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Abstract

The main purpose of this report is to investigate the structural property and new potential
function of PPTI (Pseudocerastes Persicus Trypsin Inhibitor), a kunitz-type protein with
inhibitory effect against trypsin proteolytic activity. Besides kunitz-type serine protease
inhibitors, PPTI shows clear-cut similarities with dendrotoxins (DTXs), the other kunitz-type
protein subfamily. The most important reason is the presence of functionally important resi-
dues of DTXs at correspondingly the same positions in PPTI. As such, we proposed the
new ability of PPTI for inhibiting voltage-gated potassium channels and consequently its
dual functionality. At first, we determined the solution structure of PPTI via Nuclear Magnetic
Resonance (NMR) spectroscopy. Then by homology modeling, we constructed the model
structure of trypsin-PPTI complex to confirm the same interaction pattern as trypsin-BPTI at
complex interface. Finally, by Brownian dynamics (BD) simulations of PPTI NMR derived
ensemble structure as ligand against homology model of human Kv1.1 potassium channel
as receptor, we evaluated the potential DTX-like activity of PPTI. The results of our study
support the proposed dual functionality of PPTI.

Introduction

Kunitz-type proteins are one of the most-studied protein families due to their diverse physio-
logical functions and stable conformation. Members of this protein family are small globular
proteins (about 60 amino acid residues in length) with native compact conformation and dis-
tinct arrangement of secondary structure motifs, known as kunitz domain [1]. Their overall
conformation is stabilized via three intra-chain disulfide bonds with highly conserved pattern
of C1-C6, C2-C4, and C3-C5 [2-4]. This compact and stable structure of kunitz domain could
be the reason for its wide usage in proteins with extracellular destination [5], in both mono
and multi-domain forms, during evolution [4,6].

Diverging evolution of kunitz-type proteins has been leading to the formation of homolo-
gous proteins with different physiological functions including kunitz-type serine protease
inhibitors and dendrotoxins (DTXs) [6,7]. The overall tertiary structures of these homologues
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are almost the same, while their functional sites and amino acid compositions are dramatically
changed [8-10]. As such, in kunitz-type serine protease inhibitors functionally important resi-
dues (residues of anti-protease loop) are located in completely different part of the molecules,
in comparison with DTXs [11]. Interestingly, there are only a few reported proteins with both
functions of inhibiting serine proteases and blocking potassium channels. The common char-
acteristic of these proteins is to show one of their physiological functions weaker than the
other one, and more importantly, almost all of them are effective potassium channel blockers
which could weakly interfere with proteolytic activity of serine proteases [7,12].

The kunitz-type serine protease inhibitors could reversibly inhibit serine proteases via a
slow-tight interaction pattern [13]. In Bovine Pancreatic Trypsin Inhibitor (BPTI), the well-
studied member of kunitz-type trypsin inhibitors, the interacting residues are located within
two exposed loops consisting residues T11 to I19 (the anti-protease loop) and G36 to R39. In
trypsin-BPTI complex the critical P1 residue of BPTI, K15, located at the anti-protease loop,
interacts with D191 and S197 in S1 pocket of trypsin [3].

On the other hand, DTXSs act as a facilitator of neurotransmitter release from pre-synaptic
neurons by blocking ionic current in voltage-gated potassium channels (Kv) [1,9,14-16]. For an
effective interaction with Kv channels, a basic residue of DTXs interacts with both negatively
charged (E353 and D431 in Kv1.1) and aromatic residues (Y379 in Kv1.1) of the pore region in
Kv channels [11,17,18]. According to site-directed mutagenesis studies, this basic residue along
with a hydrophobic residue are mostly responsible in making interactions with Kv channels,
and simultaneous mutations of these two residues cause a great reduction (about 1000 times) in
DTXs function against Kv channels [1,12]. In addition, the configuration of functional sites in
DTX variants is in a way that the critical basic residue protrudes from the functional surface
[11] and keeps a certain distance (about 6.6+1 A) from the hydrophobic residue [17,18].

In our previous work [19], we introduced PPTI (Pseudocerastes Persicus Trypsin Inhibitor)
as a new member of kunitz-type serine protease inhibitors. According to the sequence compar-
ison outcomes, the functionally important residues of DTXs are correspondingly present in
PPTTI, which brings up the hypothesis of PPTI bi-functionality. To evaluate this hypothesis, we
used in silico approach and performed a series of Brownian dynamics (BD) simulations
between PPTI NMR structures and Kv1.1 modeled structure. The results are promising and
demonstrate the possible blocking activity of PPTT against potassium channels, with the same
mechanism as DTXs. In what follows, we report the results of structure determination of PPTI
by solution NMR spectroscopy and protein docking between PPTI NMR structures and both
trypsin and Kv1.1 potassium channel by homology modeling and BD simulation, respectively.

Results
NMR resonance assignment

According to the standard methods, manual amino acid spin systems identification and sequen-
tial assignment were performed based on homonuclear TOCSY and NOESY spectra. The
sequential spin system connections were identified by observing H*-HN;,;, HN;-HN;,, and
HP-HN,,, crosspeak NOEs in 150 ms NOESY spectrum in which the fingerprint region is
shown in S1 Fig. Two histidine residues, H19 and H55, were identified via the cross peaks of
their ring protons. Moving in both downstream and upstream directions and using the charac-
teristics spin systems of alanine, aromatic and amide residues, we completed the sequential
assignment, except for P68, the last residue at flexible C-terminal tail. The observed long range
NOEs between H*-HN and H*-H® of residues confirm the existence of hydrogen bond pattern
of a two-stranded antiparallel B-sheet, S2 Fig. To solve the ambiguities associated with the NOE
assignment of NOESY spectrum or spin system identification due to the shielding or desheilding
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effect of aromatic rings, we used the constructed homology model of PPTI as the guiding struc-
ture. The results of the spin systems identification were confirmed by the "H-">C HSQC spec-
trum. The chemical shifts of the resonance assignment of PPTT at 293 K are presented in S1
Table and have been deposited in BioMagResBank (BMRB) database, BMRB ID 36197.

NMR structure calculations

Structure calculations were mainly based on the NOE distance restraints in which its sequence
distribution is shown in Fig 1. In addition to NOEs, hydrogen bond distance restraints based on
the preliminary structure calculations and observed NOEs (S2 Fig) along with dihedral angle
restraints (S2 Table) were included in the final structure calculation. For the latter, we used the
estimated >Jin 1o, Of residues in B-sheet motif (with values > 8) and converted them into ¢
dihedral angle restraints. Moreover, by calculating the secondary chemical shifts of >C* atoms
with respect to the corresponding random chemical shifts, and by using TALOS program sug-
gestions, we adopted and imposed the restricted conformational search space for residues of
secondary structure motifs. In Fig 2, the summary of NMR parameters for PPTI are presented.
From 900 calculated structures in nine iterations of the standard protocols of ARIA and on
the basis of energetic parameter, the best twenty refined structures of the last iteration were
selected for further analysis. These final set of structures were geometrically evaluated and
showed a good agreement with experimental restraints, with no NOE distance violations greater
than 0.25 A. The backbone dihedral angles were analyzed by PROCHECK-NMR and the
resulted Ramachandran plots indicate that for all twenty best structures, 87% of nonglycine and
nonproline residues are located at favored regions, and only 2.7% of residues are in disallowed
regions (S2 Table). The twenty best energetic structures of PPTI are superimposed and dis-
played in Fig 3 and their coordinates were deposited in RCSB Protein Data Bank, PDB ID 6A5I.
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Fig 1. The number of NOEs per residue. In this chart the intra-residue, sequential, medium range and long range NOE:s are determined in different
compartments and respectively shown in black, dark gray, light grey, and white.

https://doi.org/10.1371/journal.pone.0214657.9001
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Fig 2. NMR data summary. At the top, the schematic view of predicted secondary structure motifs of PPTI, and the sequence of its amino acid
residues are shown. The observed sequential NOEs and the *Jyn.11* coupling constants that are used in structure calculation are respectively shown
with open and filled squares. For sequential NOEs, in case of proline residues, HN refers to H® that was used for the sequential assignments. At the
bottom, the chart of chemical shift deviations of C,, that were calculated with respect to random chemical shift values is presented.

https://doi.org/10.1371/journal.pone.0214657.9002

Structure description

PPTI, like most of the kunitz-type proteins, has a compact globular pear-shaped structure.
According to the solved NMR structures, the secondary structure motifs of this protein and its

LoopI 180

C-terminal

Fig 3. The ensemble of top twenty superimposed PPTI NMR structures. The structures are fitted to the best energetic one over the
backbone atoms and the three intra-chain disulfide bonds are represented in sticks.

https:/doi.org/10.1371/journal.pone.0214657.9003
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arrangement are the same as the kunitz domain. There are two connecting loops in PPTI,
named loop1 and loop2. Loop1 connects the N-terminal 3;, helix (residues K5 to Y8) to the
first B-strand (residues 120 to N26) and contains functionally important residues of kunitz-
type serine protease inhibitors (K17 and A18 as P1 and P1" sites, respectively). Loop2, span-
ning from G38 to T49, connects the second B-strand (residues K31 to Y37) to the o-helix
motif (residues A51 to C57) near the C-terminal end.

Three disulfide bonds in PPTT structure, on the other hand, connect both terminal ends
(C7-C57); stabilize the orientation of two solution exposed loops with respect to each other
(C16-C40); and localize and immobilize the C-terminal helical motif over the B-sheet (C32-C53).

According to the information from TOCSY and NOESY spectra, PPTT has a flexible disor-
dered tail at its C-terminal part, consists of residues S60 to P68.

Solvent accessibility of PPTI residues

The accessibility of residues in the twenty best NMR structures of PPTI was evaluated by deter-
mining Relative Accessible Surface Area (RASA) for each residue (Fig 4). For calculating this
value, at first the total accessible surface area of each residue in PPTT’s NMR structures were
calculated, regardless of the neighboring residues, and averaged over the twenty top NMR
structures. Next, the accessible surface area of residues for the twenty top NMR structures
were calculated by regarding all residues. Finally, the ratio of the averaged accessible surface
area of each residue to the averaged total accessible surface area of the corresponding residue
defined as RASA. The resulted values are presented in percent scale in Fig 4.

%100

%80

% RASA

Residue Number

Fig 4. The relative solvent accessibility of PPTI residues. For each residue, the averaged value of relative accessible surface area (RASA) are calculated for the best
twenty NMR structures. Both upper and lower limits that used for defining buried and solvent exposed residues are shown with dashed lines.

https://doi.org/10.1371/journal.pone.0214657.9004
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By considering the value of 20% RASA as an upper limit for buried residues, 18 buried resi-
dues in PPTI have been found that approximately half of them are hydrophilic residues partici-
pating in the B-sheet motif. For assigning solution exposed residues, we set the lower limit of
50% for RASA. As such, residues with RASA values more than 50% are classified as solution
exposed ones. Without considering the residues at both terminal ends, the most solution exposed
residues are K5 and K17, which are critical in the attributed physiological functions of PPTI.

Molecular modeling of the complex between PPTI and trypsin

The high resolution crystal structure of BPTI in complex with trypsin (PDB code 4Y0Y) was
selected as template to model the corresponding complex with PPTI. By considering the
DOPE score, the best model was analyzed for RMSD and binding residues at interface. The
RMSD between the backbone atoms of BPTT and PPTT in complex with trypsin was about 0.2
A representing a good compatibility between the template structure and the target model. As
Fig 5 shows, residues V13 to P19 of PPTI form the binding interface with trypsin in the mod-
eled complex. Similar to BPTI, PPTT has the characteristic lysine at P1 site (K17) that interacts
with residues of trypsin in S1 pocket. Some of these important interactions are: i) a hydrogen
bond between K17 backbone carbonyl oxygen to the main chain NH group of S197; ii) two
hydrogen bonds between K17 NH group with both OG of $197 and NE2 of H57; iii) a simulta-
neous hydrogen bond and electrostatic salt bridge between the e-amine group of K17 and the
side chain carboxyl groups of D191.

Molecular modeling of the 3D structure of human Kv1.1 potassium
channel

Voltage-gated potassium channels are composed of four transmembrane subunits (o-subunit)
that form the channel part; and four cytoplasmic subunits (B-subunit) that regulate the channel

Fig 5. The modeled structure of trypsin-PPTI complex fitted to its template (trypsin-BPTI complex). On the right side, the close view of trypsin
active site (S1 pocket) and anti-protease loop of both BPTT and PPTT are shown. The possible hydrogen bond and electrostatic interactions between
labeled residues are shown by dashed lines.

https://doi.org/10.1371/journal.pone.0214657.9005
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function [20-22]. Each o-subunit passes 6 times through the cytoplasmic membrane, which
are correspondingly identified as S1 to S6. The first four transmembrane segments (S1 to S4)
comprise the voltage sensing domain and the other two segments (S5 and S6) participate in
formation of the pore region of channel [17,22,23].

In order to investigate the sequence guided possible interaction between PPTI and potas-
sium channels, we constructed a homology model for the a-subunits (by ignoring the voltage
sensing domain) of human Kv1.1 potassium channel in open conformation. For this, we used
four template structures in which two crystal structures were from eukaryotic sources (Kv1.2
channel with PDB codes 2R9R and 3LUT) and the other two crystal structures were from bac-
terial organism (KCSA channel with PDB codes 1BL8 and 2A9H). The best modeled structure
was selected based on Dope Score with its structure shown in S3 Fig.

Brownian dynamics simulation of the interaction between PPTI and
human Kvl.1

The mechanism of interaction between dendrotoxin variants and potassium channel is pro-
posed as a physical blockage of the channel pore by DTXs. As such, the side chain of a critical
lysine in DTX makes electrostatic and n-cationic interactions with negatively charged and
hydrophobic residues in the pore region of potassium channel respectively [2,11,14,17,24]. In
Kv channel variants, the critical residues that interact with inhibitors (like DTXs) are mostly
located in the loop connecting S5 and S6, named as P-loop in literature. There is a highly con-
served motif sequence in P-loop (TXGYGD, known as the signature sequence of Kv channels)
which seems to be mainly responsible for making interaction with DTX homologues
[14,22,23]. Thus for BD docking simulation, we selected nitrogen atom of e-amine group of
K5 residue from PPTI and oxygen atom of a water molecule which was placed at the pore
entry of Kv1.1 with equal distances from four aspartic acid residues of the channel pore region,
as the monitor atoms for detecting the formation of association. At the beginning in order to
do a blind docking, we used the large distance criteria (15 to 30 A) to find the better under-
standing of all possible docking orientations of PPTI relative to Kv1.1 in BD simulations. Inter-
estingly and as we expected for the large monitor distances of association, the spatial
distribution of center of mass of PPTI was mainly populated over the pore region of channel,
S4 Fig. Then to have a better resolution, we set the monitor distance of association in decreas-
ing manner from 10 to 5 A in different simulations. In order to improve the rigid docking per-
formance, a hundred uniformly sampled snapshot structures of PPTI from NPT MD
trajectory (with 2.5 ns interval time) along with proposed structure for human Kvl.1 potas-
sium channel were used as the initial structures for BD simulations. The interaction mode of
the best energetic complex between PPTI and Kv1.1 potassium channel is shown in Fig 6A
(side view) and Fig 6B (top view). As Fig 6A shows, the e-amine group of K5 is in close contact
with the water molecule at the pore region. In order to analyze the diversity of interaction
modes, the fifty best energetic complexes are superimposed on each other (top view is shown
in Fig 6C) and the RMSD of each PPTT structure was calculated with respect to the best ener-
getic one and as Fig 6C shows, the overall interaction orientation of these fifty complexes are
the same. The average value of RMSD was about 5.0 A with minimum and maximum values of
1.3 and 8.4 A, respectively.

For making a comparison, we performed similar BD simulations for a-DTX by consider-
ing its critical basic residue (i.e. K5), for which the best energetic complex is shown in S5
Fig. The average values of electrostatic interaction energy of five top complexes were about
-11 and -7.5 kcal/mol for a-DTX and PPTI respectively. By assigning the total charge of +5
for PPTI and +8 for o-DTX at neutral pH and in order to account for the better electrostatic
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Fig 6. The modeled complex of PPTI and human Kv1.1 potassium channel. (A) The side view of the complex. The critical residue of
PPTI (K5) and its orientation towards the pore region is labeled. The water molecule at the pore entry is shown as a green sphere. (B) The
top view of the complex. The negative electrostatic surface potential of Kv1.1 is shown in red. (C) The top view of the best energetically
modeled complexes between PPTI and human Kv1.1 potassium channel.

https://doi.org/10.1371/journal.pone.0214657.9006

interaction energy of a-DTX toward Kv1.1 potassium channel, we calculated the associated
electric dipole moment and electric field around these protein molecules (Figs 7 and S6,
respectively) by VMD [25]. As these figures show, o-DTX has broader positive electric field

Fig 7. The electrostatic isocontour potential map and the surface potential of PPTI. The blue and red colors
represent positive and negative fields respectively. The electric dipole moment vector of the protein is represented as a
green arrow and the proposed critical basic residue of dendrotoxin activity (K5) is labeled.

https://doi.org/10.1371/journal.pone.0214657.9007
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and its dipole moment is better aligned with the direction of its critical basic K5 residue in
comparison with PPTIL.

Discussion

In this research, we used both experimental and computational approaches for determining
the structural and functional aspects of PPTI, a kunitz-type trypsin inhibitor extracted from
venom mixture of the Persian false-horned viper. The best solved structures derived from solu-
tion NMR spectroscopy confirmed the presence of the motif structure known as kunitz
domain in PPTL Like kunitz-type proteins, the domain structure of PPTI is stabilized with the
same topology of three highly-conserved intra-chain disulfide bonds. As a result, the both heli-
cal parts are brought in close contact with each other via the C7-C57 disulfide bond, and the
o-helix in C-terminal part is located over the B-sheet motif via the C32-C50 disulfide bond.
Also, PPTT has a flexible C-terminal tail, residues S60 to P68, which is not a common structural
feature among small kunitz-type serine protease inhibitors and DTX variants.

Based on the calculated RASA indexes for the amino acids of PPTI, K5 and K17 are among
the highly solution exposed residues that are proposed to be responsible for blocking potas-
sium channels and inhibiting trypsin, respectively. The anti-trypsin activity of PPTI was exper-
imentally determined [19] and the constructed model structure of trypsin-PPTI complex
revealed the details of this interaction. Like BPTI, the P1 residue of PPTI (K17) contributes
critically in interactions with the key residues of trypsin S1 pocket (i.e. H57, D191, and S197).
Next, for evaluating the ability of PPTI in blocking potassium channels we performed a series
of BD simulations between PPTT and human Kv1.1 potassium channel, and compared the
mechanism of interaction with a-DTX, a well-known dendrotoxin. The results of this part
show that PPTI could block Kv1.1 potassium channels with the same mechanism as dendro-
toxins. Therefore, we can speculate the possibility of dendrotoxin-like activity of PPTI against
Kv1.1 potassium channels, which makes PPTT as a possible bi-functional protein. Interestingly,
almost all of the reported bi-functional kunitz-type proteins between serine protease inhibitors
and dendrotoxins are effective potassium channel blockers with weak anti-protease activities
in which PPTT is different [7,12]. Although the results of our in silico evaluation are promising,
further experimental evaluations about PPTT’s dendrotoxin-like activity are needed in order to
prove its dual-functionality.

Materials and methods
Molecular modeling of the 3D structure of PPTI

In order to overcome the ambiguity in identifying NMR derived restraints, the 3D structure of
PPTI was modeled by comparative homology modeling according to our previous work [19].

Sample preparation for NMR spectroscopy

PPTI was purified from the venom of Persian false-horned viper, Pseudocerastes persicus,
according to the procedure described previously [19] and lyophilized by freeze dryer. The
lyophilized PPTI protein was dissolved in H,0/D,0 (90:10 v/v) pH 4 or 99.9% (v/v) D20 to
reach the final concentration of 2 mM.

NMR spectroscopy

All NMR experiments were performed on a Bruker DRX-500 spectrometer equipped with z-
gradient "H-"C-"N triple-resonance TXI probe. NMR spectra were acquired at 293 K. The
two-dimensional homonuclear TOCSY [26,27] (75 ms mixing time), NOESY [27] (80 and 150
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ms mixing times) and DQF-COSY [28] spectra and a natural abundance heteronuclear H-B¢
HSQC [27] spectrum were recorded with 2048 data points in direct t; dimension and 512
increments in indirect t, dimension. One zero filling was performed to obtain the final
1024x4096 data sets. Water suppression was achieved by applying WATERGATE pulse
sequence or presaturation. The carrier frequency was set with respect to the center of residual
water signal and DSS (2,2-dimethyl-2-silapantane-5-sulfunate) was used as an internal refer-
ence. All spectra were processed by XWIN-NMR software and analyzed with Sparky [29].

NMR derived restrains

Spin system identification and sequential assignment were carried out according to the stan-
dard methods [30]. The interproton cross-peak intensities were measured from the 150 ms
mixing time NOESY spectrum in 90% H,O / 10% D,O at 293 K. In order to reduce the size of
conformational search space and to achieve a better convergence, the following additional
NMR derived restraints were introduced. The results of NOE patterns were used to deduce the
hydrogen bond restraints of the secondary structures (i.e. two B-strands and the C-terminal o-
helix), which were assigned to 2.8 + 0.5 A for ry.oand 1.8 + 0.5 A for ry.o.

The *Jiynmeq constants were determined from COSY spectra [31] and ¢ dihedral angles were
restrained to the ranges of -120° + 30° for *Jinbe > 8 Hz and -60° + 30° for *Jynme < 6 Hz.

The "H* and ">C” chemical shifts of assigned residues were used to predict the secondary
structure restraints. This was done by using the chemical shift indexing method (CSI) [32]
along with the information derived from the TALOS program [33].

Structure calculations

The structural calculations were carried out on an intel based workstation using CNS [34] and
the standard protocols of ARIA 1.2 program [35] under CentOS Linux 6.5. A simulated anneal-
ing protocol in torsion angle space was used starting from an extended conformation. The pro-
tocol was implemented in four stages: i) high temperature simulated annealing at 10000 K; ii) a
first cooling phase from 10000 K to 1000 K in 5000 steps; iii) a second cooling phase from 1000
K to 50 K in 4000 steps; and iv) 4000 steps refinement and energy minimization. The time step
for integration was set to 0.003 ps. One hundred structures were generated in each iteration,
and the 20 lowest energy structures in the final iteration were evaluated using PRO-
CHECK-NMR [36]. The structural models were visualized with program UCSF Chimera [37].

Molecular modeling of the complex between PPTI and trypsin

The binding structure of PPTI and trypsin was homology modeled according to the crystal
structure of BPTT in complex with trypsin by using Modeller [38]. The best complex model
was selected based on DOPE score among 1000 generated models.

Molecular modeling of the 3D structure of human Kvl1.1 potassium
channel

According to the sequence homology of human Kv1.1 based on BLASTp [39] search against
PDB, two types of templates were selected for homology modeling of human Kvl1.1 potassium
channel; crystal structures of eukaryotic Kv1.2 and bacterial KCSA potassium channels. Again,
1000 constructed models were ranked based on DOPE score.
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Brownian dynamics simulation of the interaction between PPTI and
human Kvl.1

The ability of PPTI in recognizing and blocking of human Kv1.1 potassium channel was stud-
ied by MacroDox simulation package [40]. We used this package for assigning the titratable
groups, solving the linearized Possion-Boltzmann (PB) equation and running BD simulation.
In order to compensate the rigidity of PPTI, we did a molecular dynamics (MD) simulation to
sample enough solution conformations. The MD simulations were carried out with the GRO-
MACS simulation package version 4.6.5 using the Amber99SB-ILDN force field parameters as
implemented in GROMACS [41]. After energy minimization, two succeeding position-
restrained MD simulations were performed. First, to set the atomic velocities and adjust the
system temperature, an MD simulation was performed for 100 ps at desired temperature and
in a constant volume condition (NVT). Second, to adjust pressure and densities, a MD simula-
tion with 1 ns duration was carried out at constant temperature and pressure (NPT). Then, a
250 ns NPT simulation was performed to produce an ensemble of PPTI conformations uni-
formly sampled every 2.5 ns. The coordinates of PPTI structures from the NPT MD trajectory
along with Kv1.1 channel structure from homology modeling were used as the initial struc-
tures in BD simulations. The atomic charges of titratable functional groups of amino acid side
chains were assigned according to Tanford-Kirkwood method as implemented in MacroDox
according to the solvent ionic strength of 0.1 M, temperature of 298 K and pH value of 7.0.
The PB equation was solved for two cubic lattices, and the center of mass of Kv1.1 channel as
receptor was placed at the center of lattice. The resolutions were set to 0.5 and 0.75 A for inner
and outer grids respectively. At the beginning of each trajectory, the center of mass of PPTI
was randomly placed on surface of a sphere with radius of 82 A that its center is located in the
center of simulation lattice. Only PPTI was allowed to rotate and translate and Kv1.1 channel
was immobilized in the center of simulation lattice. Whenever the distance between the center
of mass of PPTI and Kv1.1 channel exceeded an escape radius of 200 A, the trial trajectory was
terminated. In order to reach a suitable complex model between PPTT and Kv1.1 potassium
channel we did 100,000 trial trajectories in each BD simulation.

Supporting information

S1 Fig. NOESY fingerprint. The NOESY fingerprint region of PPTI with the mixing time of
150 ms.
(TIF)

S2 Fig. Defined hydrogen bonds of the B-sheet motif. Hydrogen bond pattern observed by
long range NOEs.
(TIF)

$3 Fig. The modeled structure of human Kv1.1 potassium channel. The side view of human
Kv1.1 potassium channel. The water molecule at the pore entry is shown as a green sphere.
(TIF)

$4 Fig. The modeled complex of PPTI and Kv1.1 potassium channel. The side view of com-
plexes between PPTT and human Kv1.1 potassium channel. The small blue spheres show the
center of mass of PPTI in each successful trajectory of BD simulation. The radii of inner sphere
of these BD simulations are 15 A (A) and 7 A (B).

(TIF)

S5 Fig. The modeled complex of a-DTX and Kv1.1 potassium channel. The side view of
complex between o-DTX and human Kvl1.1 potassium channel. The orientation of the critical
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residue, K5, is depicted and labeled. The water molecule at the pore entry is shown as a green
sphere.
(TIF)

S6 Fig. The electrostatic isocontour potential map and the surface potential of a-DTX. The
blue and red colors represent positive and negative fields respectively. The electric dipole
moment vector of the protein is represented as a green arrow. The K5 critical residue is
labeled.

(TIF)

S1 Table. The chemical shift table of PPTI.
(PDF)

$2 Table. Structural statistics of the twenty best NMR structures.
(PDF)

Acknowledgments

Financial support provided by the Research Council of the University of Tehran is gratefully
appreciated.

Author Contributions

Conceptualization: Mehriar Amininasab.

Data curation: Seyede Elnaz Banijamali.

Formal analysis: Seyede Elnaz Banijamali, Mehriar Amininasab, Davood Zaeifi.
Funding acquisition: Mehriar Amininasab.

Investigation: Seyede Elnaz Banijamali, Mehriar Amininasab.
Methodology: Mehriar Amininasab.

Project administration: Mehriar Amininasab.

Resources: Mehriar Amininasab.

Software: Seyede Elnaz Banijamali, Mehriar Amininasab.
Supervision: Mehriar Amininasab.

Validation: Mehriar Amininasab.

Visualization: Mehriar Amininasab.

Writing - original draft: Seyede Elnaz Banijamali.

Writing - review & editing: Mehriar Amininasab.

References
1. Harvey AL. Twenty years of dendrotoxin. TOXICON. 1994; 39: 15-26. https://doi.org/10.1177/
1741143207087771

2. Swaminathan P, Hariharan M, Murali R, Singh CU. Molecular Structure, Conformational Analysis, and
Structure—Activity Studies of Dendrotoxin and Ilts Homologues Using Molecular Mechanics and Molec-
ular Dynamics Techniques. J Med Chem. 1996; 39: 2141-2155. https://doi.org/10.1021/jm950579p
PMID: 8667358

PLOS ONE | https://doi.org/10.1371/journal.pone.0214657  April 11,2019 12/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214657.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214657.s007
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214657.s008
https://doi.org/10.1177/1741143207087771
https://doi.org/10.1177/1741143207087771
https://doi.org/10.1021/jm950579p
http://www.ncbi.nlm.nih.gov/pubmed/8667358
https://doi.org/10.1371/journal.pone.0214657

® PLOS |ONE

PPTI structure and function

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Ascenzi P, Bocedi A, Bolognesi M, Spallarossa A, Coletta M, Cristofaro R De, et al. The Bovine Basic
Pancreatic Trypsin Inhibitor (Kunitz Inhibitor): A Milestone Protein. Curr Protein Pept Sci. 2003; 4: 231—
251. https://doi.org/10.2174/1389203033487180 PMID: 12769721

Dai S, Zhang A, Huang J. Evolution, expansion and expression of the Kunitz/ BPTI gene family associ-
ated with long- term blood feeding in Ixodes Scapularis. BMC Evol Biol. BioMed Central Ltd; 2012; 12:
1-16. https://doi.org/10.1186/1471-2148-12-1

Louw E, Merwe NA Van Der, Neitz AWH, Maritz-olivier C. Evolution of the tissue factor pathway inhibi-
tor-like Kunitz domain-containing protein family in Rhipicephalus microplus. Int J Parasitol. Australian
Society for Parasitology Inc.; 2013; 43: 81-94. https://doi.org/10.1016/j.ijpara.2012.11.006 PMID:
23220044

Zupunskia V, Kordis D, Gubensek F. Adaptive evolution in the snake venom Kunitz / BPTI protein fam-
ily. FEBS Lett. 2003; 547: 131-136. https://doi.org/10.1016/S0014-5793(03)00693-8 PMID: 12860400

Lancelin J-M, Foray M-F, Poncin M, Hollecker M, Marion D. Proteinase inhibitor homologues as potas-
sium channel blockers. Nat Struct Biol. 1994; 1: 246-250. https://doi.org/10.1038/nsb0494-246 PMID:
7544683

Moczydlowski E, Moss GUYWJ, Lucchesi KJ. Bovine pancreatic trypsin inhibitor as a probe of large
conductance Ca(2+)-activated K+ channels at an internal site of interaction. Biochem Pharmacol. 1992;
43:21-28. https://doi.org/10.1016/0006-2952(92)90656-4 PMID: 1370897

Harvey AL. Recent Studies on Dendrotoxins and Potassium lon Channels. Gen Pharmac. 1997; 28: 7—
12. https://doi.org/10.1016/S0306-3623(96)00173-5

Foray M-F, Lancelin J-M, Hollecker M, Marion D. Sequence-specific H-NMR assignment and second-
ary structure of black mamba dendrotoxin |, a highly selective blocker of voltage-gated potassium chan-
nels. Eur J Biochem. 1993; 211: 813-820. https://doi.org/10.1111/j.1432-1033.1993.tb17613.x PMID:
7679640

Gasparini S, Danse J, Lecoq A, Pinkasfeld S, Zinn-justin S, Young LC, et al. Delineation of the func-
tional site of alpha-dendrotoxin. The functional topographies of dendrotoxins are different but share a
conserved core with those of other Kv1 potassium channel-blocking toxins. Biol Chem. 1998; 273:
25393-254083. https://doi.org/10.1074/jbc.273.39.25393

Peigneur S, Billen B, Derua R, Waelkens E, Debaveye S, Béress L, et al. A bifunctional sea anemone
peptide with Kunitz type protease and potassium channel inhibiting properties. Biochem Pharmacol.
2011; 82: 81-90. https://doi.org/10.1016/j.bcp.2011.03.023 PMID: 21477583

Broze GJ, Girard TJ. Tissue factor pathway inhibitor: structure-function. Front Biosci. 2012; 17: 262—80.
https://doi.org/10.2741/3926

Harvey AL, Robertson B. Dendrotoxins: Structure-Activity Relationships and Effects on Potassium lon
Channels. Curr Med Chem. 2004; 11: 3065—-3072. https://doi.org/10.2174/0929867043363820 PMID:
15579000

Harvey AL, Marshall DL, Strong PN. Interactions between dendrotoxin, a blocker of voltage-dependent
potassium channels, and charybdotoxin, a blocker of calcium-activated potassium channels, at binding
sites on neuronal membranes. Biochem Biophys Res Commun. 1989; 163: 394-397. https://doi.org/10.
1016/0006-291X(89)92148-7 PMID: 2476127

Harvey AL, Anderson AJ. Dendrotoxins: Snake toxins that block potassium channels and facilitate neu-
rotransmitter release. Pharmacol Ther. 1985; 31: 33-55. https://doi.org/10.1016/0163-7258(85)90036-
1 PMID: 2436242

Harvey AL, Rowan G, Street G, Harvey AL, Rowan EG, Vatanpour H, et al. Changes to biological activ-
ity following acetylation of dendrotoxin | from Dendroaspis polylepis (black mamba). TOXICON. 1997;
35: 1263-1273. https://doi.org/10.1016/S0041-0101(97)00016-0 PMID: 9278975

Bagetta G, Palma E, Piccirilli S, Duca C Del, Morrone AL, Nappi G, et al. Involvement of a Glutamatergic
Mechanism in d-Dendrotoxin-Induced Hippocampal Neuronal Cell Loss in the Rat. Pharmacol Toxicol.
2004; 94: 132-138.

Banijamali SE, Amininasab M, Elmi MM. Characterization of a new member of kunitz-type protein family
from the venom of Persian false-horned viper, Pseudocerastes persicus. Arch Biochem Biophys. United
States; 2018; 662: 1-6. https://doi.org/10.1016/j.abb.2018.11.017 PMID: 30452896

Skariyfiski T. Crystal Structure of a-Dendrotoxin from the Green Mamba Venom and its Comparison
with the Structure of Bovine Pancreatic Trypsin Inhibitor. J Mol Biol. 1992; 224: 671-683. https://doi.
org/10.1016/0022-2836(92)90552-U PMID: 1373774

Hedstrom L. Serine Protease Mechanism and Specificity Serine Protease Mechanism and Specificity.
Chem Rev. 2002; 102: 4501-4524. https://doi.org/10.1021/cr000033x PMID: 12475199

PLOS ONE | https://doi.org/10.1371/journal.pone.0214657  April 11,2019 13/14


https://doi.org/10.2174/1389203033487180
http://www.ncbi.nlm.nih.gov/pubmed/12769721
https://doi.org/10.1186/1471-2148-12-1
https://doi.org/10.1016/j.ijpara.2012.11.006
http://www.ncbi.nlm.nih.gov/pubmed/23220044
https://doi.org/10.1016/S0014-5793(03)00693-8
http://www.ncbi.nlm.nih.gov/pubmed/12860400
https://doi.org/10.1038/nsb0494-246
http://www.ncbi.nlm.nih.gov/pubmed/7544683
https://doi.org/10.1016/0006-2952(92)90656-4
http://www.ncbi.nlm.nih.gov/pubmed/1370897
https://doi.org/10.1016/S0306-3623(96)00173-5
https://doi.org/10.1111/j.1432-1033.1993.tb17613.x
http://www.ncbi.nlm.nih.gov/pubmed/7679640
https://doi.org/10.1074/jbc.273.39.25393
https://doi.org/10.1016/j.bcp.2011.03.023
http://www.ncbi.nlm.nih.gov/pubmed/21477583
https://doi.org/10.2741/3926
https://doi.org/10.2174/0929867043363820
http://www.ncbi.nlm.nih.gov/pubmed/15579000
https://doi.org/10.1016/0006-291X(89)92148-7
https://doi.org/10.1016/0006-291X(89)92148-7
http://www.ncbi.nlm.nih.gov/pubmed/2476127
https://doi.org/10.1016/0163-7258(85)90036-1
https://doi.org/10.1016/0163-7258(85)90036-1
http://www.ncbi.nlm.nih.gov/pubmed/2436242
https://doi.org/10.1016/S0041-0101(97)00016-0
http://www.ncbi.nlm.nih.gov/pubmed/9278975
https://doi.org/10.1016/j.abb.2018.11.017
http://www.ncbi.nlm.nih.gov/pubmed/30452896
https://doi.org/10.1016/0022-2836(92)90552-U
https://doi.org/10.1016/0022-2836(92)90552-U
http://www.ncbi.nlm.nih.gov/pubmed/1373774
https://doi.org/10.1021/cr000033x
http://www.ncbi.nlm.nih.gov/pubmed/12475199
https://doi.org/10.1371/journal.pone.0214657

® PLOS |ONE

PPTI structure and function

22,

23.

24,

25.

26.

27.

28.

29.
30.
31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Katoh E, Nishio H, Inui T, Nishiuchi Y, Kimura T, Sakakibara S, et al. Structural basis for the biological
activity of dendrotoxin-I, a potent potassium channel blocker. Biopolymers. 2000; 54: 44-57. https://doi.
org/10.1002/(SICI)1097-0282(200007)54:1<44::AID-BIP50>3.0.CO;2-Z PMID: 10799980

Kaczorowski GJ, Garcia ML. Pharmacology of voltage-gated and calcium-activated potassium chan-
nels. Curr Opin Chem Biol. 1999; 3: 448—-458. https://doi.org/10.1016/S1367-5931(99)80066-0 PMID:
10419851

JinL, Wu Y. Molecular mechanism of 3-dendrotoxin-potassium channel recognition explored by dock-
ing and molecular dynamic simulations. J Mol Recognit. 2011; 24: 101-107. https://doi.org/10.1002/jmr.
1031 PMID: 21194120

Humphrey W, Dalke A, Schulten K. VMD: Visual molecular dynamics. J Mol Graph. 1996; 14: 33-38.
https://doi.org/10.1016/0263-7855(96)00018-5 PMID: 8744570

Bax A, Davis DG. MLEV-17-based two-dimenional homonuclear magnetization transfer spectroscopy.
J Magn Reson. 1985; 65: 355—-360.

Sklenar V, Piotto M, Leppik R, Saudek V. Gradient-Tailored Water Suppression fortH-15N HSQC
Experiments Optimized to Retain Full Sensitivity. Journal of Magnetic Resonance. 1993. pp. 241-245.
https://doi.org/10.1006/jmra.1993.1098

Howe PWA. Rapid pulsing artefacts in pulsed-field gradient double-quantum filtered COSY spectra.
Magnetic resonance in chemistry: MRC. England; 2014. pp. 329-332. https://doi.org/10.1002/mrc.4060
PMID: 24664645

Goddard TD & Kneller DG (2008) SPARKY 3. University of California, San Francisco
Wiithrich K. NMR of proteins and nucleic acids. New York: Wiley; 1986

Szyperski T, Guntert P, Otting G, Withrich K. Determination of scalar coupling constants by inverse
Fourier transformation of in-phase multiplets. J Magn Reson. 1992; 99: 552-560. https://doi.org/10.
1016/0022-2364(92)90209-P

Wishart DS, Sykes BD. The 13C chemical-shift index: a simple method for the identification of protein
secondary structure using 13C chemical-shift data. J Biomol NMR. Netherlands; 1994; 4: 171-180.
PMID: 8019132

Shen'Y, Delaglio F, Cornilescu G, Bax A. TALOS+: A hybrid method for predicting protein backbone tor-
sion angles from NMR chemical shifts. J Biomol NMR. 2010; 44: 213-23. https://doi.org/10.1007/
$10858-009-9333-z.TALOS

Bringer aT, Adams PD, Clore GM, DeLano WL, Gros P, Grosse-Kunstleve RW, et al. Crystallography
& NMR system: a new software suite for macromolecular structure determination. Acta Crystallogr,
Sect D Biol Crystallogr. 1998; 54: 905-921. https://doi.org/10.1107/S0907444998003254

Linge JP, Habeck M, Rieping W, Nilges M. ARIA: Automated NOE assignment and NMR structure cal-
culation. Bioinformatics. 2003; 19: 315-316. https://doi.org/10.1093/bioinformatics/19.2.315 PMID:
12538267

Laskowski RA, Rullmann JAC, MacArthur MW, Kaptein R, Thornton JM. AQUA and PROCHECK-
NMR: Programs for checking the quality of protein structures solved by NMR. J Biomol NMR. 1996; 8:
477-486. https://doi.org/10.1007/BF00228148 PMID: 9008363

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, et al. UCSF Chimera—A
visualization system for exploratory research and analysis. J Comput Chem. 2004; 25: 1605—-1612.
https://doi.org/10.1002/jcc.20084 PMID: 15264254

Eswar N, John B, Mirkovic N, Fiser A, llyin VA, Pieper U, et al. Tools for comparative protein structure
modeling and analysis. Nucleic Acids Res. 2003; 31: 3375-3380. https://doi.org/10.1093/nar/gkg543
PMID: 12824331

Boratyn GM, Camacho C, Cooper PS, Coulouris G, Fong A, Ma N, et al. BLAST: a more efficient report
with usability improvements. Nucleic Acids Res. 2013; 41: W29-W33. https://doi.org/10.1093/nar/
gkt282 PMID: 23609542

Volkov AN, Worrall JAR, Holtzmann E, Ubbink M. Solution structure and dynamics of the complex
between cytochrome ¢ and cytochrome c peroxidase determined by paramagnetic NMR. PNAS. 2006;
103: 189450-18950. https://doi.org/10.1073/pnas.0603551103 PMID: 17146057

Abraham MJ, Murtola T, Schulz R, Pall S, Smith JC, Hess B, et al. Gromacs: High performance molecu-
lar simulations through multi-level parallelism from laptops to supercomputers. SoftwareX. 2015; 1: 19—
25. https://doi.org/10.1016/j.s0ftx.2015.06.001

PLOS ONE | https://doi.org/10.1371/journal.pone.0214657  April 11,2019 14/14


https://doi.org/10.1002/(SICI)1097-0282(200007)54:1<44::AID-BIP50>3.0.CO;2-Z
https://doi.org/10.1002/(SICI)1097-0282(200007)54:1<44::AID-BIP50>3.0.CO;2-Z
http://www.ncbi.nlm.nih.gov/pubmed/10799980
https://doi.org/10.1016/S1367-5931(99)80066-0
http://www.ncbi.nlm.nih.gov/pubmed/10419851
https://doi.org/10.1002/jmr.1031
https://doi.org/10.1002/jmr.1031
http://www.ncbi.nlm.nih.gov/pubmed/21194120
https://doi.org/10.1016/0263-7855(96)00018-5
http://www.ncbi.nlm.nih.gov/pubmed/8744570
https://doi.org/10.1006/jmra.1993.1098
https://doi.org/10.1002/mrc.4060
http://www.ncbi.nlm.nih.gov/pubmed/24664645
https://doi.org/10.1016/0022-2364(92)90209-P
https://doi.org/10.1016/0022-2364(92)90209-P
http://www.ncbi.nlm.nih.gov/pubmed/8019132
https://doi.org/10.1007/s10858-009-9333-z.TALOS
https://doi.org/10.1007/s10858-009-9333-z.TALOS
https://doi.org/10.1107/S0907444998003254
https://doi.org/10.1093/bioinformatics/19.2.315
http://www.ncbi.nlm.nih.gov/pubmed/12538267
https://doi.org/10.1007/BF00228148
http://www.ncbi.nlm.nih.gov/pubmed/9008363
https://doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
https://doi.org/10.1093/nar/gkg543
http://www.ncbi.nlm.nih.gov/pubmed/12824331
https://doi.org/10.1093/nar/gkt282
https://doi.org/10.1093/nar/gkt282
http://www.ncbi.nlm.nih.gov/pubmed/23609542
https://doi.org/10.1073/pnas.0603551103
http://www.ncbi.nlm.nih.gov/pubmed/17146057
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1371/journal.pone.0214657

