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Abstract

The omega conotoxins are disulfide-rich peptides isolated from the venom of marine

cone snails in the genus Conus. Most of the conotoxins in this family range from 24 to

27 amino acid residues and have a compact four-loop structure maintained by three

disulfide bridges. The conotoxins’ unprecedented specificity and potency as voltage

sensitive calcium channel (VSCC) inhibitors enables the cone snails to paralyze their

prey. Effectively inhibiting the neuronal (N-type) subtype VSCC is considered a novel

form of pain management. Inhibition of the P/Q-type VSCCs in mammals results in

adverse physiological effects.

Molecular dynamics (MD) simulations of three ω conotoxins MVIIA, GVIA, and

MVIIC with varying specificities were performed in order to characterize structural

differences in sub-type specificity. A position 10 mutation of N-type inhibitors (GVIA

and MVIIA) created a new specificty for an N-type VSCC variant, and so we examine

the effect of the this mutation on the conformational equilibria of the peptides.
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Chapter 1

Introduction

1.1 Biological Significance

The conotoxins are a family of disulfide-rich peptides isolated from the venom of

predatory marine cone snails of genus Conus. Their analgesic properties have already

been explored and they are regarded as a powerful means to understanding the mech-

anism of pain inhibition in mammals via blocking voltage sensitive calcium channels

(VSCC) [1, 2, 3]. Currently, one conotoxin MVIIA is being used as a pain reliever

commercially known as Ziconotide [4].

The Conus family represents a diverse number of species, and a nomenclature for

distinguishing the various types of conotoxins has been established [5, 6]. The cono-

toxins have been divided into superfamilies, distinguishing the type of disulfide fold,

and each conotoxin is assigned a Roman numeral in its name that corresponds to its

superfamily. Conotoxins are also assigned a Greek letter corresponding to the type of

voltage sensitive channel they target. The name of a conotoxin has a third component
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that identifies its species, and a fourth identifying the order in which it was found;

ω-GVIA for example is a conotoxin isolated from C. geographus, with a framework

characteristic of the O-superfamily (VI and VII), that targets calcium channels, and

is the first peptide of this type identified (A).

Within the ω-conotoxins, the identified sequences are hypervaried, however the char-

acteristic four-loop fold is conserved among all conotoxins, as well as a Tyr-13 residue

in binding loop 2. This so-called cysteine knot is believed to be key in molecular recog-

nition by VSCCs [7]. The ω-conotoxins target a subset of neuronal (N-type) VSCCs

with unprecedented specificity, making them popular models in the design of more

potent and nonaddictive analgesic drugs. Until recently, conotoxins were believed to

be rigid peptides, however their distinct specificities and potencies as inhibitors of N-

type VSCC may be attributed to conformational flexibility that plays a significant role

in binding [8]. N-type VSCCs are found throughout the central nervous system, and

the N-type current is responsible for the release of neurotransmitters, thus producing

an analgesic effect in mammals. Calcium channels with the α 1B subunit produce

these N-type currents. While the conotoxins generally do block N-type VSCCs, some

of these peptides also inhibit other types of VSCCs, such as the P/Q-type, which are

calcium channels with the α 1a subunit. Inhibition of these VSCCs can be lethal, or

cause adverse effects due to toxicity, however ligands that bind to P/Q-type VSCCs

in general are also used as diagnostic tools for neural degenerative syndromes such as

Lambert-Eaton myasthenic syndrome [9]. Thus the characterization of the structure

and dynamics of conotoxins is key to a more controlled approach to many therapies.
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1.2 Structural characteristics of ω-conotoxins

A great deal of progress has been made during the last two decades in characteriz-

ing the structures of the omega conotoxins and structurally similar compounds using

many spectroscopic techniques and the x-ray crystal structures. In Figure 1.1 we list

the structures to date that have been deposited in the protein data bank (PDB). The

structural motif common in all of the characterizations of omega conotoxins is the

triple-stranded beta sheet cross-linked by the three disulfide bridges [8, 10]. Recent

studies on MVIIA have raised new questions about the stability of conotoxins, par-

ticularly in reference to the idea of the peptides as ”rigid scaffolds”. In a structural

analysis MVIIA was observed have two populations of Chi dihedral angles of the

Cys8-Cys20 disulfide bond, and the hypothesis of disulfide bond isomerization being

necessary for the binding of the peptide to VSCCs has yet to be confirmed as one of

the conformations has not yet been isolated. The idea of conformational exchange

being the cause of broad resonances was mentioned as early as 1996 by Nielsen et

al [10]. These broad resonances are predominantly located on Loop 2, comprised of

residues 9 through 14, and have a significant impact on the interpretation of spec-

troscopy data [8].

While the omega conotoxins have a consensus four-loop structure with a triple-

stranded beta sheet, the relative orientations of the loops, especially loops 2 and

4, vary among the characterized crystal structures [10]. These orientations have not

yet been linked to any VSCC subtype specificity, although it has been observed that

a most specific conotoxin CVID has a unique loop 4 curved towards loop 2, while in

GVIA loop 4 points outwards [11]. The nature of residue side chains in conotoxins
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also makes it difficult to predict the specificity. The GVIA binding loop (loop 2)

for example, has many hydroxyl side chains, whereas MVIIA has positively charged

side chains; yet both bind to N-type VSCCs. While many residue-replacements and

functional assays have added tremendously to our current knowledge of important

residues in the conotoxins, these studies often lack corresponding structural analysis,

with the assumption that the mutation does not significantly affect the conotoxin

structure (see Ref [11] for a comprehensive review). Thus a change in pIC50 values

could be due to a direct interaction with the VSCC, or due to an entropic effect if

that residue serves to stabilize the overall structure.

Molecular dynamics (MD) was used to sample the conformational space of three cono-

toxins: MVIIA, MVIIC, and GVIA. MVIIA and C are isolated from C. magnus and

have a high sequence homology but target N and P/Q type VSCCs, respectively.

GVIA is from the same superfamily as the other two conotoxins, but isolated from C.

geographus, as previously mentioned. Although it also targets the N-type VSCC, it

does so with less potency than MVIIA, when 125 I-MVIIA is used as the displacement

ligand [11]. Figure 1.2 lists the conotoxins of this study with their sequences divided

into the respective four loops, and their VSCC specificities 1.

1.3 Binding to Voltage Gated Calcium Channels

Systematic Alanine scans of conotoxins have established that the Tyr13 hydroxyl

group is crucial to binding to any VSCC [7]. A two-point binding mechanism of

1The PDB ids marked with one asterisk were the starting structures for MD. **This PDB has
constraints on disulfide bridges
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Figure 1.1: The available experimental structural data to date
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conotoxins to N-type calcium channels, with a basic residue on loop 1 and a hydrogen

bonding interaction with Tyr13 has also been proposed [7, 11, 12]. The high sequence

identity of MVIIA and MVIIC offers an interesting case study for the specificity of

conotoxins to VSCC subtypes. Radioligand binding assays on MVIIA-C analogs, with

N- and C-terminal halves of the peptides swapped have suggested that the important

residues for molecular recognition by the N-type VSCC must lie on the N-terminal half

of the conotoxin, whereas no distinction has yet been made regarding a sequence-local

set of residues key to binding to P/Q-type VSCCs [13]. In contrast, another study

in which all loop hybrids of MVIIA and MVIIC were evaluated for their affinity and

potency as N- or P/Q-type blockers has indicated that loops 2 and 4 act concertedly in

the binding mechanism of conotoxins, as both ACAC and CACA were more effective

blockers for P/Q- and N-type VSCCs respectively, than the other hybrid peptides in

which loops 2 and 4 were from peptides with different N- or P/Q-type specificities

[11].

A recent study identified a VSCC resistant to many N-type VSCC inhibitors, and

Figure 1.2: Conotoxin sequences and disulfide bonds
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identified an omega conotoxin CVID that effectively inhibits this N-type variant. The

same study showed that conotoxins with a Lys at position 10 binded to this N-type

VSCC more effectively, despite the lack of any noticeable change in overall structure

[14]. Thus the MD simulations of the three conotoxins and two mutant peptides

will afford a much needed evaluation of the conformations of these inhibitors. We

characterize the dynamics of conotoxins and how they pertain to (i) specificities for

N- versus P/Q-type VSCCs, and (ii) new N-type variant VSCC specificity after the

K10 mutation.
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Chapter 2

Methods

2.1 Molecular Dynamics

The cysteine knot scaffold of the conotoxins makes them an interesting system for

classical molecular dynamics (MD). Using the classical equations of motion, and an

empirical force field, MD simulations provide atomic trajectories which can be used

to extract information about the internal motions of a protein [15]. A common prob-

lem encountered in MD simulations however pertains to the issue of sampling[16, 17].

While MD is a useful way to simulate physical motions of a protein or fluid, one

trajectory is unlikely to traverse many barriers in the energy landscape of a protein,

and thus many trajectories, or enhanced sampling techniques are often required to

obtain statistically significant information about the accessible minima in the confor-

mational space of the protein [18, 19]. As all of the conotoxins have three disulfide

bonds restraining the fold of the peptide, this common issue of complete sampling is

mitigated in these simulations. The Amber ff99SB forcefield as implemented in Am-
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ber 10 was used for all simulations [20, 21]. Five separate 80ns MD simulations were

performed on the conotoxins, using experimentally characterized structures from the

PDB. The current available experimental structures to date with PDB IDs for the

conotoxins in this study are outlined in Figure 1.1.

The conotoxins were simulated in an explicit TIP3P water octahedron. The system

was first heated to 300 K at constant volume, with a weak (10 kcal/mol) restraint

on the peptide for 50ps, with a 2 fs timestep. A langevin thermostat was used with

a collision frequency of 1 ps−1 . The system was then equilibrated for 100ps with

constant pressure and periodic boundaries, again with a weak restraint on the pep-

tide. The production MD runs were at constant temperature and pressure, with a 10

Angstrom cutoff for nonbonded atom pair electrostatic calculations, and the SHAKE

algorithm was used to restrain non-polar hydrogens. Partical mesh ewald (PME) was

used for the calculation of long range electrostatics for the production MD run. The

equilibration was done using the Amber module Sander.

2.2 Clustering

For population analysis of the MD trajectories, we clustered the last 75 ns of each

trajectory using the Means algorithm, as implemented in the Amber Tools module

ptraj [20]. Ten different algorithms were tested on a smaller sample trajectory, and

clustering was evaluated based on five commonly used criteria [13]: the pseudo F-

statistic (pSF); the Davies-Bouldin index (DBI); the ratio of explained variation (sum

of squares regression) to the total sum of squares (SSR/SST); population sizes; visual

inspection of clusters[22].
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Figure 2.1: Intial MD structures: Peptide backbones are shown as ribbons (GVIA blue; GVIA[K10]

red; MVIIA orange; MVIIA[K10] green; MVIIC purple). Loops 2 and 4 are on the upper right and

left, and disulfide bonds are shown in yellow.
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Chapter 3

Results and Discussion

3.1 Structural stability

The root mean squared deviation (RMSD) of the positions of the backbone atoms

during dynamics from their initial positions are shown in Figure 3.1. As the RMSD

over time does reflect a stable conformation in each of the MD runs, an important

distinction among the conotoxins is the average RMSD from the initial structure.

For both mutant peptides, the stable structure from the MD is closer to the initial

structure than their respective wild-type MD runs. MVIIA in particular has an

average RMSD of 4.85 ± 0.54 Å from its initial structure while MVIIA[K10] has

an average RMSD of 1.51 ± 0.27 Å. Although both MVIIA and GVIA sampled

conformations consistently between 3 to 4 Å from their initial structures, MVIIC

structures were always within 2 Å of the initial structure. The MD results suggest

that both MVIIA and GVIA have a greater conformational flexibility as compared

to their respective mutant structures, and to the P/Q-type VSCC targeting peptide
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MVIIC.

Figure 3.1: Evolution of RMSD of peptide backbone atoms from the initial structures during MD

3.2 Loop Dynamics

The average atomic fluctuations for each residue of the conotoxins are shown in Fig-

ure 3.2. The side-by-side comparison shows that the mutation does not change the

global dynamics of the peptides, that is to say that the overall trends in loop flexibil-

ity do not change. For GVIA, the mutation stabilizes the peptide rather uniformly,

as can be seen from the particularly decreased fluctuations of the termini and the

residues of loop 2 (9 to 14). There is also an interesting shift in the most mobile

residue of loop 2 after the mutation, from Arg 10 in the GVIA simulation to Tyr 13
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in GVIA[K10], which is the residue key in binding, as mentioned previously.

The R10K mutation in MVIIA appears to have particularly stabilized the residues of

loop 1 to about half the average fluctuations in the wild-type simulation. The effect

of the mutation on loop 2 in MVIIA is unlike that of GVIA. Rather than the entire

loop becoming more stable, Lys 10, Met 12 and Tyr 13 fluctuate slightly more in the

mutant structure. These are identified as key residues in mutagenisis studies [7, 11].

It should also be noted that for both simulations all the cysteine residues, except 20

and 25 in MVIIA[K10], fluctuate less after the R10K mutation. This will be discussed

in greater detail in regards to the idea of disulfide bond isomerization in conotoxins.

The dynamics of MVIIC loops differ most from both GVIA and MVIIA at loop 3

Figure 3.2: Average fluctuations of the backbone atoms by residue for the conotoxins during MD.

(residues 17, 18, 19). While both N-type targeting peptides show minimal fluctuations

in loop 3, the P/Q-type targeting peptide has peak fluctuations in this region. This

is particularly interesting considering the high sequence identity between MVIIC and

MVIIA. It seems that a particular loop sequence has less of an impact on its dynam-

ics, as loop 3 is identical in MVIIA and MVIIC, except for position 17 (a threonine vs.
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serine), but rather that interactions with the other loops determine these dynamics.

This is also the case when considering that a single mutation in loop 2 of the other

two conotoxins altered the dynamics of all four loops.

3.3 Comparison to experimental NOE structural

data

As the calculated RMSD of the conotoxins throughout the dynamics represents a sig-

nificant deviation from the initial PDB structure, particularly for MVIIA and GVIA

(roughly 3 and 4 Å, respectively), we used the original distance restraints from nu-

clear overhauser effect (NOE) signals, as reported in the PDB for each conotoxin

(as indicated in Figure 1.1) as an additional comparison to experimental data. For

all the backbone hydrogen distances in the PDB, the corresponding distances were

measured over the 80ns of MD. It should be noted that from the RMSD plots in

Figure 3.1 we consider the first 5 ns of the trajectory to be an initial equilibration

period, and for this reason we evaluated only the structures from the last 75 ns. The

NOE signal intensities vary with r−6, where r is the interproton distance. Thus, as a

semi-quantitave measure of the agreement between experimental prediction and the

structures sampled in our dynamics, we calculated the corresponding ensemble aver-

age < r−6 > and compared the inverse sixth root of this value to the experimentally

determined distance. Although spectroscopic measures vary in their signal-to-noise

ratios, generally the interproton upper-bound distances can be predicted for separa-

tions of up to 5 Å and with ± 0.5 Å accuracy [23]. These comparisons are reported
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in Figure 3.3. In this figure the NOE upper bounds from pdb data are along the

x-axis and along the y-axis are the MD distances. The y = x line represents an exact

correlation between the two methods, and the error bars show the standard deviation

of the distance during the MD trajectory. We identify those distances greater than

0.5 Åof the experimental upper bounds to be NOE violations. This analysis is not

exact, as the NOE distance upper bounds depend on a classification of signal strength

as weak, medium, or strong, and different spectroscopists use different ranges when

depositing the data into the PDB. In any case, by analyzing these apparent violations,

we notice some general trends in the degree to which the simulation agrees with the

experimental results.

3.3.1 Violations of NOE distance upper bounds

3.3.1.1 GVIA and GVIA[K10]

For GVIA, 43 NH-NH distances were reported in the PDB, 6 of which were violated by

our MD averages. Recalling the sequence of GVIA, we highlight the fact that all of the

NOE violations involve either one of the Cys residues, or a Cys-adjacent residue. After

measuring the backbone dihedral angles for these residues, we identify more than one

distinct cluster on a Ramachandran plot for one or both of the residues of these amide

pairs. For the GVIA[K10] simulation, of the available 28 NH-NH distances, we found

only one violation. This again involed a cysteine residue (Cys 8 - Tyr 27), and it should

be noted that the experimental prediction for this distance was 7.0 Å, corresponding

to a weak NOE signal. All of the previously mentioned residues involved in the wild-
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Figure 3.3: Comparison of NOE distances (along the x-axes) and the corresponding MD distances

(along the y-axes), as discussed in the text. The y=x line thus corresponds to experimental upper

bounds for the distances, and the error bars show the standard deviation of the distances during

each MD trajectory, for the last 75 ns. (A) GVIA; (B) GVIA[K10]; (C)MVIIA; (D) MVIIA[K10];

(E) MVIIC
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type NOE violations with multiple clusters on Ramachandran plots have one clear

cluster of phi-psi dihedrals in the mutant simulation. This supports our observation

that the flexibility in conformations found for GVIA is restricted with the O10K

mutation.

3.3.1.2 MVIA and MVIA[K10]

A similar trend in the number of NOE violations was observed for the MVIIA wild-

type and mutant simulations. In the wild-type simulation, we identify from the 28

available distances 8 of which violate the experimental prediction. All but one of these

involve either one of the cysteine residues, or a Cys-adjacent residue. The outlier in

this trend was the distance between Arg 10 and Leu 11, for which we calculated

4.53 ± 0.13, whereas the NOE prediction was 4.0 Å. For MVIIA[K10] there were 43

interamide distances in the PDB, only two of which were violated by the simulation.

Both distances involved Cys 25.

3.3.1.3 MVIIC

No mutant structures of MVIIC were simulated, as the purpose of exploring the

structure of this conotoxin is as a model for P/Q-type VSCC blockers as opposed to

N-type. It is interesting to note, however that based on both the RMSD over time

and the number of NOE violations for MVIIC its conformational flexibility appears

more closely related to that of the mutant N-type VSCC blockers GVIA and MVIIA.

Of the 33 experimental distances reported, only 3 were violated and, as was the case

for MVIIA[K10], all distances involved the last cysteine residue. Taken collectively,

the five comparisons to experimental data suggest a discrepancy in the disulfide bond
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dynamics. The wild-type/mutant comparisons indicate that the backbone dihedrals

near the disulfide bonds sample are localized in a single conformation after the position

10 mutation.

3.4 Disulfide bond isomerization

In Figure 3.4 we show the dihedral angles (CB-S-S’-CB’) of the three disulfide bonds

during the last 75 ns of each MD trajectory. The typical dihedral angle for a disulfide

bond is + 90 degrees. The conotoxins have two outer disulfide bonds, as labeled in

Figure 3.5, which correspond to the first and second cysteine residues. The disuflide

bonding network is i+3, with i being the cardinal number of the cysteine residue. The

bond in the center of the knot is between the second and fifth cysteine residues, and

this bond is generally -90 while the outer disulfide bonds are +90 degrees. From the

figure it is clear that the disulfide bond between the second and fifth cysteines has

no isomerization events in any of the conotoxins.The mutation at position 10 tends

to stabilize one conformation for the disulfide bonds.

There is a general consensus in the literature of the broad NOE peaks for MVIIA

and GVIA at loop 2 [8, 11, 10]. Disulfide bond isomerization has been proposed by

Atkinson et al. in 2000 as a possible cause of conformational exchange, particularly

at loop 2. An interesting idea regarding the dynamics of the conotoxins would be that

the dihedral angles of the disulfide bonds were in some way related to the overall loop

orientations of the conotoxins. As can be seen in the figures of the average structures,

there is a range of open to closed conformations, with respect to the orientation of

loops 2 and 4. We clustered each trajectory to analyze the disulfide bond trends in
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Figure 3.4: Dihedral angles for the three disulfide bonds in the conotoxins. From left to right, the

disulfide bonds are between (i) first and fourth; (ii) second and fifth; and (ii) third and sixth cysteine

residues. Due to the knot fold of the conotoxins, disulfide bond (iii) is between (i) and (ii). The

panels from top to bottom are (A)GVIA, (B)GVIA[K10], (C)MVIIIA, (D)MVIIA[K10], (E)MVIIC.
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each conformation, but there was no direct correlation. We observe disulfide bond

flipping in both the closed and open clusters. Instead, the increased fluctuation of

the dihedral angles of the disulfide bonds is a good marker of the conformational

flexibility of the peptide.

Figure 3.5: Average structures from 75ns MD displayed in a ribbon representation, colored by loops

((A)GVIA, (B)GVIA[K10] (C)MVIIA, (D)MVIIA[K10], (E)MVIIC). Loop colors are: (1) orange,

(2) blue, (3) green, and (4) red. Each N- and C- terminus is labeled accordingly, and the disulfide

bonds are shown in yellow and numbered in box A.

3.5 Shift in Loop Conformations

To further explore the range of conformations sampled during the MD trajectories,

we attempted to characterize the structures based on loop 2-4 orientations. Because

the critical binding residues have been identified to be on these two loops, one pro-

posed binding mechanism for the conotoxins to the VSCCs has been the two-pronged

mechanism [7, 11, 12]. We would expect, then, that differential binding to VSCC

sub-types would occur when the conotoxins have distinct loop 2-4 distances. The

inital pdb structures, superimposed in Figure 2.1, do not show such a tremendous
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difference in the loop 2-4 orientations of the peptides. Using the MD trajectories,

we chose two residues as label points on each loop, the carbon alphas on residues 10

and 21, and then analyzed the distribution of this distance in each simulation. The

results, shown in Figure 3.6 indicate a shift in the conformational ensemble of the two

N-type blockers MVIIA and GVIA after the mutation at position 10. While there is

a slight overlap in the loop 2-4 distances for the mutant and wild-type histograms, it

is not the case that there are two stable conformations and one is more energetically

favorable after the mutation, but instead a new minima is found in the conforma-

tional landscape. Indeed, the data for GVIA suggest that there are two loop 2-4

conformations in the wild-type, but that neither is the new structure observed after

the K10 mutation. Supposing the two-pronged binding mechanism, this suggests that

the N-type VSCC variant, which only MVIIA[K10] and GVIA[K10] selectively bind

to, has a different structure, likely with two binding pockets closer together than in

the α 1b subunit, which is targeted by the wild type conotoxins which have a more

open conformation with respect to loops 2 and 4.
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Figure 3.6: Histograms of the distances between carbon alphas on residues 10 and 21 in MVIIA

(top), GVIA (middle) and MVIIC (bottom). The red lines indicate wild type peptides, and blue

lines represent the K10 mutants.
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Chapter 4

Conclusions

With conserved four-loop folds and hypervariable sequences, the conotoxins serve as

an interesting class of peptides that selectively bind to various subtypes of VSCCs.

From experimental binding and mutational studies, it was discovered that a Lys

at position 10 for both GVIA and MVIIA (N-type VSCC blockers) resulted in a

new specificity for an N-type variant. As this mutation involved a switch from a

hydroxyproline in GVIA and an arginine in MVIIA, to lysine, we were curious about

the physical basis for this new specificity. Using various analyses of all atom molecular

dynamics simulations, we have identified the effect of the mutation to be a shift in the

loop 2-4 orientation of the peptides, from an open to closed conformation. We also

found that there was a decrease in conformational flexibility in both peptides after the

K10 mutation, most notably accompanied by the stabilization of the disulfide bonds

in the peptides, correlating higher specificity to a narrower conformational minimum.

The overall backbone dynamics of the N-type blockers became more similar to the

P/Q-type VSCC blocker MVIIC after the K10 mutation. As these mutant peptides
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did not show any increase in binding to P/Q-type VSCCs, we can infer that the

specificity of the conotoxin within a particular subtype is related to its backbone

conformational flexibility, but that the side chains largely determine the general sub-

type target.
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