Modeling the Third Loop of Short-chain Snake Venom Neurotoxins: Roles of the Short-range and Long-range Interactions
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ABSTRACT

The influence of long-range interactions on local structures is an important issue in understanding protein folding process and protein structure stability. Using short-chain snake venom neurotoxin as a model system, we have studied the conformational properties of eight different loop III sequences either in the environment of one of the short-chain neurotoxin(erabutoxin b (PDB ID 1nxb), or in free state by Monte Carlo simulated annealing method. The surrounding protein structure was found to be crucial in stabilizing the loop conformation. Although all the eight peptides prefer type V ( turn in solution, three of them (KPGI, KPGV, KSGI) turn to type II ( turn and the other five (KKGI, KKGV, KNGI, KQGI, and KRGV) are confined to more rigid type V ( turn conformation in the protein structure.  Using flexible tetra-glycine-peptide to screen the backbone conformational space in the protein environment also validates the results. This study shows that long-range interactions do contribute to the stability and the types of conformation for a surface loop in protein, while short-range interactions may only provide candidate conformations, which then have to be filtered by the long-range interactions further.

INTRODUCTION

The interactions in protein can be classified into short-range and long-range interactions according to their effective region [1]. Short-range interaction mainly lies among the neighboring residues in sequence and determines the conformations of single residue and local structures. Long-range interaction exists in the neighboring residues of the structure, it is crucial for the protein folding and stability of the advanced protein structure. Though the two kinds of interactions determine the protein structure cooperatively, the long-range interactions have strong influence on the protein structure and function, which was validated both by experimental and computational results [2,3,4]. For example, the lack of structure of the GH loop (G132-S142) of VP1 capsid protein in aqueous solution showed that its conformational determinants sufficient for the structure stabilization were dictated by the interactions with protein environment [2]. It was also found that N-terminal sequence (1-40) in hen lysozyme had little secondary structure in aqueous solution, the stabilization of its structure in native protein was facilitated predominantly by long-range interactions with the C-terminus [3]. 

Neurotoxins are the major toxic components of the snake venoms. They bind to the nicotinic acetylcholine receptor proteins on the postsynaptic membranes and cause skeletal muscle paralysis[5]. Two groups of (-neurotoxins: long-chain toxins and short-chain toxins have been found to take similar three-dimensional structures[6]. In Swiss-Prot (Release 33) [7], there are 43 short-chain neurotoxins, all of which are highly homologous with sequence identity above 48% (alignment by HSSP[8]) (see Table 1). One x-ray crystal structure (erabutoxin b)[9] and three NMR structures[10,11,12] are known for short-chain neurotoxins. Structure comparison of the four structures showed that they are almost identical structures, with main chain root mean square deviations (RMSD) less than 1.7 Å.

<==== Table 1

Loop II and loop III in short-chain neurotoxins are found to be important by acting as toxic residues and involved in binding with acetylcholine receptor[6]. For the (-bend in loop III (residues 47-50), 19 of these toxins have sequence KPGI as found in erabutoxin b. For the remaining 24 toxins, 4 of them have sequence of KKGV, 6 KKGI, 6 KPGV, 2KNGI, 1KRGV, 1KQGI, 4KSGI. In all 43 short-chain neurotoxins, Lys and Gly are always found in the first and the third positions of the tetrapeptides forming the (-bend of the third loop.

Roos et.al. studied the conformational properties of the blocked tetrapeptides for the third loop by experimental methods and by potential energy calculations[13,14,15]. In the eight tetrapeptides studied, they found three peptides: KPGI, KSGI, KPGV take (-turn conformation, while the other five peptides exist as random coil in water, but showed preference for helical structure in TFE. Their results indicates that short-range interactions are important in determining the conformation of the first group, but additional long-range interactions are necessary in defining the (-bend conformation of the latter group in protein.

We have developed an efficient Monte Carlo simulated annealing program to study protein loop conformations [16,17,18], which was shown to reproduce loop conformation reliably for proteins. In order to study the long-range interactions on the conformations of the loop III in short-chain snake neurotoxins, we used the Monte Carlo simulated annealing program to study eight different loop III sequences in the protein structure and in solution separately. Since short-chain neurotoxins are highly homologous, it is reasonable to assume that they all take similar three-dimensional structures. The calculation of one homologous sequence KPGV validates that loop III in the NMR structure of toxin from naja naja oxiana venom can be reproduced well by simulation with the protein environment of erabutoxin b (see Results and Discussion).

Short peptides in proteins can be classified into two groups according to whether they will always take a conserved conformation: conserved peptides are those that will always take the same conformation independent of protein environment; variable peptides are those that will change conformation under different protein environment[19,20,21]. Structurally conserved peptides may act as nucleation site in protein folding. For loop III in short-chain neurotoxins, we would like to address the problem whether these peptides are structurally conserved, or in other words, whether in this case short-range interactions can sufficiently determine the (-bend structure.

MATERIALS AND MEHTODS

Data

The crystal structure of erabutoxin b (PDB code 1nxb, resolution 1.38Å) [9] was used as the protein environment. The PDB codes for the three NMR structures are: 1nea[10], 1nor[11], 1ntx[12]. Sequences for short-chain neurotoxins were taken from Swiss-Prot (release 33) [7]. Sequence Alignments were taken from HSSP[8] and shown in Table 1. Eight different sequences of loop III of short-chain neurotoxins were studied and are listed in Table 2.

Conformational Analysis
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LPSA[16,18], program for modeling protein loops by Monte Carlo simulated annealing method, was employed in this work. In this program, the loop is developed from its N-terminal in extend conformation at first; then two dummy atoms N’ and CA’ are grown at the end of the loop; based on a simplified soft-sphere potential which allows atomic interpenetration in certain degree (see Equation 1, ks is the coefficient of simplified soft-potential, d is the distance between a pair of atoms and d0 is the sum of their van der Waals radii) and harmonic constrained potential which guarantees the smooth closure of the loop (see Equation 2, kh is the coefficient of harmonic constrained potential, r(x)s are the position vectors of the dummy atoms and their reference atoms), and combined with grid-mapping accelerating method, the simulated annealing process continues to screen the conformational space entirely. In order to eliminate the coarseness of above simplified potential and evaluate the conformational energies precisely, additional CHARMm minimization step is performed. The program can take long-range forces into consideration and precisely model the protein loop conformation with high speed. LPSA can be obtained from anonymous ftp server of the author’s laboratory: mdl.ipc.pku.edu.cn.

The simulation procedures for the loops under protein environment are the same as in ref. 16, 18 .   In order to remove bad contacts, the crystal structure of erabutoxin (1nxb) was optimized with 200 steps of steepest descent, 200 steps of conjugated gradient and 800 steps of Adopted Basis Newton-Raphson method successively using CHARMm  with polar hydrogens. The dielectric constant was set to be one. For each loop, 100 conformations were generated, which were then submitted to energy minimization by 400 steps of SD, CONJ and ABNR methods successively using CHARMm. During these procedures, only loop atoms were allowed to move in the optimization, while others were kept fixed. It is incontestable that optimizing the whole protein structure after the enclosure of the loops will be more appropriate. However, since the side chains of loop residues were mainly extended out, they had less influence on the protein environment. On the other hand, the sequences of different loops primarily had differences at the second residue, the similar sequences inspired us that it would introduce less distortion when the protein environments were kept fixed during CHARMm minimization. For additional more important reason, this treatment would greatly reduce the computational demand. For example, when reproducing the crystal structure of loop KPGI, the minimization of the whole protein took about 21 minites, while only 37.5 seconds were spent in minimizing loop when protein environment were kept fixed. The computational speed was accelerated about 30 times. The energy coefficients for the soft-sphere potential and the constrained potential are 10 and 100 kcal/(mol.atom. Å2), respectively. The simulations were carried out on SGI  O2/R10000, Indy/R4400 or Indigo2 /R4000.

The conformation of free peptides was analyzed by using SA program[22,23]. SA is a program for peptide conformational analysis using Monte-Carlo simulated annealing protocol and based on ECEPP/2 force field[24,25]. The N-terminal of each peptide was blocked by acetyl, and  the C-terminal was blocked by N-methylamide groups. 100 candidate conformations were generated by 100 runs of annealing for each peptide. Main chain ( angles were kept to 180( during the simulation except for those before proline (which were kept to either 180( or 0(). In order to compare with those obtained under protein environment, all the conformations were then optimized using CHARMm, and the dielectric constant was set  to be the value of vacuum, i.e., one unit, for simplicity.

Conformational clustering method[18]
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Average Linkage Cluster Analysis (ALCA) method was performed to divide the conformations into different structural groups. The ALCA mainly involves some typical average conformations to cluster the candidates. At first, it treats each candidate as a separate conformational class. Then the RMSDs of the average conformations between each pair of typical classes are calculated (see Equation 1). Here RMSDavg is the RMSD of the typical average conformation of each class. M and N are conformational classes, i and j are candidates of M and N classes respectively, CM and CN are numbers of candidates which belong to M and N classes respectively. After the average RMSD is compared with a given threshold, all of the conformational candidates are reformed into new classes, the classes whose average conformational RMSDs are less than the threshold are grouped into the same new class. This course will repeat until the classes are converged and unchanged. 

RESULTS

1.  Conformation of the native loop III sequence in erabutoxin b structure

   The loop III of erabutoxin (KPGI) was first calculated to see whether we can reproduce the crystal structure by the calculation procedure. Among the 100 conformations obtained from the simulation, a good correlation between CHARMm energy and root mean square deviation (RMSD) from the crystal structure was established (see Figure 1.) The lowest energy conformation deviate from the crystal structure only by 0.05 Å, which shows that we can reliably model the loop conformation by LPSA simulation.

 <======= Figure 1

2.  Conformation of the loop III sequence from naja naja oxiana venom in erabutoxin b structure

     In all the three known NMR structures of short-chain neurotoxins, one of the loop III has sequence of KPGI, while the other two have sequence of KPGV. We took neurotoxin from naja naja oxiana venom (1nor) as an example to test whether we can reproduce the KPGV conformation in 1nor when erabutoxin structure was used as protein environment. We first compared the conformations of loop III among the 19 NMR structures of 1nor by superposing the loops with one additional residue at both ends and found that the root mean square deviations (RMSD) are in the range of 0.19-1.36Å. We then compared the lowest energy conformation for KPGV obtained in the environment of erabutoxin b with the NMR structures. The value of RMSD (between 1.36 to 1.63Å) shows that KPGV conformation can be reproduced under the environment of erabutoxin. The successful reproduction of KPGV offers us a great support to simulate other loop III sequences under erabutoxin environment.  

3.  Conformations of  the other six loop III sequences in erabutoxin b structure

    All the other loop III sequences were calculated in the same way as KPGI. 100 conformations were obtained for each loop sequence. The lowest energy conformations were regarded as the expected conformations in protein environment. The secondary structures of these conformations are listed in Table 2. Definition of (-bend was based on main chain C( distances and backbone torsion angles [26]. The results show that all the eight peptides take (-bend structure, but belong to different types. The lowest energy conformations for KPGI, KPGV, KSGI belong to type II ( turn; while KKGI, KKGV, KNGI, KQGI, KRGV belong to type V ( turn.

<======Table 2

4.  The accessible conformational space of loop III in erabutoxin b strucutre

     In order to study the influence of protein environment on local structures, a flexible polytetraglycine peptide (Gly)4 is used to search the accessible conformational space of loop III in erabutoxin b structure. As glycine is the smallest amino acid residue with no side chain, polyglycines should be able to give the full conformational space for all possible sequences. 100 conformations were generated by using LPSA which were clustered into nine groups with an RMSD cutoff of 1.6Å[18]. Except for three small groups, which may resulted from conformational perturbation and fluctuation, six major groups were found (see Figure 2). Comparing the lowest energy conformations for the eight loop III sequences in the protein environment of erabutoxin b, KPGI and KPGV were found to belong to group I (with a conformational population of 12%), KKGI, KKGV, KRGV, KQGI, KNGI and KSGI belong to group II (with a conformational population of 7%). Polyglycine peptide simulation shows that there are six possible groups of conformation restricted by the erabutoxin b structure. The eight short chain snake venom neurotoxin loop III sequences only use two of them. Since the peptide is so flexible and has no C( atom and chirality of C( atom, the group III, IV, V, VI (with conformational populations of 45%, 27%, 3%A and %3B respectively) may come from the intrinsic properties of polyglycines or accessible to other sequences. It could be possible to make mutations in this loop and force it to take these conformations. 

<======Figure 2

5.  Conformations of the eight corresponding isolated peptides

100 conformations for each of the eight blocked peptides were calculated by the SA program and then were clustered into groups according to the RMSDs of backbone dihedral angles. Since turn types are determined mainly by the backbone conformation of the two central residues, only the dihedral angles of them were taken into consideration in calculation. The conformational groups were listed in Table 3. 

<====Table 3

DISCUSSION

1.  Effect of CHARMm minimization on protein loops and isolated peptides

In order to remove the imprecision from the soft-sphere potential and the biases from different force fields, the CHARMm minimization was performed. The root mean square deviations (RMSDs) of protein loop and isolated peptide between the unminimized and minimized conformations were figured out (see Figure 3). It was found that, for isolated polypeptide, the RMSDs were scattered between 0.3 Å and 1.8Å (see Figure 3a). The result implied that for the most conformations of isolated peptides, they were predicted reliably and had good agreements between ECEPP force field and CHARMm force field, they only had been modified a little according to CHARMm parameters. While for those that had large RMSDs, there were some conflicts between the above two force fields, then the conformations underwent great changes in CHARMm optimization to remove the biases from ECEPP models. For the conformations of protein loop, the RMSDs were slightly larger than the isolated peptide, they mainly ranged from 1.0Å to 2.0Å, a few of them exceeded 3.0Å (see Figure 3b). The program LPSA produced proper initial conformations, then the procedure of CHARMm optimization considered more interactions in details and made the finial result more reasonable. Thus the final results mainly built from very approximate structures. In general, the CHARMm minimization step can not only find the correct conformations, but also provide the common comparable standard between the results from protein loop and isolated peptide.

<======= Figure 3

2.  All eight loop III sequences take (-bend conformation under protein environment

     Under the bulk protein environment, all the eight loops form (-bend structure. But they are separated into two distinct groups: group one contains KPGI, KPGV, KSGI and forms type II turn; group two contains KKGI, KKGV, KNGI, KQGI, KRGV and forms type V turn. When studying free peptides, Roos et.al. also found that  the two groups of peptides behave differently in solution[15]. This may come from the difference of amino acids residues at the second position. The first group has proline or serine, while the second group has either positive charged or highly polar residues. In general, the results show that side chains and their interaction with protein environment have strong influence on the backbone structure of this loop. 

3.  Isolated peptides take diverse conformations

   From Table 3 we can see that for all the eight peptides, the most populated conformation is type V turn, with a population between 38% to 64%. At the same time, the peptides are able to take a large variety of other conformations. For KPGI, apart from 43% of type V turn, other conformations include 27% type I turn, 10% of type II turn, 7% type IV turn, 6 % type III turn, and random coil conformation. Roos et.al also found that KPGI, KPGV and KSGI appear to be a type V turn from NMR studies and force field calculations, but they did not have evidence of ( turns for the other five peptides [12,13,14]. From the calculation here we can see that all the eight peptides dominate in type V turns. Since all of them can reach to other conformations at the same time, less flexible peptides, like those with a proline residue, can have a detectable conformation in solution, while no single conformation can be detected for rapid changing peptides.

4.  Long-range interactions play key role in stabilizing the (-bend structure of the third loop in short-chain neurotoxins


Although all the eight free peptides have a dominate type V ( turn structure, under the protein environment of erabutoxin b, three of them KPGI, KPGV and KSGI change to type II ( turn. The traces of C( atoms of conformations for eight loops in protein and their corresponding represent conformations of isolated peptides were superposed in Figure 4.  The classification of conformations obtained from polyglycine simulation also validated the result. In protein environment, the conformational space of the peptide is highly restricted to a specific region, which may not coincide with its dominant structure when it is alone in solution. Structural analysis of short-chain snake venom neurotoxins indicated that, within 5.0 Å from the third loop in space, there was an electrostatic center in the central (-sheet which formed by polar heteroatoms in side chains of residues LYS27 (Met in one sequence), TPR29 and GLU38 (ASP in one sequence). When the second residue of the loop was polar residue (i.e. LYS, ASN, GLN, ARG), it had strong interactions with the electrostatic center. While for non-polar residue (i.e. Pro), the first residue LYS interacted with the center strongly, thus it made the loop distorted and the second residue far away from the center. For less polar residue at the second position (i.e. Ser), the situation was located between above two circumstances. Therefore, all these results clearly showed that long-range interactions, which might include van der Waals steric constraint, hydrogen bond, especially the electrostatic effect, played important role both in confining and stabilizing the (-bend structure of the third loop in short-chain neurotoxins. The loop peptide has intrinsic tendency to form ( turn, but the final structure is tuned by its environment. This should be true even for the nucleation sites in protein folding, which may form some kind of structures due to their intrinsic tendency in early stage of folding, but will have to modify their structure according the surroundings in the late stage of folding. 

<======= Figure 4

Baker and coworkers had performed cluster analysis of the distance between sequence profiles generated from multiple sequence alignments to identify some local sequence motifs that transcend protein family boundaries [27]. Based on the similar distance analysis, the structural correlates of these patterns were explored. For each typical pattern of sequence segment of 3-15 residues in length from 154 different protein families, only one or a small number of local structures were predominated [28]. They explored the ability of a simple simulated annealing procedure to assemble native-like structures from fragments of unrelated protein structures with similar local sequences using Bayesian scoring functions. The simulated annealing procedure can rapidly and frequently generate native-like structures for small helical proteins and better than random structures for small ( sheet containing proteins. It was also found that protein environment and residue pair had specific contributions to the scoring functions [29]. Similar restriction from protein environment on local sequence was also detected in hypervariable regions of immunoglobulins. Chothia and coworkers had found that, for at least five of six hypervariable regions of antibodies, though the sequences had great diversities, the repertoire of conformations appeared to be limited to a relatively small number of discrete structural classes called “canonical structures”, some key residues of the regions that located in conserved (-sheet framework, through packing, hydrogen bonding or the ability to assume unusual (, (, ( torsiona angles, were responsible for the formation of regular structures. These mainly because the tight packing mode in  immunoglobulin environment had great effect on the hypovariable regions, which restricted the key residues to determine the final structures[30,31,32,33]. Our conclusion had agreement with the above mentioned results. However, contrast to the tight packing hypervariable regions of immunoglobulin and regular structures in proteins, our computation primary focused on the surface loops which were relatively packed looser and more flexibly. Recently the works in cluster analysis of loop conformations database also validated that protein loops had limited conformations and which were restrained by the protein bulk [34,35,36,37].  

Van Gunster and coworkers had performed molecular dynamic simulations on conformational research of peptides [38,39,40]. There was good agreement upon the conformations of simulated non-native peptide fragments from proteins with the experimental results of denatured conformers of these peptides in solution. They also found that although the conformational space potentially accessible to the peptides was extremely large, very few conformers (101 to 102) were significantly populated at 20K above the melting temperature. Hansmann and coworkers adopted a generalized-ensemble Monte Carlo simulations and Multicanonical Monte Carlo simulations in studying conformations of small peptides [41,42,43]. From the landscape of thermodynamic quantities obtained over a wide range of temperatures, it was found that the folding of some small peptides was a multistage process associated with two characteristic temperatures, the collapse temperature and folding temperature, there were some categories of well-defined local minimum energy. Karplus and coworkers exploited a minimum perturbation conformational search approach in modeling mutant protein structure [44,45,46,47]. They mainly focused on single-point mutants and found that, when an amino acid was introduced, it might not be able to conform to the more general rules that applied to protein structures of evolutionary origin, while the van der Waals energy largely determined the allowed minima, the relative ranking of the final minima was determined by electrostatic effects. Our results also consisted to theirs in part. For the strategies, our two-step treatment, especially adopted in loop modeling, was also concordant to Karplus’s conclusion. However, on the other hand, our simulated annealing methods with minimization could both be applied in protein loop prediction and isolated peptide modeling, and obtained reasonable results, though the adopted potentials were different in the first step.  The method mainly focused on conformational prediction and did not study the thermodynamic properties more. It had higher speed than molecular dynamic simulations while keeping enough precision. Contrast to minimum perturbation conformational search approach, it could deal with not only multiple residue positions, but also multiple loop segments. 

Since protein loop was often involved in protein active sites, such as binding site and catalysis site, the high predictive accuracy of our methods and restriction of long range forces of protein environment on loops conformation inspired us that the methods might be introduced into drug design field. Though the isolated peptide may exist in various different conformations, it can only take a few ones as protein loop. Especially for protein ligand, we can use flexible polypeptide such as polyglycine or polyalanine, to screen the possible conformational motifs of protein loop backbone, then employ proper side-chain building method and docking method to choose reasonable sequences to design functional protein ligand, which may be used as protein antagonism. For the protease engineering, the similar scheme can be applied to design new enzyme that will associate with special substrate.

CONCLUSION

      From the calculation of eight loop III sequences of short-chain snake venom in protein environment of erabutoxin b and in isolated state, and searching conformational space in protein environment with flexible polyglycine peptide, it clearly demonstrated that the short-range interaction could only provide the possible conformational candidates of the local structures. While for the formation and stabilization of the advanced intact structure, long-range interactions are necessary. In general, the long-range interactions play a crucial role in protein folding and protein function.
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Figure 1  Reproduce the loop III conformation in erabutoxin b. Energy verse root mean square deviations (RMSD) from crystal structure of erabutoxin b
Figure 2  The conformational groups of polyglycine under erabutoxin environment

Only the traces of C( atoms of six residues, which include two additional residues in the beginning and the end of the loop, were illustrated. The conformational populations of group I, II, III, IV, V and VI are 12%, 7%, 45%, 27%, 3%A and 3%B, respectively.
Figure 3  Comparison of RMSDs between the CHARMm minimized conformations and the corresponding unminimized ones 

a The result of isolated polypeptides with SA program

b The results of protein loop with LPSA program 

Results of I, II, III, IV, V, VI, VII and VIII were sequences of KKGI, KKGV, KNGI, KPGI, KPGV, KQGI, KRGV and KSGI respectively.

Figure 4  The comparisons between the lowest energy conformation in protein environment and the represent conformations of each turns of each isolated peptides (only traces of C( atoms are illustrated, I, II, III, IV, V, VI, VII and VII are sequences of KKGI, KKGV, KNGI, KPGI, KPGV, KQGI, KRGV and KSGI, respectively.)
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a  The lowest energy Conformation of protein loop

b  Conformation of the nearest represent conformation of isolated peptides

Table 1   Sequences and alignment (from HSSP [4]) of 43 short-chain venom neurotoxins

No.                               Sequence                                PDB ID      Name

              12345678901234567890123456789012345678901234567890123456789012

      1       RICFNHQSSQPQTTKTCSPGESSCYNKQWSDFRGTIIERGCGCPTVKPGIKLSCCESEVCNN       1FRA      nxs1_latse   

      2       RRCFNQQSSQPQTNKSCPPGENSCYRKQWRDHRGTIIERGCGCPTVKPGIKLRCCQSEDCNN                 nxsc_latcr   

      3       RRCFNHPSSQPQTNKSCPPGENSCYNKQWRDHRGTIIERGCGCPTVKPGIKLRCCQSDDCNN                 nxsa_latcr   

      4       RRCYNQQSSQPKTTKSCPPGENSCYNKQWRDHRGSITERGCGCPTVKPGIKLRCCESEDCNN                 nxs2_latco   

      5       RRCFNQQSSQPKTTKSCPPGENSCYNKQWRDHRGSITERGCGCPKVKPGIKLRCCESEDCNN                 nxsd_latco  

      6       RRCFNQQSSQPQTNKSCPPGENSCYRKQWRDHRGTIIERGCGCPTVKPGVKLRCCQSEDCNN                 nxsc_latla   

      7       RRCYNQQSSQPKTTKSCPPGENSCYNKQWRDHRGSITERGCGCPKVKPGIKLRCCESEDCNN                 nxsc_latco  

      8       RRCFNHPSSQPQTNKSCPPGENSCYNKQWRDHRGTIIERGCGCPQVKSGIKLRCCQSDDCNN                 nxsb_latcr   

      9       RRCFNHPSSQPQTNKSCPPGENSCYNKQWRDHRGTITERGCGCPQVKSGIKLTCCQSDDCNN                 nxsb_latla   

     10         CHNQQSSQPPTTKTC.PGETNCYKKVWRDHRGTIIERGCGCPTVKPGIKLNCCTTDKCNN        1NEA     nxs1_najpa   

     11       KICYNQPSSQHPTTKAC.PGEKNCYRKQWSDHRGTIIERGCGCPTVKPGVKLHCCTTEKCNN                 nxs1_bouan   

     12       RICYNHQSTTPATTKSC..GENSCYKKTWSDHRGTIIERGCGCPKVKQGIHLHCCQSDKCNN                 nxs1_denja   

     13         CHNQQSSQPPTTKTCS.GETNCYKKWWSDHRGTIIERGCGCPKVKPGVNLNCCRTDRCNN        1NOR     nxs1_najox   

     14         CHNQQSSQAPTTKTCS.GETNCYKKWWSDHRGTIIERGCGCPKVKPGVKLNCCRTDRCNN                 nxs1_najph   

     15         CHNQQSSQPPTTKSC.PGDTNCYNKRWRDHRGTIIERGCGCPTVKPGINLKCCTTDRCNN                 nxs1_hemha  

     16         CHNQQSSQPPTTKTC.PGETNCYKKQWSDHRGTIIERGCGCPSVKKGVKINCCTTDRCNN                 nxs1_najme   

     17        ICHNQQSSQPPTIKTCSEGQ..CYKKTWRDHRGTISERGCGCPTVKPGIHISCCASDKCN                  nxs1_micni   

     18         CCNQQSSQPKTTTNCA..ESSCYKKTWSDHRGTRIERGCGCPQVKPGIKLECCHTNECNN                 nxs1_enhsc   

     19         CCNQQSSQPKTTTNCA..ESSCYKKTWRDFRGTRIERGCGCPQVKPGIKLECCHTNECNN                 nxs1_hydla   

     20       RICYNHQSTTPATTKSC..GENSCYKKTWSDHRGTIIERGCGCPKVKRGVHLHCCQSDKCNN                 nxs1_denvi   

     21         CCNQQSSQPKTTTNCA..ESSCYKKTWSDHRGTRIERGCGCPQVKKGIKLECCHTNECNN                 nxs1_hydcy   

     22         CCNQQSSQPKTTTNCA..ESSCYKKTWSDHRGTRIERGCGCPQVKSGIKLECCHTNECNN                 nxs2_enhsc   

     23         CHNQQSSQPPTTTHCSGGETNCYEKRWHDHRGTIIERGCGCPTVKPGVKLNCCTTDKCNN                 nxs1_bouch   

     24         CCNQQSSQPKTTTTCPGGVSSCYKKTWRDHRGTIIERGCGCPRVKPGIRLICCKTDECNN                 nxs1_acaan   

     25         CHNQQSSQTPTTQTC.PGETNCYKKQWSDHRGSRTERGCGCPTVKPGIKLKCCTTDRCNK                 nxs2_hemha   

     26         CCNQQSSQPKTTTNCA..GNSCYKKTWSDHRGTIIERGCGCPQVKSGIKLECCHTNECNN                 nxs1_astst   

     27         CCNQQSSQPKTTTICAGGESSCYKKTWSDHRGSRTERGCGCPHVKPGIKLTCCKTDECNN                 nxs1_pseau   

     28        ICHNQQSSQPPTIKTC.PGETNCYKKQWRDHRGTIIERGCGCPSVKKGVGIYCCKTDKCN                  nxs2_najhh   

     29         CCNQQSSQPKTTTDCA..DDSCYKKTWKDHRGTRIERGCGCPQVKPGIKLECCKTNECNN                 nxs4_aipla   

     30         CCNQQSSQPKTTTDCA..DNSCYKKTWQDHRGTRIERGCGCPQVKPGIKLECCKTNECNN                 nxs1_aipla   

     31         CCNQQSSQPKTTTDCA..DNSCYKKTWKDHRGTRIERGCGCPQVKPGIKLECCKTNECNN                 nxs3_aipla   

     32         CHNQQSSQPPTTKTC.PGETNCYKKRWRDHRGSITERGCGCPSVKKGIEINCCTTDKCNN                 nxs1_najha   

     33       RICYNHQSTTRATTKSCE..ENSCYKKYWRDHRGTIIERGCGCPKVKPGVGIHCCQSDKCN         1NTX     nxs1_denpo   

     34        ICHNQQSSQPPTIKTC.PGETNCYKKRWRDHRGTIIERGCGCPSVKKGVGIYCCKTNKCN                  nxs2_najha   

     35         CCNQQSSQPKTTTDCA..DNSCYKMTWRDHRGTRIERGCGCPQVKPGIKLECCKTNECNN                 nxs2_aipla   

     36        ICHNQQSSQRPTIKTC.PGETNCYKKRWRDHRGTIIERGCGCPSVKKGVGIYCCKTDKCN                  nxs2_najni   

     37         CHNQQSSEPPTTTRCSGGETNCYKKRWRDHRGYRTERGCGCPTVKKGIELNCCTTDRCNN                 nxs1_najmo  

     38        ICYKQQSLQFPITTVC.PGEKNCYKKQWSGHRGTIIERGCGCPSVKKGIEINCCTTDKCN                  nxs3_najha   

     39         CHNQMSAQPPTTTRCSRWETNCYKKRWRDHRGYKTERGCGCPTVKKGIQLHCCTSDNCNN                 nxs3_najmo  

     40        ICYKQRSLQFPITTVC.PGEKNCYKKQWSGHRGTIIERGCGCPSVKKGIEINCCTTDKCN                  nxs4_najha   

     41         CHNQQSSQTPTTTGCSGGETNCYKKRWRDHRGYRTERGCGCPSVKNGIEINCCTTDRCNN                 nxs1_najat   

     42         CHNQQSIQTPTTTGCSGGETNCYKKRWRDHRGYRTERGCGCPSVKNGIEINCCTTDRCNN                 nxs1_najka   

     43       RICLNQQQSTPEDQPTNGqiKTDCQNKTWNTHRGSRTDRGCGCPKVKPGINLRCCKTDKCNE                 nxs1_bunfa   
[NOTE]  the underlined sequences belong to  the third loops of neurotoxins

Table 2  Lowest energy conformations for the eight loop III peptides in the protein environment of erabutoxin b

PEPTIDES

TORSION
ANGLES

ENERGY

(Kcal/mol)
SECONDARY

STRUCTURE


(-2
(-2
(-3
(-3



KPGI
-39.6
113.8
106.9
 49.3
-160.34
(-turn-2

KPGV
-39.4
114.4
106.6
 49.5
-158.59
(-turn-2

KSGI
-75.3
 82.0
 86.9
 70.5
-187.52
(-turn-2

KKGI
-71.0
 87.6
117.9
-72.0
-188.73
(-turn-5

KKGV
-69.2
109.0
100.3
-83.1
-188.64
(-turn-5

KNGI
-67.4
 86.9
106.1
-58.8
-220.71
(-turn-5

KQGI
-71.9
 84.6
119.5
-74.5
-213.88
(-turn-5

KRGV
-68.0
 79.3
114.8
-65.9
-200.43
(-turn-5

Table 3  Conformations of the eight loop III peptides in isolated state


DENSITY OF SECONDARY STRUCTURE (%)


(-turn-1
(-turn-1’
(-turn-2
(-turn-2’
(-turn-3
(-turn-4
(-turn-5
random coil


KPGI
27
0
10
0
6
7
43
7


KPGV
0
0
2
0
7
13
61
17

PEP-
KSGI
16
7
7
1
0
8
49
12

TIDES
KKGI
20
7
17
0
9
0
38
9


KKGV
8
4
4
0
8
2
64
10


KNGI
14
5
13
0
11
2
40
15


KQGI
11
4
3
1
11
2
51
17


KRGV
5
4
1
0
19
2
53
16

Conformations were separated into clusters according to their root mean sequare deviations of the main chain dihedral angles of the central two residues, the cut-off value is 40 degree
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