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ABSTRACT: The N-type voltage-gated Ca2+ channel CaV2.2 is one of
the important targets for pain management. ω-Conotoxins isolated
from venoms of cone snails, which specifically inhibit CaV2.2, are
promising scaffolds for novel analgesics. The inhibitory action of ω-
conotoxins on CaV2.2 has been examined experimentally, but the
modes of binding of the toxins to this and other related subfamilies of
Ca2+ channels are not understood in detail. Here molecular dynamics
simulations are used to construct models of ω-conotoxin GVIA in
complex with a homology model of the pore domain of CaV2.2. Three
different binding modes in which the side chain of Lys2, Arg17, or
Lys24 from the toxin protrudes into the selectivity filter of CaV2.2 are considered. In all the modes, the toxin forms a salt bridge
with an aspartate residue of subunit II just above the EEEE ring of the selectivity filter. Using the umbrella sampling technique
and potential of mean force calculations, the half-maximal inhibitory concentration (IC50) values are calculated to be 1.5 and 0.7
nM for the modes in which Lys2 and Arg17 occlude the ion conduction pathway, respectively. Both IC50 values compare
favorably with the values of 0.04−1.0 nM determined experimentally. The similar IC50 values calculated for the different binding
modes demonstrate that GVIA can inhibit CaV2.2 with alternative binding modes. Such a multiple-binding mode mechanism may
be common for ω-conotoxins.

I t has been estimated that 15−50% of adults suffer from
chronic pain.1 Several biological ion channels, including the

N-type voltage-gated Ca2+ (CaV) channel Cav2.2, have been
proposed as promising targets for the treatment of intractable
pain. CaV channels are classified on the basis of gating and ion
conduction properties into five subtypes, termed L, N, P/Q, R,
and T types.2 The ion conduction conduit of CaV channels is a
large integral protein consisting of four homologous but
nonidentical subunits (I−IV).3 Each subunit comprises a
voltage sensor, formed by four helices (S1−S4), and a pore
domain formed by helices S5 and S6.4

Polypeptide toxins isolated from venoms of animals such as
cone snails5 and spiders6 are promising molecular scaffolds
from which novel analgesics targeting CaV2.2 may be
developed.7,8 For example, ω-conotoxin MVIIA, a selective
blocker of CaV2.2, has been approved for the treatment of
severe chronic neuropathic pain.7,8 ω-Conotoxin CVID,
another selective blocker of CaV2.2, is being subjected to
extensive preclinical examination and clinical trials.9 Develop-
ment of peptide and nonpeptide mimetics of ω-conotoxins
selectively targeting Cav2.2 is also being attempted.5

ω-Conotoxins block CaV2.2 via a pore blocking mechanism
by physically occluding the ion conducting pathway.10,11 The
effect of ω-conotoxin GVIA on CaV2.2 can be inhibited by high
concentrations of divalent ions such as Ba2+ and Ca2+ if the ions
are applied before the toxin,10,12,13 indicating that the toxin
binds to the pore region of the channel. The mutation of
neutral or acidic residues to positively charged basic residues on
the outer vestibular wall of CaV2.2 reduces the blocking rate of

the positively charged toxin GVIA appreciably,11 consistent
with a pore blocking mechanism.
ω-Conotoxins are short polypeptides consisting of 25−30

residues, whose backbones are interconnected by three disulfide
bonds.14 Available solution structures of ω-conotoxins show
that they are typically globular in shape,15 which makes them
similar to μ-conotoxins that block voltage-gated Na+ (NaV)
channels,16−18 but the globular shape is different from the oval
shape found in scorpion toxins that are potent blockers of
voltage-gated K+ (Kv) channels.19 The shape of the toxins is
important for their mechanism of action.20 In the case of μ-
conotoxin PIIIA, its six basic residues are approximately
coplanar and symmetrically distributed. This allows the toxin
to form similar interactions with the channel when different
residues occlude the selectivity filter, and therefore, the toxin
can block the channel with alternative binding modes with
similar free energies.17 In contrast, Kv channel blockers have a
well-defined long principal axis, which is approximately
perpendicular to the channel axis on block.21 The modes of
binding of ω-conotoxins to CaV2.2 are not understood in detail.
Here we construct a homology model of the pore domain of

CaV2.2 and explore the modes of binding of GVIA to CaV2.2.
GVIA is selected because it is one of the most extensively
experimentally studied ω-conotoxins. The outer vestibule of

Received: March 14, 2013
Revised: April 29, 2013
Published: May 8, 2013

Article

pubs.acs.org/biochemistry

© 2013 American Chemical Society 3765 dx.doi.org/10.1021/bi4003327 | Biochemistry 2013, 52, 3765−3772

pubs.acs.org/biochemistry


CaV2.2 is modeled on the crystal structure of the bacterial NaV
channel NavAb.22 Three modes of binding of GVIA to CaV2.2
are predicted using a molecular docking method and molecular
dynamics simulations. In these modes, Lys2, Arg17, and Lys24
of GVIA occlude the ion conduction pathway of CaV2.2. The
IC50 values for two of the binding modes (Lys2 and Arg17) are
calculated and compare favorably to those determined
experimentally. It is found that the Lys2 mode and the Arg17
mode are equally favorable energetically. Such a multiple-
binding mode mechanism may be common for ω-conotoxins,
similar to that shown previously for the binding of μ-conotoxin
PIIIA to NavAb.17

■ METHODS

Homology Model of CaV2.2. The crystal structures of the
bacterial NaV channel NavAb and several other similar bacterial
NaV channels have been reported.22−25 The general architec-
ture of CaV channels is similar to that of NaV channels.4 Thus,
the available NavAb structure provides a template for homology
modeling of human CaV2.2. However, because of the poor
sequence similarity between bacterial and mammalian channels,
the full sequence of CaV2.2 cannot be reliably modeled.
Structurally, mammalian CaV and NaV channels are hetero-
tetramers and far more complex than homotetrameric bacterial
channels. To model the pore domain of CaV2.2, we construct a
chimera channel of CaV2.2 and NavAb. In this chimera, the
outer vestibule of CaV2.2 is transferred to NaVAb, as illustrated
in Figure 1A.
The structure of the chimera channel is constructed by

replacing the side chains of the residues in the outer vestibule of
the NavAb structure with that of the corresponding residues
from CaV2.2. The primary structures of the outer vestibule of
NavAb and the four subunits of CaV2.2 are displayed in Figure

1B. It is seen that the selectivity filter residues are well aligned
between the two channels. The four subunits (I−IV) of CaV2.2
are assembled clockwise according to available experimental
evidence.26,27

Molecular Docking. To predict the position of GVIA
relative to Cav2.2 on block, rigid-body docking program
ZDOCK version 3.0.128 is used. Nuclear magnetic resonance
(NMR) solution structure 2CCO15 for GVIA is used. Channel
residues that are not in the outer vestibule region are not
expected to bind the toxin and therefore are not allowed to
contact the toxin in the docking calculations. Each docking
calculation generates 500 structures. A toxin residue is
considered to occlude the filter if the distance between the
centers of this residue and the EEEE ring of the channel filter
(position 177) is less than 6 Å.

Molecular Dynamics (MD) Simulations. The CaV2.2
channel model is embedded in a POPC (2-oleoyl-1-palmitoyl-
sn-glycero-3-phosphocholine) bilayer solvated with a rectan-
gular box of explicit water, 0.1 M NaCl, and 0.1 M CaCl2. The
simulation box (90 Å × 90 Å × 110 Å) contains the channel
protein, 162 lipids, 30 Na+/Ca2+ ions, 91 Cl− ions, and 15658
water molecules. The system is equilibrated for 10 ns. In the
first 5 ns of the equilibration, harmonic restraint is applied to
maintain a rigid channel backbone. The inner cavity of the
channel is fully hydrated after the equilibration.
Toxin GVIA is then added to the system, with its center of

mass (COM) 40 Å above the COM of the channel. At this
distance, the toxin is not in direct contact with the channel. All
Na+ and Ca2+ ions except the Na+ ion occupying the second
binding site in the selectivity filter (see Figure 4) are removed
from the system. This is to mimic the low ionic concentration
used experimentally.29 In addition, high concentrations of Ca2+

and Na+ ions can inhibit GVIA binding.13 The number of Cl−

ions is adjusted to maintain charge neutrality. To accelerate the
binding of the toxin to the channel, flat-bottom harmonic
distance restraints are applied to the side chain nitrogen atom
of a basic residue of the toxin (Lys2, Arg17, or Lys24) and the
center of the carbonyl groups of residue 177 in the selectivity
filter of the channel. Similar methods have been used by
Eriksson and Roux30 and Chen and Chung31 in the docking of
voltage-gated K+ (Kv) channel blockers. The upper boundary
of the distance restraint is gradually decreased from 15 to 3 Å
over a simulation period of 5 ns, such that the chosen basic
residue of the toxin is drawn into the selectivity filter. The
simulation is continued for an additional 25 ns with the
harmonic restraints removed, allowing the system to evolve to a
low-energy state.
MD simulations are performed at 1 atm and 300 K using

NAMD version 2.9,32 with periodic boundary conditions
applied. The CHARMM36 force field and the TIP3P model
for water are used to describe the interatomic interactions.33−35

The switch and cutoff distances for short-range nonbonded
interactions are 8.0 and 12.0 Å, respectively. The particle mesh
Ewald method is used to account for long-range electrostatic
interactions, with a maximal grid spacing of 1.0 Å. The
SHAKE36 and SETTLE37 algorithms are used to keep the bond
lengths in the system rigid. A time step of 2 fs is used.
Trajectories are saved every 20 ps for analysis. Molecular
graphics are generated using VMD.38

Umbrella Sampling.We derive with umbrella sampling the
potential of mean force (PMF) profile for the unbinding of
GVIA from CaV2.2 along the channel axis and calculate the
half-maximal inhibition concentration (IC50) of the toxin

Figure 1. (A) Backbone of the CaV2.2−NaVAb chimera with the
CaV2.2 outer vestibule region colored green. Two subunits are shown
for the sake of clarity. (B) Sequence alignment of CaV2.2 subunits I−
IV and NaVAb in the outer vestibule region. The five residues lining
the selectivity filter are highlighted in gray. The numbering is that of
NaVAb.

Biochemistry Article

dx.doi.org/10.1021/bi4003327 | Biochemistry 2013, 52, 3765−37723766



block,39,40 which can be observed experimentally. Previously
using the same method, we predicted that PIIIA blocks NaVAb
with an IC50 of 30 pM,17 only 6-fold larger than the value of 5
pM determined in subsequent experiments.18 Thus, IC50 values
of ion channel block by peptide toxins can be derived accurately
from PMF calculations.
Steered molecular dynamics is applied to pull the toxin out

from the binding site, allowing the starting structures of the
umbrella windows spaced at 0.5 Å intervals to be generated.
The backbones of both the toxin and the channel are kept rigid
during the pulling. The COM of the toxin backbone is
restrained to the center of each umbrella window using a
harmonic force constant of 30 kcal mol−1 Å−2. The COM of the
channel is at z = 0 Å. A flat-bottom harmonic restraint is
applied to maintain the COM of the toxin backbone within a
cylinder with an 8 Å in radius centered on the channel axis. The
radius of the cylinder is set to be sufficiently large that the
restraining potential is always zero when the toxin is bound to
the channel. This allows all the degrees of freedom of the toxin
to be adequately sampled without bias. Each umbrella window
is simulated for 5−8 ns until the depth of the PMF profile
changes by <0.5 kT over the last 1 ns. The first 1 ns of each
window is removed from data analysis. The z coordinate of the
toxin COM is saved every 1 ps for analysis.
Data Analysis. A salt bridge is considered to be formed if

the distance between a side chain oxygen atom from an acidic
residue and a side chain nitrogen atom from a basic residue is
less than 4 Å.41 A hydrogen bond is considered to be formed if
the donor and acceptor atoms (nitrogen or oxygen) are within
3.0 Å of each other and the donor−hydrogen−acceptor angle is
≥150°.42 The weighted histogram analysis method is used to
construct the PMF profile.43 The IC50 value is derived using the
following equation:39,40

∫π= −− R N W z kT zIC 1000 exp[ ( )/ ] d
z

z

50
1 2

A
min

max

(1)

where R is the radius of the cylinder (8 Å), NA is Avogadro’s
number, zmin and zmax are the boundaries of the binding site
along the reaction coordinate (z), and W(z) is the PMF. At the
position where the toxin is fully bound to the channel, z = 24 Å,
which defines the lower boundary of the binding site. The PMF
is zero when z = 45 Å, which is the upper boundary of the
binding site along z. We note here that eq 1 is valid only if
appropriate flat-bottom cylindrical restraints are applied in
deriving the PMF profile.39,40

■ RESULTS AND DISCUSSION

Structure of GVIA. Several mutagenesis experiments
showed that the mutation of three basic residues (positions 2,
17, and 24) and two tyrosine residues (positions 13 and 22)
each to alanine causes an appreciable reduction in the ability of
the toxin to block CaV2.2.

44−46 Figure 2 shows that these five
residues are spread over a large surface rather than clustered on
one side of the toxin. In particular, the three basic residues,
Lys2, Arg17, and Lys24, are approximately coplanar and
symmetrically distributed on the surface of the toxin. Such
symmetry resembles that of μ-conotoxin PIIIA, which blocks
NaVAb with alternative binding modes according to a recent
computational study.17 Thus, GVIA may also inhibit CaV2.2 via
a multiple-binding mode mechanism, which we will demon-
strate below.

Outer Vestibule of CaV2.2. The homology model of
CaV2.2, when equilibrated in a lipid bilayer and a box of water,
reveals two rings of charged residues on the outer vestibule
(Figure 3). The inner ring is formed by the EEEE motif of the

selectivity filter, with the nearby Asp178 of subunit II and
Arg172 of subunit IV, whereas the outer ring is formed by
Asp188 of subunit I and Arg156 and Glu181 of subunit IV.
These two rings of charged residues are separated by a ring of
hydrophobic residues at position 182.
Glu181 and Asp188 of the outer ring are 13 and 17 Å from

the central channel axis, respectively. Compared to the radii of
11−13 Å in the largest dimensions of GVIA, it appears that
Glu181 but not Asp188 may be capable of forming a salt bridge
with the toxin. However, the hydrophobic residues at position
182 whose side chains point toward the periplasmic side are
located between Glu181 and the pore (Figure 3). The side
chains of these hydrophobic residues may sterically prevent the
toxin from binding Glu181 of subunit IV. This prediction is
consistent with all the subsequent MD simulations described
below. In none of these simulations was Glu181 observed to be
in direct contact with the toxin.

Selectivity Filter of CaV2.2. The CaV2.2 channel contains
two ion binding sites in the selectivity filter, which is evident
from the equilibration simulation of 10 ns. The first binding site
is at the entrance of the filter, formed by the side chains of the
EEEE ring at position 177. Over a simulation period of 10 ns, a
Na+ ion binds to the first binding site at 3 ns. A Ca2+ ion is then
attracted into the filter at 5 ns and knocks the Na+ ion off to the

Figure 2. Molecular structure of GVIA with the side chains of five
important residues highlighted. The primary structure of GVIA is
CKSOG-SSCSO---> TSYNC-CRSCN-OYTKR-CY, where O indicates
hydroxyproline. The C-terminus of GVIA is amidated. In panels A and
B, the NewCartoon and VDW representations are used, respectively.

Figure 3. Outer vestibule of CaV2.2 viewed from the periplasmic side
along the channel axis. Residues are colored as follows: basic, blue;
acidic, red; polar, green; hydrophobic, white.
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second binding site near the inner cavity of the channel. The
two ions remain bound at the two sites over the remaining
period of the simulation (Figure 4). The two ion binding sites

of the CaV2.2 channel identified here are consistent with that of
NaVAb observed previously,47 indicating that the model is able
to reproduce important electrostatic interactions in the filter.
The overall structure of CaV2.2 appears to be reasonably

stable. The maximal root-mean-square deviation of the channel
backbone with respect to the initial model is 2.6 Å over the 10
ns simulation. The selectivity filter becomes narrower, from 5
to 2.5 Å in diameter, in the presence of the Ca2+ ion at the first
binding site. This is because the Ca2+ ion attracts strongly the
negatively charged side chains of Glu177 toward the center of
the filter. In subsequent MD simulations, all Ca2+ ions are
removed from the system as described in Methods. The
diameter of the filter increases to ∼4.5 Å when the side chain of
a basic residue from the toxin protrudes into the filter.
Molecular Docking of GVIA. To explore the possible

modes of binding between GVIA and CaV2.2, we use the rigid-
body docking program ZDOCK28 as described in Methods. Of
the four basic residues at positions 2, 17, 24, and 25 of GVIA,
only Arg17 is observed to occlude the selectivity filter in ∼8%
of the 500 structures generated. In all other structures, the filter
is not blocked by the toxin. The docking calculation is repeated
with a different structure of the toxin and the channel, and
consistent results are observed. The predominant frequency of
Arg17 occluding the filter observed in the docking calculations
suggests that Arg17 of GVIA is the filter residue for CaV2.2
block. Mutagenesis experiments, however, suggest that Lys2
rather than Arg17 is the filter residue.44,46

The discrepancy between the docking calculations and
mutagenesis experiment suggests that the toxin may block the
channel with at least two binding modes, occluding the
selectivity filter with the side chain of either Arg17 or Lys2.
Such a multiple-binding mode mechanism has been demon-
strated for μ-conotoxin PIIIA, which blocks NaVAb potently
with picomolar IC50 values.

17,18

Modes of Binding of GVIA to CaV2.2. We reasoned that
the side chains of several different basic residues in GVIA may
be capable of protruding into the selectivity filter and interact
with the acidic residues lining the filter. It is possible that the
different binding modes are not revealed by the rigid-body
docking program we used. To test this conjecture, we use
biased MD simulations with distance restraints as a docking
method.30,31 This method allows any binding modes of interest
to be examined, as distance restraints can be applied to arbitrary
residue pairs between the toxin and the channel.
CaV2.2 is a heterotetramer, which renders docking using the

biased MD simulation method challenging. For homotetra-

meric channels, sampling of interactions of toxins with only one
channel subunit is needed. In contrast, the simulation must
sample interactions of the toxin with all the four subunits of
CaV2.2. This is not possible on a time scale of 30 ns. Rather, the
system is likely to be trapped in a local minimal energy state
and unable to cross the energy barrier to find the global
minimal energy state. To circumvent the sampling problem, we
repeat each biased MD simulation with a different starting
configuration, in which the toxin is rotated by 180° along the z
axis (see Figure S1 of the Supporting Information).
Figure 5A shows the structure of GVIA bound to the outer

vestibule of CaV2.2 predicted from the biased MD simulation in

which Lys2 of the toxin is selected as the filter residue. In this
structure, Lys2 is observed to form strong electrostatic
interactions with the selectivity filter and, in particular, residue
Asp178 of subunit II by forming a salt bridge. The average
length of this salt bridge over the last 5 ns of the simulation is
2.8 ± 0.2 Å, well below the cutoff distance of 4.0 Å for a salt
bridge.41 In addition to the Lys2−Asp178 salt bridge, a second
strong interaction is observed between the protonated amine
group of GVIA Cys1 and the carboxylate group of Glu177 of
CaV2.2 subunit IV. A hydrogen bond is formed between GVIA
Cys1 and CaV2.2 Glu177, with an average donor−acceptor
distance of 3.0 ± 0.5 Å. No other salt bridges or hydrogen
bonds are observed in the GVIA−CaV2.2 complex. Strong
hydrophobic interactions are also observed between the toxin
and the channel. In particular, Tyr13 of GVIA in addition to
several other polar and nonpolar residues is found to be in the
proximity of the four hydrophobic residues, including two
valines and two isoleucines at position 182 of the channel. In
the second simulation, the Lys2−Asp178 salt bridge but not the
Cys1−Glu177 hydrogen bond is observed (Figure S2 of the

Figure 4. Two ions, one Ca2+ and one Na+, bound to the selectivity
filter of CaV2.2. The interatomic distances indicated are in angstroms.

Figure 5. Positions of GVIA relative to the selectivity filter of CaV2.2
predicted from MD simulations with distance restraints. The toxin
backbone is colored green.
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Supporting Information). This suggests that the final states
predicted from the biased MD docking simulations could
indeed be trapped in local energy minima. The first toxin−
channel complex (Figure 5A) appears to be more energetically
favorable and therefore is used in subsequent PMF calculations.
Figure 5B shows the structure of GVIA relative to the outer

vestibule of CaV2.2 predicted from the biased MD simulation in
which Arg17 is chosen as the filter residue. In this complex,
Arg17 is observed to form a salt bridge with Asp178 of subunit
II, similar to the Lys2−Asp178 salt bridge in the complex of
Figure 5A. The average length of this salt bridge is 4.1 ± 0.3 Å,
indicating a moderate coupling of Arg17 with Asp178. Arg17 is
also found to form a salt bridge with Glu177 in the filter, with
an average distance of 4.0 ± 0.3 Å. In addition, Tyr27 of GVIA
is in close contact with the four hydrophobic residues at
position 182 near the entrance of the filter. In the second
simulation, the Arg17−Asp178 salt bridge is again observed
(average length of 3.4 ± 0.1 Å). However, Arg17 penetrates
slightly more shallowly into the filter (Figure S2 of the
Supporting Information). The deep penetration of Arg17
observed in the first simulation may be energetically more
favorable, and thus, the structure predicted from this simulation
is used in subsequent PMF calculations.
PMF Profiles. To validate the models of GVIA bound to

CaV2.2 predicted from biased MD simulations as shown in
Figure 5, we construct the PMF profiles of toxin binding along
the channel axis and derive the corresponding IC50 values. IC50
can be observed experimentally, providing a unique quantity on
which the models could be verified.
The PMF profiles for the two binding modes in which Lys2

or Arg17 occludes the ion conduction pathway of CaV2.2 are
shown in Figure 6. Figure S3 of the Supporting Information

shows the convergence of the profiles. The two profiles virtually
overlap for z > 30 Å, although they differ by ∼1 kT in the z
range of 25−30 Å. The depth of the PMF profile for the Lys2
mode is only 0.7 kT shallower than that of the Arg17 mode,
suggesting that these two binding modes are equally favorable.
This is consistent with the interactions observed in the two
binding modes (Figure 5). In the Lys2 mode, a hydrogen bond
and a strong salt bridge between the toxin and the selectivity
filter are formed, whereas in the Arg17 mode, two salt bridges
of moderate strength are observed.
The IC50 value of the Lys2 mode derived using eq 1 is 1.5

nM, only 2-fold higher than that of the Arg17 mode (0.7 nM).
Experimentally, the IC50 value for the block of CaV2.2 by GVIA
has been estimated to be 1 nM,44 although values as low as 0.06

nM48 and 0.04 nM49 have been reported. The IC50 values
derived for the Lys2 and Arg17 mode are in reasonable
agreement with experiment. Thus, the PMF calculations
indicate that the two binding modes are equally favorable
energetically.

Interpretation of Available Experimental Results.
Another way of validating the models is to compare them
with mutagenesis data. However, such comparisons are often
not straightforward. Several confounding factors must be
considered in the interpretation of experimental results.14

First, the backbone structure of the toxin may change after
mutation. In fact, moderate to large conformational changes
could be induced by mutation.44,45 Second, the orientation of a
toxin upon binding to a channel can be altered by mutation.
The mutant toxin may bind with a different orientation such
that the magnitude of the change in binding affinity is lower
than expected. For example, if Lys2 of GVIA were the filter
residue, mutating this residue to a charge-neutral one should
significantly disrupt toxin−channel interactions. However, this
is not seen experimentally,45 as discussed in more detail below.
Considering that direct comparison between our models and
experiment is difficult, here we attempt to interpret the effect of
Lys2 and Tyr13 mutations on the binding affinity of GVIA for
CaV2.2 observed by Lew et al.44 and Flinn et al.45 in the context
of our models.
The results of mutagenesis studies by Flinn et al.45 are

consistent with Lys2 being only one of the several possible filter
residues. Among the five Lys2 mutants examined,45 the K2A
mutant causes the largest reduction (24−146-fold) in affinity.
This large effect may be due to structural changes, as the
chemical shift of the mutant toxin deviates significantly from
that of the wild type.44 The K2Nle mutant, which does not
appear to induce significant conformational changes, reduces
the binding affinity by 9−15-fold.45 This corresponds to a free
energy of 2−3 kT, which is ∼2 times lower than the free energy
of 6−7 kT for a typical salt bridge in proteins.50,51 We note that
the filter residue not only forms a salt bridge with Asp178 of
subunit II but also interacts favorably with the four glutamate
residues at position 177. If the Lys2−Asp178 salt bridge were
not replaced by an equivalent one, the binding affinity of GVIA
would have been reduced by at least 300−1000-fold. Indeed, a
similar mutation (K27Nle) of charybdotoxin reduces its affinity
for Kv1.3 by 300-fold,52 consistent with a unique filter residue
mechanism. Therefore, both available evidence and our PMF
calculations (Figure 6) are consistent with a multiple-filter
residue mechanism for GVIA, similar to that observed for μ-
conotoxin PIIIA.17 To test whether Lys24 of GVIA is also a
possible filter residue, two biased MD simulations with a
distance restraint applied to Lys24 of GVIA and the filter of
CaV2.2 are performed. It is found that the toxin binds tightly to
the channel, with Lys24 forming a salt bridge with Asp178 of
CaV2.2 subunit II similar to that observed in the Lys2 and
Arg17 modes (Figure S4 of the Supporting Information).
Therefore, the K27Nle mutant GVIA may use the side chain of
either Arg17 or Lys24 to occlude the ion conduction pathway
of CaV2.2 without a significant disruption of toxin−channel
interactions.
The Tyr13 residue of GVIA may contribute to the binding

primarily through entropic effects. The large change in affinity
due to the Y13A mutation is at least partially due to
conformational changes.45 There are two types of interactions
Tyr13 may form with the channel. The hydroxyl group of
Tyr13 has the potential to form a hydrogen bond, whereas the

Figure 6. PMF profiles for the two binding modes in which Lys2 or
Arg17 of GVIA occludes the ion conduction pathway of CaV2.2. The
reaction coordinate z is the distance between the centers of mass of
toxin and channel backbone atoms along the channel axis. The lower
(zmin) and upper (zmax) boundaries of z are 24 and 45 Å, respectively.
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aromatic ring could form hydrophobic interactions. The free
energy of a typical hydrogen bond in peptides is 1−3 kT in
solution.53,54 Therefore, the maximal change in affinity due to
the Y13F mutation that does not disrupt the hydrophobic
interactions should be 20-fold, in contrast to the larger changes
of 110−470-fold observed experimentally,45 suggesting that
Tyr13 may be important for the structural integrity and rigidity
of the toxin.

■ CONCLUSIONS
Here models of GVIA in complex with the outer vestibule of
CaV2.2 are constructed using homology modeling and MD
simulations. The models are validated against the IC50 values of
toxin block determined experimentally and could well explain
available mutagenesis data for the binding of GVIA to CaV2.2.
Thus, our models provide the structural basis on which future
experimental results may be interpreted.
The molecular docking program ZDOCK17,21,55−57 and

other docking algorithms58,59 have been applied successfully to
numerous toxin−channel systems. However, here the Lys2 and
Lys24 modes of the GVIA−CaV2.2 complex are not predicted
by ZDOCK even though two different structures of the toxin
and channel are considered. Clearly, this is due to the artifacts
of the rigid-body docking algorithm employed by ZDOCK.
Although flexible docking algorithms such as HADDOCK60 are
available, their ability to handle molecular flexibility is generally
very limited, and they are much less efficient than rigid-body
algorithms computationally. To explore all the possible modes
of binding of a toxin to a channel, multiple unbiased MD
simulations may be performed.17 Alternatively, biased MD
simulation with distance restraints can be used. This is in
analogy to the simulated annealing method used in determining
molecular structures from NMR data. In biased MD, the
flexibility of both the toxin and the channel is fully taken into
account. In addition, appropriate distance restraints can be
applied to steer the binding process rapidly, allowing any
binding modes of interest to be examined with affordable
computational cost. Therefore, biased MD presents an
important alternative to molecular docking algorithms for the
prediction of toxin−channel complex structures.
ω-Conotoxins are similar to μ-conotoxins, which are pore

blockers of NaV channels, and distinct from pore blocker toxins
of K+ channels primarily in two aspects. First, the conotoxins
(20−30 residues) are typically smaller than K+ channel blockers
(35−40 residues). Second, both types of conotoxins are
approximately globular in shape, whereas K+ channel blockers
are oval-shaped. The oval shape of K+ channel blockers is
important for maximizing the area of the toxin−channel
interface and high-affinity binding. On the other hand, the
globular shape of conotoxins and the approximately sym-
metrical distribution of basic residues would allow a conotoxin
to inhibit its target channel with alternative binding modes,
which should also enhance the ability of the toxin to block the
channel.
Thus far, the only peptide toxin that has been shown to bind

to a channel with multiple binding modes is μ-conotoxin
PIIIA.17 However, multiple binding modes have been
demonstrated for several other protein−protein systems such
as corticotropin releasing factor and its binding protein61 and
cohesin-dockerin.62 In addition, it is well-known that various
ligands can bind their receptor proteins in different modes.63 In
this work, we demonstrate that the Lys2 mode and the Arg17
mode are energetically equally favorable, indicating that GVIA

inhibits CaV2.2 with multiple binding modes. We speculate that
it may be common for globular ω-conotoxins to bind CaV
channels with multiple alternative modes.
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