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ABSTRACT:

V oltage-dependent potassium channel Kv2.1 is widely expressed in mammalian

neurons and was suggested responsible for mediating the delayed rectifier (Ix)

currents. Further investigation of the centra role of this channel requires the

development of specific pharmacology, for instance, the utilization of spider venom

toxins. Most of these toxins belong to the same structural family with a short peptide

reticulated by disulfide bridges and share a similar mode of action. Hanatoxin 1

(HaTx1) from a Chilean tarantula was one of the earliest discussed tools regarding

this and has been intensively applied to characterize the channel blocking not through

the pore domain. Recently, more related novel toxins from African tarantulas like

heteroscordratoxins (HmTx) and stromatoxin 1 (ScTx1) were isolated and shown to

act as gating modifiers like HaTx on Kv2.1 channels with electrophysiological

recordings. However, further interaction details are unavailable due to the lack of

high-resolution structures of voltage-sensing domains in such mammalian Kv



channels. Therefore, in the present study, we explored structural observation via
molecular docking simulation between toxins and Kv2.1 channels based upon the
solution structures of HaTx1 and a theoretical basis of an individua S3c helica
channel fragment in combination with homology modeling for other novel toxins. Our
results provide precise chemical details for the interactions between these tarantula
toxins and channel, reasonably correlating the previously reported pharmacological
properties to the 3-D structural interpretation. In addition, it is suggested that certain
subtle structural variations on the interaction surface of toxins may discriminate
between the related toxins with different affinities for Kv channels. Evolutionary links
between spider peptide toxins and a “voltage sensor paddles” mechanism most
recently found in the crystal structure of an archaebacterial K*-channel, KvAP, are

also delineated in this paper.

INTRODUCTION

More than 70 mammalian genes encoding potassium channels have been cloned,
in which four different subfamilies (Kvl, Kv2, Kv3 and Kv4) are responsible for
functional voltage-dependent K* channels (Kv) (1). Kv channels are homotetramers
comprising six putative transmembrane segments termed S1 through S6 in each

subunit. Among them, S5 through S6 assemble the central pore domain forming the



K*-selective ion conduction pathway (2-4). The first four transmembrane segments
(S1-S4) of voltage-gated K™ channels do not contribute to the simple pore, and appear
to underlie their unique voltage-sensing capability (5). $S4 is an unusual
transmembrane segment that contains a large number of basic residues, which has
been suggested by many studies to be strongly involved in sensing changes in
membrane voltage (6-8).

The physiological role of the Kv channels is now better understood thanks to
the discovery of animal toxins that bind to Kv channels with high affinity and
specificity. The Kv2 subfamily, including Kv2.1, encodes delayed rectifier (Ix)
currents (9). Kv2.1 is widely expressed in mammalian neurons and is present in the
soma and proximal dendrites, particularly in of the hippocampus (10). Indirect
evidence suggests amajor role for Kv2.1 in the regulation of electrical transmission to
and from the soma (10). However, the specific contribution of Kv2.1 to delayed
rectifier currents in neurons has not been properly investigated until recent years
because of a lack of suitable pharmacological effectors. Regarding this, more
emphasis has been put on the value of spider venoms as unique sources of toxins for
Kv2.1 channels (11). Hanatoxins were first discovered to show specific inhibition on
Kv2.1 through a region other than the pore domain (12,13). Such toxins act on the

C-terminal residues of S3 segment (S3c) in Kv2.1 as binding target (14,15) and



therefore change the channel gating towards its depolarization state (11-13). With the

availability of a solution structure for hanatoxin 1 (HaTx1) (16), detailed approaches

have revealed the possibility of conformational change for S3c helix in Kv2.1

interfering with the spatial freedom of $4 translocation during gating upon HaTx1

binding (17,18). All this confirms and emphasizes the importance of an individual S3c

helix in voltage sensing and in gating (19), as well astoxin binding and regulation.

Recently, more novel spider toxins have been identified from the venoms of

African tarantulas Stromatopelma calceata (for stromatoxin, ScTx1l) and

Heteroscordra maculata (for heteroscordratoxins, HmTx1; HmTx2) (20). The first

two of these three toxins (ScTx1 and HmTx1) showed strong inhibition on Kv2.1

currents with affinity (20) as high as hanatoxins (11), whereas the last (HmTx2) only

showed minor inhibition (20), despite the high sequence homology and a similar

pattern of disulfide linkage for all three toxins. How do these tarantula toxins interact

with Kv2.1? Do they exert themselves exactly in the same way as hanatoxin does to

bind on S3¢ helix? Are they using similar structural components for their modes of

action? Due to the lack of channel structures in high resolution for Kv2.1, such

guestions can not be answered very easily if one only relies on electrophysiological

analyses. Therefore, in order to obtain structural details with which to elucidate

possible molecular mechanism, we performed docking simulations for the tarantula



toxins with Kv2.1 channels. This was based upon the hypothesis that they may all use

the highly conserved individual S3¢c helix as a binding target for the inhibition of

Kv2.1 currents. Other possible mechanisms were considered as well. Our data

successfully suggest a coincidental structural-functional correlation to explain the

pharmacological properties previously reported (20). Meanwhile, such structural

information may also account for the discrimination in the inhibitory behaviors

between HmMTx1 and HmMTx2. Our data are very useful in exploring future

experimental approaches to elucidate further mechanism in molecular and atomic

levels. Finally, a structure model derived from KVAP crystal structure (31) for Kv2.1

was generated and simulated with hanatoxin as ligand.

EXPERIMENTAL METHODS

Structure of drk1 channel /S3¢ fragments.

The human Kv2.1 (drkl) S3c molecule (Va-271 to GIn-284, amino acid

sequence: VTIFLTESNKSVLQ) was constructed via modification from fragment

dictionary with geometry optimized using the consistent valence force field (CVFF)

with Biopolymer module of Insight Il software package (Accelrys, USA). Atomic

charges were computed using the semi-empirical MOPAC/AM 1 method. The residues



based on existence of an a-helix were individually regularized by energy

minimization to give reasonable geometry.

Homology models of drk1 channel were built up based upon coordinates from

crystal structure of KvAP channel (PDB ID: 10RQ and 10RS) (30-32) (see below).

Essentially, potassium voltage-gated channel subfamily B member 1 (Kv2.1, h-DRK1;

NCB accession number: AAB88808) from human as search sequence was applied for

homology modeling. Voltage-sensor paddle in model structure: drkl, Leu-175 to

GIn-427, compared to Val-275 to Gly-316 in KVAP.

Toxin structures.

The coordinates for HaTx1 structure were obtained from Brookhaven Protein

Databank in pdb file (PDB ID number 1D1H; solution structure by NMR method)

(16). Structures for ScTx1 and HmTx1 were created via homology modeling based on

the HaTx1l structure as template. HmTx2 was created by following the same

procedure with w-grammotoxin SIA (GSTxSIA, PDB ID: 1KOZ_A) (33) as template

according to their BLAST search results (see following section).

Homology modeling of drk1, HmTx1, HmTx2 and ScTx1.



Search for templates. BLAST algorithm was employed to search in PDB the protein

segments whose sequences are similar to those of tarantula toxins and whose

structures can serve as viable structural templates. The crystal or solution structures of

such template that showed the highest scores in the sequence alignments were chosen

for the determination of structural conserved regions (SCRs). The residues of toxins

used for model building are according to their paired sequence compared to the

templ ate sequence.

Paired sequence alignment. GCG program was used to determine the equivalent

residues. The residue regions of template toxins represented as continuous lines

dominantly observed from GCG results were employed as appropriate regions, and

the corresponding fragments in the target toxins were chosen for aignment

individually. The amino acid sequences of these novel toxins were then included in

the multiple sequence alignment (21) of the appropriate template regions to specify

the residue numbers for model building.

Model building and residue side-chain simulation. Modeling by homology was

performed essentially following the procedures previously described (21-25). Briefly,

the residue fragments of novel toxins were chosen according to the results from GCG

paired sequence aignment. They were then superimposed onto the structure

coordinates of Ca atoms of the corresponding SCRs from template toxin structure.



This generated the secondary structure and relative position of the definite structural

elements in the chosen residue fragments of individual target toxin models. Junctions

between the secondary structural elements were individually regularized by energy

minimization to give reasonable geometry. Further hydrophobic/-philic interactions

between residue side-chains were performed and obtained with molecular dynamics

and simulated annedling. All the calculations and structure manipulations were

performed with the Discover/Insight 1| molecular simulation and modeling programs

(from Accelrys Inc.,, San Diego, CA, USA; 950 release) on Silicon Graphics

Octane/SSE and O2/R12000 workstations as well as O-300 server.

Docking Simulation.

Determination of starting orientations. In principle, three criteria were used to

determine the starting positions. stereochemistry, side-chain charge distribution, and

previous structural information (16-20). Inappropriate possibilities have been

immediately excluded when definitely unreasonable combinations of alignment for

docking were observed. Uncertain orientations were reserved and submitted for

docking calculation to alow the computational results to perform the screening.

Calculation for the energies. Upon docking, the total energies of electrostatic

interactions and van der Waals contacts between the complexes of novel tarantula



toxins and S3c (binding models) were compared. Each run was composed of 500

cycles of ssimulated annealing and 500,000 steps of accepted/rejected configurations.

The values of al other default parameters were used. The alignment between

docked and undocked molecules was performed by manualy fitting the atomic

coordinates of groups of residues that may be involved in the conserved interaction

(17,19). Briefly, three-dimensional (3D) surfaces of the binding site enclose the most

active members (after appropriate alignment) of the starting set of molecules. Note

that errors in alignment can lead to incorrect, poorly predictive receptor surface

models. This problem was overcome by using information obtained from previously

related functional data (19,20). The surface was generated from a "shape field", in

which the atomic coordinates of the contributing models were used to compute field

values on each point of a 3D grid using a van der Waals function (26-28). A solvation

energy correction term and the electrostatic charge complementarity’s method were

used for energy evaluation (26,27). And with that, the solvation energy correction

term is a penalty function that attempts to account for the loss of solvation energy

when polar atoms are forced into hydrophobic regions of the receptor surface. All the

calculations and structure manipulations described above were performed with the

Discover & Docking/Insight Il (2000) molecular simulation and modeling program



(Accerys, San Diego, CA, USA; 950 release) displayed on a Silicon Graphics

02/R12000 and Octane/SSE workstations.

THEORETICAL BASIS

Molecular and docking simulation has since more than a decade been

contributing to precise interaction details in atomic levels, provided an appropriate

force field is applied. However, the accurate structural information will be ensured

and reliable only when the starting orientations and positions are correctly determined.

For such reason, distinguished strategies to perform simulations are undoubtedly

crucial and absolutely required to be established before the docking procedure

commences. Sufficient constraints based on the previous functional properties will

assist thisto afairly large extent. In our case, as also described in the methods section,

the hydrophobic patch and the charged belt of these toxins are sufficient as criteriain

both stereochemistry and previous functional data. Thus all the rest is to observe and

make decisions for the best combination possibilities within a restricted area by

rotation and/or translocation of the receptor/ligand molecules, especialy for residue

side chains, and then to alow the energy results to be compared. In addition to such



important starting point, the other pivotal concept for how to take free body of the

interaction system is described in the next paragraph.

Many tarantula toxins as hanatoxins bind and inhibit mammalian Kv channels

not through the pore domain. The carboxyl terminal residues of the transmembrane

segment S3 are highly conserved in voltage-dependent potassium channels and have

been suggested for such target of binding sites. However, due to the lack of

high-resolution structure for voltage-sensing domains before in previous stage,

docking simulation for this kind of toxin-channel interaction was thought to be either

impossible or with less significance. Recently, mutagenesis scanning and helical

analyses (19,29) as well as other previous progresses, which led to the observation

that S3¢ should be regarded as an individual helical fragment, have provided us the

opportunity to consider this interaction system as a free body, and therefore the

molecular simulation could be performed within this space. Furthermore, simulation

results would provide compensation through comparison of the energy states even if

this helix has distortion in three dimensions. We have tested this idea with a system

containing hanatoxin and drkl/shaker S3c (17,18). Chemical details of interaction

correlated successfully in both structural and functional aspects (17,19). Spatia

orientation of S3¢ helix was appropriately discussed (18) and even structural change

of molecules, as well as interference in spatial freedom, could be comprehensively



analyzed through our simulation results (17,18). Moreover, existence of S3¢ helix as

individual fragment seemed to have been strongly confirmed as a result of low energy

for binding. Thus, the expansion of such a concept into the interactions between

various members in tarantula toxin family and mammalian channels in this study is

supposed to be quite rational. Meanwhile, the related al gorithms and functions applied

in the simulation procedures are described in detail in the Experimental s section.

The crystal structures of a voltage-gated potassium channel from thermophilic

archaebacteria (30) have been quite recently determined to atomic resolutions (31). A

mechanism for gating based upon “voltage-sensor paddies’ was proposed through the

structural observation (31,32). This mechanism gave new directions and possibilities

for further investigations by considering the toxins and entire “paddle’ together as an

interaction free body.

RESULTSAND DISCUSSIONS

Structure of novel tarantula toxins.

In order to perform the docking simulation, the atomic coordinates of toxin

structures in three dimensions are required to be assigned as receptor or ligand

involved in the interactions. The solution structure of HaTx1 was used as template in



homology modeling for HmTx1 and ScTx1. The structures of template toxin and

targets are compared in Fig. 1.

Fig. 1a

Fig. 1b

In addition to the crucial residues that may be involved in the toxin-channel binding

illustrated in Fig. 1a, the charge distributions of HaTx1, HmTx1 and ScTx1 are

represented with the electrostatic surface in Fig. 1b. Compared with HaTx1, the

hydrophobic patch is apparently well conserved in HmTx1 and ScTx1. It is aso

fascinating to note that residues tending to form a charged belt, as seen in HaTx1, are

also flanking the corresponding hydrophobic patch exactly in the same way and as

conservative substitutionsin HmTx1 and ScTx1.



HmMTx2 was not suggested for the similar modeling procedure via using HaTx1
as template. Instead, BLAST results revealed a preference for GSTXSIA (33) as
template. Comparing Fig. 1la with Fig. 2a, a major difference can be easily observed

between the two sets of models.

Fig. 2a

Fig. 2b

In the HMTx2 structure, a longer protruding loop containing residues 25-31 was
observed (Figs. 2a-b). Thisfact leads to two significant consequences:. (i) HmTx2 was
suggested to be an inappropriate target for template HaTx1 in homology modeling; (i)
Apparent disturbance in binding for inhibition on Kv2.1 gating currents may occur.

We will come back to this point in more details later in this section.

I nteractions of novel toxins and a channel fragment.



In Fig. 3, the most reasonable docking results between novel toxins (ScTx1,

HmTx1, and HmMTx2) and channels are illustrated in comparison with the

HaTx1-Kv2.1 S3c interaction. Total binding energies are listed in Table 1. All the

first three complexes (Figs.3a-3c. HaTlx1l-, HmTx1-, and ScTx1-Kv2.1 S3c,

respectively) demonstrate a very similar binding mode: the residues on the

hydrophobic patch of the toxin (e.g., Tyr-27 in Fig. 3a) form hydrophobic interactions

with non-polar residues from Kv2.1 S3c, whereas polar residues on S3c form

hydrophilic interactions with residues from the charged belt flanking the patch on

toxin surface. In comparison with the interaction details in Table 1, it is interesting to

note that the magnitudes of inhibition (some are represented as | Csp) by various toxins

are in line with the binding energies, which are further explained by the strength of

interaction categorized as number of bonds/interactions formed by residues from both

sides of participating molecules (Table 1). HaTx1 and ScTx1 both show very strong

inhibition on Kv2.1 currents, therefore a reasonable docking for them should be

implied from lower total binding energies, which have been successfully and clearly

indicated by our simulation results (Fig. 3 and Table 1).



Fig. 3a

Fig. 3b

Fig. 3c



Fig. 3d

Activity of spider Van der Waals / Number of Number of
toxin against drk1 Electro-static / Total Salt-bridges and resi-dues
channel as ICsg energies (Kcal/mol) after H-bonds forming
(nM) or docking hy-drophobic
percent-age of inter-actions

current inhibition

(20)
ScTx1- drkl S3¢ 12.7 322.05/-219.183/102.87 6 15
HaTx1- drkl S3¢ 42 268.85/-35.71/233.14 7 14
HmTx1-drk1 S3¢ 23% (100nM) 402.27 /1 -65.20 / 337.07 5 10
HmMTx2-drk1 S3c 18% (300nM) 1343.16 /-419.74 /1 923.421 4 8

Tablel

I nteraction of HMTXx2.

The extraordinarily weaker interactions observed for HmTx2 can be

reasonably illustrated with its structural characteristics. As mentioned before, the




existence of alonger protruding loop 25-31, compared to HaTx1, ScTx1 and HMTx1,

makes HMTx2 itself very distinct in shape from others (Figs. 1 & 2). When the toxins

are bound onto the channel by interacting with S3¢ fragment, this part may become an

obstacle for HmTx2 to approach towards S3¢. In other words, this loop will form

steric hindrance to prevent a tight binding while approaching the channel. From the

complex structure of HmTx2 and Kv2.1 S3¢ depicted in Fig. 3d, one can easily find

that the longer 25-31 loop interferes with the binding of the two molecules not only

through steric hindrance regarding the main bodies, but also through perturbation of

residue types for detailed interaction. And therefore, the docking energies will

certainly not favor HmTx2 with binding to Kv2.1 (Table 1). This concept can be

further emphasized by the reduced number of residues involved in forming

hydrophobic interactions compared to those for HmTx1 and ScTx1. However, the

electrostatic energy isvery low for HmTx2 regarding binding with Kv2.1 S3¢, despite

that it can be compensated by the extremely high van der Waals' energy and thus

produced much higher total energies. This seemsto contradict the concept described

previously. Therefore, we examined the complex structure of HmTx2-S3c in more

details.

If one looks into the complex structure in Fig. 3d even more carefully, it is not

difficult to obtain two interesting features. The first is an obvious unorganized spatial



relationship for residue side chains around the hydrophobic patch (Fig. 3d). This

brings the van der Waals' energy to the very high value listed in Table 1. Another

disturbing factor affecting hydrophobic interactions can be observed in the Loop

25-31 for residues adjacent to Lys-25. At this position, S3¢ provides several polar or

charged residues to form H-bonds or salt-bridges with polar residues from toxins for

HaTx1, HmTx1 and ScTx1. However, in HMTx2, afew aromatic residues are located

nearby, and as a consequence, van der Waals' energy could be brought to an even

higher value (Fig.3d). The second feature is with respect to the “high-positional” salt

bridge (Lys-25 from HmTx2 and GIn-286 from drkl S3¢). This unusual interaction,

due to the longer loop protruding from the Lys-25 side chain on tip of loop to a height

about to form interaction with GIn-286 from almost the C-terminal end of S3¢ has not

been seen in al other toxin-channel complexes (Figs. 3ac). It might provide a

rational explanation for such an unexpected low electrostatic energy listed in Table 1.

Considering as awhole, the docking interaction between HmTx2 and Kv2.1 should be

inappropriate or unnatural, although such orientation was the best possibility we could

find to carry out smulation for this combination. The sequence of HmTx2 seems not

to be designed by nature to inhibit Kv2.1 through binding on S3c.

This discussion provides an explanation for the highest energy result in Table

1 for HmTx2, if compared with other novel tarantula toxins. However, should this not



also imply the possibility for a totally different orientation for binding? Conservation
of the hydrophobic patch and the charged belt in HmTx2 seems to suggest a similar
binding mode as observed in al the other tarantula toxins acting on S3¢. On the other
hand, evolutionary links delineated in Fig. 4 might support the point that a different
kind of channel serves as binding target for HmTx2, with only subtle structural
changes on S3c. And this may reflect the adaptation of toxins in evolution for various
environments, based on the relationship in the phylogenic tree (more close to
GsTxSIA, Fig. 4b). This assumption remains to be verified through more experiments
in electrophysiology. Nevertheless, the close relation between HaTx, ScTx, and
HmTx1 illustrated in Fig. 4, rather than with HmTx2, indeed accounts for their

pharmacological properties (20) and the structural observation described in this study.

10 20 i 40
HaTx2 ECRYLF GGCKTTA DCCKHLGCKFRD KYCAWDFTFS
HaTx1 ECRYLF GGCKTTS DCCKHLGCHKFRD KYCAWDFTES
HmTx1 ECRYLF GGCS5TS DCCHKHLSCRSDW KYCAWDGTFS
S9T=1 TCRYLF GGCKTTA DCCKHLACRSDG KYCAWDGTF
ScTx1 DCTRMF GACRRDS DCCPHLGCKPTS KYCAWDGT |
GaTHSIA DCVRFW GHKCSQTS DCCPHLACHKSHKWPE - RN I CWWDGSY
HmTx2 ECRYLFWGECH DEMVCCEHLVCHKEKWP I TYKICWWDRTF
PaTx1 YICQEWMW TCDSAR KCCEGLWVCRL WCKK | |
PaTx2 YCQKwhW TCDEER KCCEGLWVCRL WICKR | | NM
HpTud DDCGHLFESG CDTHNA DCCESYWVCRL WEHLD W
HpTx3 ECGTLFSG CSTHA DCCEGF ICKL WCRYERTW
HpTx1 DCGT IWHY  CGTDASECCEGWKCSRAQ LCKYW | DW

Fig. 4a



HmTx1 SgTx1

(H. maculata) [© )
HaTx1
(G. spatulata)
HaTx2 HmTx2
(G. spatulata) (H. maculata)
GsTxSIA
(G. spatulata)
ScTx1
(S. calceta)
PaTx1
(P. auratus)
PaTx2
(P. auratus)
HpTx1
(P. venatoria) HpTx2

(P. venatoria)

HpTx3
(P. venatoria)

Fig. 4b

Evolutionary links.

Fig. 4a represents the sequence comparison for related tarantula toxins.
Apparently the typical structural arrangement for such small peptide toxins is strictly
and extensively conserved throughout widely spread species as toxin sources based on
the disulphide linkage. This has been known for the Cysteine-rich proteins
superfamily (34-38). In addition, the charged/polar residues required for the charge
belt and aromatic/hydrophobic ones for the hydrophobic patch are aso highly
conserved in al the related spider toxins (Fig. 4a). Using ClustaW (39) by manual
and Bioedit (40), a phylogenic tree, based on comparison of amino acid sequences for
such related tarantula toxins delineated in Fig. 4a, can be generated (Fig. 4b). HaTx1,

HaTx2, ScTx1 and HMTx1 are al located on the left top of the tree with a



neighboring branching between ScTx1 and the others. Meanwhile, HmTx2 deposits

itself on the other side of the tree, even though it comes from the same venom source

as HmTx1 does. This may probably conduct the structural role of a molecule into its

evolutionary necessity: even a subtle change in structure (here, a small part on the

interaction surface) could presumably suffice to satisfy the demands of selection.

Speculations for putative mechanism.

Previously, we have proposed a hypothesis describing a possible molecular

mechanism for how hanatoxin may affect the gating behavior of Kv2.1 channels via

binding on S3c¢ fragment (17,18). In this hypothesis, we derived a C-terminal helical

movement of drkl S3¢ (17,18) through observed conformational change (17) and

binding pocket (crevice) anaysis (24) from simulation data, reducing the spatial

freedom for S4 trandocation (18), and therefore a more depolarized potential for the

open gate may arise as anticipated (11,20). However, most recently, Jiang and

MacKinnon disclosed a crystal structure and therefore the principle of voltage gating

of an archaebacteria K-channel, KVvAP was proposed (30-32). This has a significant

impact on our hypothesis. The magjor challenge was based on the observation that S3b

(i.e., S3c) and $4 (or S4y) should “translocate” as an unity upon voltage-sensing and

the resulting electric field, and just like a*“ paddle’ (totally 4 paddles in one molecule).



From such a point of view, a short S3-$4 linker will be absolutely required,

considering the free energy for an en bloc movement. This is true for the situation in

KVAP (30,31), but not necessarily for mammalian channels, as suggested by their

much more complicated kinetics and regulatory behaviors (18,41). To compare these

two different ideas, we have carried out homology structura modeling and

re-performed the docking simulation of drkl complexed with hanatoxin (Fig. 5).

Although it is still difficult to have successful interpretation of how flexible this linker

is during activation, we found a very interesting structural essential in the S3¢ helix

(Fig. 5¢): the helical arrangement becomes a random coil after the mid-point of S3c.

In addition, this feature seems not to interfere with the toxin binding (Fig. 5a, b). This

new finding is based on energy minimization results from both modeling and docking

procedures, and the reasons could be possibly comprehended in the following ways.

First, it may be only due to the energy minimization similar as in a flexible loop. We

would not be satisfied by such simple explanation. Second, it can reflect a

compromised transitional structure preceding the S3-S4 linker in amore dynamic way,

which was thought to be extremely crucial in the regulation of activation kinetics (41).

Such a point of view may partially support our previously observed conformational

change (17,18) in a more preserved manner, because a longer S3-$4 linker either

found in drkl or in shaker should be able to provide higher spatial freedom in



regulation and thus alow a certain range of motions. We would not speculate
further the role of this looser structural arrangement with such limited data
Nevertheless, all the issues discussed above may provide hints that thereis still quite a
large space for researchers to work on regarding the regulatory roles of the area
around the vicinity of S3c and $4y. In other words, it is not an ending, but on the
contrary, just a fresh beginning for further investigations after the unraveling of this
first crysta structure of an archaebacterial Kv channel containing the whole
voltage-sensing domains. And for tarantula toxins, they will be even more useful in
the future study of the related gating phenomena they have shown to us in the past

decade.

Fig. ba



Fig. 5b

Fig. 5c

Conclusion. Based upon an in silico study, we have provided a structural basis for
the inhibition and binding of mammalian Kv channels by novel tarantula toxins,
successfully correlating their previously reported pharmacological properties to a 3-D
structural-functional interpretation. By combining this structural model with
evolutionary considerations, discrimination between subtypes of toxins due to subtle
structure changes in the interaction surface can be proposed. Finaly, a
“voltage-sensor paddles’ mechanism deduced from the crystal structure of
archaebacterial channel has been used as reference for further consideration on

toxin-channel behavior in mammalian Kv channels.
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FIGURE CAPTIONS

Figure 1. Comparison for overall structures of novel tarantula toxins: HaTx1,

HmTx1, and ScTx1. (a) Ribbon diagrams for template structure of HaTx1l and

homology structure models of HmTx1 and ScTx1. Crucia residue side chains that

may involve in the interaction with channels are emphasized with residue number

indicated. Residues in HmMTx1 and ScTx1 structures not appearing as conservative

substitutions are labeled in yellow (otherwise in white). (b) Electrostatic surface of

novel toxins. Approximate locations for the hydrophobic patch are marked with



circles in black. On the surface of molecules, red corresponds to an electrostatic

potential of <-4.0 kgT/e, whiteto O kgT/e, and blue for >3.0 kgT/e.

Figure 2. Comparison of overall structures of novel tarantula toxins: HmTx2

and GsTxSIA. As shown in Fig.1l, the schematic diagrams for both template

GsTxSIA and target HmTx2 are illustrated in (a) with crucia residue side chains

opened and residue types, number emphasized; (b) Electrostatic surface potentials

represented: red for < -4.0 kg T/e, white for O kgT/e, and blue for > 13.0 kgT/e.

Figure 3. Stereo views for complex structures of various tarantula toxins and

drk1 S3¢c from docking simulation results. (a) HaTx1-S3c¢ (cyan), (b) HmMTx1-S3¢

(dark blue), (c) ScTx1-S3¢ (magenta), and (d) HMTx2-S3¢ (violet). Kv2.1 S3¢: is

colored in orange. Crucia residue side chains involved in the interactions are opened

and drawn in colors according to their atom types with residue number indicated. It is

important to note that in Fig. 3d, a distinct longer Loop 25-31 in HMTx2 displays an

unusual structural characteristics regarding steric hindrance for binding (see text for

more details).

Figure 4. Evolutionary links between related tarantula toxins. (a) Sequence

alignments. (b) Phylogenic tree. Software used to produce these figures has been

described in detail in the Methods section.



Figure 5. Further study of HaTx1-Kv2.1 interaction based on crystal structural

information from archaebacterial KvAP channel. (a) Overview of Kv2.1 (drkl)

structure in complex with HaTx1. Homology structures for drkl were generated as

described in Experimental section. Red cylinders represent the a-helices. Connection

loops are built up with yellow ribbons with energy minimization to give reasonable

geometry. HaTx1l molecule is shown in blue. (b) Enlarged view for drkl

voltage-sensor paddie in ligand with HaTx1. (c) Comparison of voltage sensors

between KVAP and Kv2.1 (drkl). Close attention is suggested for the different

structura arrangement in the C-terminal part of S3¢ (or S3b) (see more details in text).

Residues applied: Pro-99 to Ala-140 in KVAP, whereasin Kv2.1, Val-275 to Gly-316.

Besides, gap in modeling was suggested between Gly-114 and Leu-115 in KvAP for

S3-HA4 linker in drkl replaced by residues between Leu-287 and Val-295. All the

structural manipulations were performed with Insight 11 software package as

described in Experimental section.

TABLES.

Table 1. Comparison of the magnitudes of inhibition by novel tarantula toxins on

drkl currents with the structural features (energies, bonds, etc.) after docking

caculations.
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