0 loop) of mAChE. The residues of FasP and the secondary structure elements of mAChE involved in the complex are highlighted in green and in magenta, respectively. Residues within the mAChE catalytic site, Ser-203(200), Glu-334(327), His-447(440), and Trp-86(84), are displayed as white bonds with colored spheres. Residues belonging to the mAChE peripheral anionic site, Tyr-72(70), Asp-74(72), Trp-286(279), and Tyr-341(334), are displayed as green bonds with colored spheres. The GlcNAc moiety linked to Asn-350(343) is displayed in white with colored spheres. Secondary structure elements of mAChE are labeled according to Cygler et al. (1993).
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  Figure 3. Molecular Surfaces of Fas2 and mAChE at the Complex Interface (A) Fas2 molecular surface, colored in blue for the residues buried to a 1.6 A probe radius and shown in white for the nonburied residues. A Cu trace (yellow) is shown through the surface. The buried residues are found at the tip of loop I (bottom center), where Arg-I 1 is clearly visible (bottom) and at the tip of loop II (middle left) and extend to the concave face of p strand 4 (center). Only two residues are buried at the tip of loop Ill (back left). This interfacial area represents 27% of the total accessible surface area of Fas2 and comprises 21 residues of Fas2, of which only four are positively charged. The cavity formed by the side chains of Tyr-4, Arg-37, and Tyr-61 is visible at the center of the molecule. (B) mAChE molecular surface, viewed looking down into the gorge. The color code is the same as in (A). Buried residues cluster in and largely around the gorge of the enzyme and on the other side of the lid region (top). This interface area represents 5% of the total accessible surface area of the molecule and comprises 25 residues of mAChE. Fas2 (yellow Ca trace) is superimposed on the molecular surface and is oriented -90° away from that in (A). Labels I, II, and Ill refer to the loops of Fas2. The arrow indicates the active site gorge entrance.
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  Figure 4. Comparison of FasP and mAChE with Their Respective Homologs (A) Molecular surface of mAChE (blue) buried in the Fas2-mAChE complex, with the Cu traces of bound FasP (yellow), free Fas2 (green), free Fasl (magenta), and toxin a (white). The toxin molecules are superimposed according to their Co. atoms. Steric occlusions of toxin a loops I and II and of Fasl loop I with the mAChE interface are demonstrated by the surface transparency. The disulfide core and loop Ill conformations are conserved in all three-fingered toxins of known structure. The arrow indicates the mAChE active site gorge entrance. (B) Superimposition of the mAChE monomer (blue) with a TcAChE monomer (white) according to their Ca atoms. The Fas2 molecule bound to mAChE is in yellow. The rigid body motion of residues Tyr-341(334) to Ser.399(392), at the bottom of the gorge entrance, is indicated by the curved arrow. The amino and carboxyl termini of the monomer are indicated by N and C, respectively.The GlcNAc moiety linked to is displayed in white with colored spheres.

  Figure 5. Dimeric Assembly of Monomeric mAChE Ribbon diagram of the mAChE dimer (blue) with bound Fas2 (yellow) viewed down the crystallographic two-fold axis. The enzyme is devoid of an intersubunit disulfide-linking Cys and is monomeric in solution, but a dimer forms within the crystal. A four-helix bundle is formed by the tight packing of helices a3 78andu,0(magenta)from eachmonomer. The amino and carboxyl termini of each monomer are indicated by N and C, respectively.The two gorge entrances are at opposite faces. The GlcNAc moiety linked to Asn-350 (Ser-343 in TcAChE) is displayed in white with colored spheres.

  and a modified version of TURBO-FRODO (Roussel and Cambillau, 1989; A. G. Inisan, A. Roussel, and C. Cambillau, personal communication). Subsequent refinements were performed alternating with model building until a 40 residue poly-Ala model, consisting of five segments, was obtained. Superimposition of Fas2 (PDB code, 1FSC) with the model revealed an orientation based on the position of the four disulfide bridges and the side chains of Tyr-27 and Tyr-61, together with the directions of loops I and !I. This overlapped model was refined by rigid body motion in the 10 A to 3.2 A resolution range after removal of loops I and II, suspected of high flexibility, from Fas2. Successive rounds of rebuilding and simulated annealing refinement allowed complete interpretation of both the Fas2 and mAChE structures.X-PLOR omit maps were used from the final model to check systematically every part of Fas2 and of the mAChE regions bound to Fas2: five and ten residues of the structures of Fas2 and mAChE, respectively, were deleted in each calculation, and simulated annealing was used to reduce model bias in the omit maps. The final model (model A, described herein) has a !$ factor of 18.4% for 13,823 reflections (all data) between 10 A and 3.2 A resolution and a free R factor of 29.4%. High temperature factors and weak electron density include mAChE residues to Pro-498. FasP residue Lys-51 and mAChE residues Arg-13(1 l),
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	Structural		Adaptability		and Specificity
	of the Fasciculin	Molecule
	Superimposition		of the structure	of Fas2 bound to mAChE
	with that of free Fas2 (Le Du et al., 1995) reveals	that the
	tips of loops	I and II are shifted	by 2-2.5	A within	their
	respective		mAChE-binding	sites, resulting	in a root mean
	square	(rms) deviation	of 0.77 A for 61 Ca atoms	(Figure
	4A). Comparison	of the crystal	structures	of Fasl	and
	Fas2,	which differ	by single	mutation	Tyr/Asn	at position
	47, revealed	a large difference	in the conformation	of loop
	I, perhaps	influenced	by the detergent	employed	for crys-
	tallizing	FasP (Le Du et al., 1992, 1995).	It is noteworthy
	that mAChE	Pro-78(76)		plays exactly	the same role as the
	side chain	of Thr-9	in the structure	of Fasl	in mimicking
	the detergent	molecule		that fills the hydrophobic	pocket
	formed	by Tyr4,	Arg-37,	and Tyr-61	in the structure	of
	Fas2 and allows free Fas2 to crystallize	in a conformation
	resembling	the bound	state.	In contrast,	superimposition
	of free Fasl with bound	Fas2 reveals	steric occlusion	be-
	tween	loop I of Fasl	and the lid region	of mAChE	(Figure
	4A), indicating	that Fasl binds to mAChE	with aconforma-
	tion of loop I different	from that in the Fasl	crystal.	The
	observations	that crystallization	yielded	hexagonal	Fasl-
	mAChE	crystals	belonging	to the same space	group	and
	having	the same	cell dimensions	as the FasP-mAChE
	crystals	(Marchot	et al., submitted)	and that Fasl	forms
	FasP-type		crystals	in the presence	of the detergent	(Le
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