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Abstract
2B is a 99 amino acid membrane protein encoded by enteroviruses such as polio and coxsackie viruses with two
transmembrane domains. The protein is found to make membranes of infected cells permeable. Using a computational
approach which positions the models and assesses stability by molecular dynamics (MD) simulations a putative tetrameric
bundle model of 2B is generated. The bundles show a pore lining motif of three lysines followed by a serine. The bundle is
discussed in terms of different possible orientations of the helices in the membrane and the consequences this has on the in
vivo activity of 2B.
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Introduction

Viral channel and pore forming proteins, also called

viroporins [1], induce a change of the permeability

of host cell membranes thereby improving the mode

of action of the virus within the host cell [2,3]. In

many cases the amino acid sequence of the putative

channel forming proteins are known, but their role,

mechanism of function and structure still remains to

be elucidated.

Computational methods are a valuable tool model-

ling structural and eventually also mechanistic fea-

tures of a protein. With the lack of structural

information these methods rely on assumptions

which need to be made to generate a potential ‘in

vivo’ protein structure. One of the assumptions is that

the proteins, produced in the ER, follow the so called

two-stage model of membrane protein folding and

oligomerization which has been recently expanded

into the three stage model [4�6]. More steps need to

be elucidated when constructing finally an ion or

substrate conducting pore. The two-stage model

holds for the oligomerization of helical transmem-

brane domains (TMDs) when dealing with polytopic

proteins such as 2B from Polio virus [7�9] and p7

from HCV [10,11], each having two TMDs, and 3a

from SARS-CoV with three TMDs [12].

Experimental data of the number of monomers

forming the assembly are difficult to obtain. Com-

putational methods may serve to deliver this infor-

mation until further experimental data are available.

Several approaches have already been described and

used in the literature [13�20].

In this study, a protocol is employed which enable

the generation of assemblies of two or more helices

which are seen as the ‘monomeic subunit’ of larger

bundles or pores (see also [21,22]). The protocol

builds on a fast generation of helices, generation of

monomers (monomeric subunits) out of the indivi-

dual helices and finally copies of the monomers

around a central axis froming the model pore. After

each of the steps the models are equilibrated with

multi nano second molecular dynamics (MD)

simulation.

2B from Polio virus has been chosen to study fast

assembly protocols. 2B is a 99 amino acid non-

structural protein encoded also by other entero-

viruses such as coxsackie and ECHO viruses

[23,24]. The protein is mostly located in the Golgi

and endoplasmic reticulum where it is involved in

change of Ca2� concentration in the stores [25]. 2B

is assumed to consist of two TMDs which oligom-

erize and form SDS-PAGE resistant tetramers
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[7,9,26�29]. One of the TMDs is amphipathic (helix

1) and mutations of the positive charges (lysines) in

this region abrogate viral growth [30], the other

(helix 2) is more hydrophobic. Permeability studies

have shown a defined cut-off size for the permeating

substrates to be in the order of 660 kDa indicating a

possible topological flexibility. Structural informa-

tion is lacking to date.

Materials and methods

The following sequences were taken to model the

two transmembrane (TM) helices of 2B from Polio

virus (PV used to indicate the structural models) and

coxsackie virus (COX):

The amino acids used to model the TMDs are

underlined and shown in bold. The residues in italics

indicate the linker region between the two TMDs.

Generation of single helices

Single helices were generated using X-PLOR [31]

and a simulated annealing (SA) protocol combined

with MD simulations. The SA/MD protocol has

been used in previous work [11,17] where it is

explained in detail. The protocol consists of two

stages. In a first stage an ideal a-helix based on the

Ca atoms was generated with 58 initial tilt. The side

chain atoms were superimposed onto the Ca atoms.

Gradually the side chain atoms were produced

during an annealing phase starting at 1000 K, with

weight factors increasing for bond length, bond

angle planarity and chirality. After an initial delay a

repulsive van der Waals (vdW) term was introduced

and the helix cooled to 300 K in steps of 10 K/0.5 ps

with the van der Waals radii reduced to 80% of their

original values. This allowed the atoms to pass each

other and to avoid any inaccurate conformation.

Repeating this procedure five times delivered five

structures. Each of these structures was then used

five times in a short MD simulation (stage 2) with

initial velocities corresponding to 500 K. The Ca

atoms were able to move freely within their parti-

cular topology when the temperature was decreased

from 500�300 K. At this stage the partial charges

(PARAM19) were introduced, gradually scaled up

from 0.005�0.4 of their full value and kept at this

value for the rest of the protocol. At 300 K a 5 ps

MD simulations (CHARMM force field, Verlet

integration method) was performed followed by a

1000 step conjugate gradient minimization. A dis-

tance-dependent dielectric function was used with a

switching function smoothly truncating the long-

range electrostatic interactions. Out of the 25

structures generated in stage 2 one structure was

chosen, which was not seen with any kink. The

structure was embedded in a fully solvated 128

POPC (1-palmitoyl-2-oleoyl-sn-glycerol-3-phospha-

tidylcholine) lipid bilayer and subjected to 800 ps

equilibration run followed by 3 ns of MD simula-

tion.

Generation of 2B monomers

All calculations were performed using the Crystal-

lography and NMR System (CNS) [32] with the

OPLS parameter set and united atom topology,

explicitly describing only polar and aromatic hydro-

gens. The 2B monomers were generated from pairs

of ideal helices generated as mentioned above.

The conformations of the TM helix pairs were

searched starting from both left and right crossing

angles (�258 or �258), with the helices rotating

from 0�3608 in 458 increments. Each of these pairs

was subjected to four simulation runs of 200 steps,

with a step size of 0.004 ps at 300 K. The resulting

512 structures were grouped into clusters. A cluster

was defined as having at least 10 structures with a

relative root-mean-square-deviation of the backbone

atoms of not more than 1.0 Å from one member of

the cluster to another member of the same cluster.

The average structure of each cluster was used for

further analysis (see values in Tables I and II). In the

text, the term cluster refers to the average structure of

a cluster of helical pairs.

PV
TITEKLLKNL

Helix 1

10
IKIISSLV II

20
TRNYED TTTV

Helix 2

30
LATLALLGCD

40
ASPWQW

COX
SILEKSLKAL

Helix 1

10
VKIISALV IV

20
VRNHDD LITV

Helix 2

30
TATLALIGCT

40
SSPWRW
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Before running the MD simulations of the mono-

mers in a fully hydrated lipid bilayer each of the

helical pairs (monomers) was connected with the

amino acids of the linker region. The ‘Loopy’

program within Jackal 1.5 package for modelling

and analysis of protein structures was applied to

place the amino acids [33]. The Loopy program uses

the colony energy approach to account for entropic

effects and fast torsion space minimizer to speed up

the conformation sampling. The monomers were

then inserted into a 128 molecule POPC bilayer. An

800ps equilibration was carried out (see Supple-

mentary Figure, online version only) before the full

10 ns simulation.

Generation of tetramers

Tetramers were generated using an XPLOR script

which duplicates, rotates and translates a monomer

so as to create a tetramer with rotational symmetry

about the centre. An orientation of the helix was

chosen which positions the polar residues towards

the center of the tetramer and the hydrophobic

residues forming contacts with neighbouring mono-

mers or the lipid tails of the bilayer. Such an

orientation of the monomers has been assumed to

stabilize bundle structure and has been supported by

experimental evidence [29]. The orientation has also

been chosen to form other bundles of viral cannel

forming proteins [11,34,35].

Tetramers were inserted into a larger, 288 mole-

cule POPC bilayer. As with the single helices and

monomers, an 800 ps equilibration simulation was

carried out with protein movement restrained to

allow the lipids to pack around the protein (see

Supplementary Figure, online version only). In the

case of the tetramers, the equilibration allowed water

molecules to fill the pore. All tetramers were subject

to an unrestrained simulation of 11 ns.

Molecular Dynamics simulations

All simulations were carried out with GROMACS

3.2.1 package. The simulations were conducted in

the NPTensemble employing Berendsen algorithm of

coupling to an external bath of constant temperature

of 300 K, and pressure of 1 bar in all directions.

Protein, lipid, water atoms and ions were separately

coupled to the external temperature bath and as a

system to the pressure baths with coupling constants

tT�0.1 ps and tp�1.0 ps, respectively. The ‘leap-

frog’ reference algorithm was used for the numerical

integration of the equations of motion with a time

step of 2 femto seconds for an overall simulation time

of ca. 1.2 ns. Energy minimizations were performed

employing the steepest descent algorithm. The

GROMOS96 force field was used as implemented

in GROMACS. All bond distances in the system were

constrained through the LINCS algorithm. The

electrostatic interactions were computed using the

Particle Mesh Ewald (PME) summation algorithm

and vdW interactions were modelled using a 6-12

Lennard-Jones potential with a 1 nm cut-off. The

total number of atoms for the single helix simulations

was between 22953 and 24384, the 2B monomers

between 22674 and 23169 and the tetramers between

36492 and 53237.

Naccess (www.bioinf.manchester.ac.uk/naccess/)

was used to calculate the solvent accessible area

(SAS) of the monomers. In this program a probe of

given radius (typically 1.4 Å) is rolled around the

Van der Waals (vdW) surface of the molecule, and

the path traced out by its centre is the solvent

accessible surface [36]. The buried surface area

(BSA) of a helical dimer was then determined by

adding the SAS of the individual helices and sub-

tracting this value from the SAS of the helical dimer.

Results

The single helices and monomers

The individual helices are placed in a fully hydrated

lipid bilayer to derive an equilibrated structure. The

root mean square deviation (RMSD) of the Ca
atoms for each of the individual helices level off after

0.5 ns and fluctuate around 0.1 nm (Figure 1A)

indicating minor conformational changes compared

to their initial starting structure. The values for helix

2 of PV protein rise to 0.3 nm after 1.5 (Figure 1A,

grey dashed line). This rise is due to an increase in

kink angle around Ala-32. The kink angle changes

Table I. Buried surface area (BSA) of the averaged structures of

Polio and Coxsackie 2B monomers taken from the cluster

calculations shown in Figure 2. The listed values were extracted

from solvent accessible area calculations using the program

Naccess [36].

Buried surface area (Å2)

Cluster no Polio Coxsackie

1 1114 1060

2 1280 1023

3 1172 1318

4 1160 1167

5 1007 1198

6 1246 1297

7 1214 1157

8 1256 1127

9 974 1154

10 1262 1030

11 1054 1085

12 1175

13 1100

14 1089
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from �208 to �458 during this time period (data

not shown). The kink disappears later in the

simulation and is not observed during the simula-

tions of the monomers and tetramers.

The 2B monomers are selected using a minimum

RMSD cut-off between structures of 1.0, and a

cluster size of at least 10. These parameters lead to

the generation of 11 PV clusters (Figure 2A) and 14

COX clusters (Figure 2B). Figure 2 contains all

clusters and groups with the left handed structures

in the left panel and the right handed structures in

the right panel. Plotting the rotational angles of each

of the two helices (f1 of helix1 and f2 of helix 2) for

each of the clusters shows that PV clusters 3 and 4

(Figure 2A, left panel) and COX clusters 6 and 8

(Figure 2B, left panel) have helices with the same

rotation. Based on the f angles clusters PV3 and

COX6 adopt rotational angles of f1 �308/f2

�1208. Structures of clusters PV4 and Cox 8 have

values of f1 �2108/f2 �1008. All clusters adopt a

left handed structure.

Even though PV cluster 3 (PV3; Figure 3A) has

been identified to be similar to COX cluster 6

(COX6; Figure 3C) the buried surface areas of the

two clusters are quite different (with PV3 having a

value of 1172 Å2 and COX6 a value of 1297 Å2

[Table I]). Also the values for electrostatic interac-

tions and total energy differ (Table 2). This suggests

that different interactions occur between the helices.

Both clusters have VdW energies of about 50�60 kJ/

mol. All values are taken from the averaged

structures, indicated as A of each of the cluster in

Figure 2.

PV cluster 4 (PV4; Figure 3B) has been identified

to be similar to COX cluster 8 (COX8; Figure 3D),

even though PV4 shows a different value for the

buried surface (1160 Å2, PV4, and 1127 Å2, COX8;

Table I). Whereas PV4 has the most favorable VdW

interaction of all PV clusters (36.9 kJ/mol; Table II),

the COX8 VdW energy is about 67 kJ/mol. The

lowest, most favorable energy values (both total

energy, �1576 kJ/mol, and electrostatic energy

�1736 kJ/mol) out of the COX clusters is calculated

for COX8.

Other clusters which show favorable interactions

are COX3 and PV8. COX3 has the highest BSA

(1318 Å2, Table I) and best VdW energy (51 kJ/mol,

Table II) out of the COX clusters, although its total

energy is high (�1483 kJ/mol, Table II). PV8 also

shows a high buried surface area of 1256 Å2, as well

as having the lowest total energy value (�1745 kJ/

mol), but has non-favorable VdW interactions

(62.2 kJ/mol).

PV3 and COX6 are chosen for simulations as they

show similar orientations of their helices, suggesting

the possibility that they could form tetramers with

similar structures. PV3 also has the lowest energy

(�1725 kJ/mol) besides PV8. COX6 has the second

highest buried surface area (1297 Å2) and third best

electrostatic energy (�1700 kJ/mol) out of the COX

clusters. PV4 and COX8 are also chosen for

simulation based on the same helix orientation.

PV4 shows the lowest VdW energy (36.9 kJ/mol)

out of the PV clusters and COX8 has the best total

(�1576 kJ/mol) and electrostatic energy (�1736 kJ/

mol) out of the COX clusters.

Considering both buried surface area and total

energy does not give a consistent picture in terms of

the ranking of the clusters. Ranking according to

individual criteria (overlap, buried surface, VdW,

electrostatics and total energy) shows that PV3 and

COX8 appear to be amongst the top 3 for each

individual criterion.

Table II. Total, electrostatic and vdW energies of the averaged structures of the 2B monomers using CHI as part of the CNS software [32].

Structures were taken from cluster calculations shown in Figure 2. All values are given in kJ/mol.

Energy Electrostatic vdW

Cluster no Polio Coxsackie Polio Coxsackie Polio Coxsackie

1 �1674 �1510 �1815 �1694 53.4 76.1

2 �1575 �1491 �1716 �1657 43.1 62.5

3 �1725 �1483 �1867 �1655 57.8 51.0

4 �1717 �1388 �1847 �1638 36.9 57.7

5 �1648 �1487 �1804 �1666 67.0 71.7

6 �1588 �1483 �1723 �1700 56.6 62.6

7 �1618 �1515 �1764 �1672 43.4 58.4

8 �1745 �1576 �1913 �1736 62.2 67.1

9 �1708 �1502 �1864 �1655 68.9 62.0

10 �1615 �1448 �1752 �1671 46.4 75.8

11 �1679 �1511 �1817 �1687 54.4 74.6

12 �1468 �1636 59.0

13 �1510 �1730 66.1

14 �1376 �1656 74.1

312 G. Patargias et al.
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For the successive modelling the averaged struc-

ture over all the members of the cluster is calculated

and used.

All lysine residues, Lys-5, -8, and -12 of helix 1 in

all simulations of the single helix (Figure 4A, PV4 as

an example) and the 2B monomers interact with

water and polar headgroups at either side of the

bilayer surface.

Using the program ‘Loopy’, the two helices of the

clusters are connected to form 2B monomers.

RMSDs of each of these monomers simulated for

10 ns (6 ns in case of COX6) are shown in Figure 1B.

Whilst COX8, PV3 and 4 are leveling off at around

0.25 nm, COX6 shows rather high RMSD values of

around 0.4 nm. A visible inspection shows that the

two helices are tilted in opposite directions to one

another. Helix 1 adopts a tilt of 258 and helix 2 a tilt of

�358, causing less interactions between them.

The inter-helical loop contains a string of residues

(Arg-Asn-Tyr-Glu in PV, Arg-Asn-His in COX)

with non-zero amphiphilicity index [36] (except for

Asn), suggesting a preference for being situated at

the membrane-water interface. Figure 4B and 4D

show PV4 with asparagine, arginine, tyrosine and

glutamate residues (all in space filled mode) inter-

acting at the lipid-water interface. Also the two

tryptophans in helix 2 reside at the lipid-water

interface (Figure 4B).

The conformation of the COX6 monomer after

6 ns was such that it would produce a tetrameric

bundle structure with minimal interactions between

helix 2 and other monomers (data not shown). This

Figure 1. Root mean square deviation (RMSD) of the Ca atoms

for the single helices (A) with helices 1 from PV (thick black line)

and COX (thin black line) and helices 2 for PV (grey dashed line)

and COX (grey line), the 2B monomers (B) with PV4 (thick black

line), PV3 (thin black line), COX8 (thick grey line) and COX6

(dashed grey line), and the respective tetrameric bundles (C).
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Figure 2. Monomer structures generated by CHI represented by

their f1 and f2 values indicative for the handedness of the helical

pairs. f1 represents the rotation of helix 1 relative to its starting

position and f2 represents the rotation of helix 2. The data from

PV are shown in the top row (A), those for the COX in the bottom

row (B). For (A) and (B) the left handed structures are shown in

the left panel and the right handed structures in the right panel.

‘A’ indicates the values for the averaged structure of each of the

clusters.
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structure would therefore not be in accord with the

mutational data, which show that specific hydro-

phobic residues in helix 2 are essential for oligomer-

ization [38]. It would therefore appear that a COX6

tetramer would not be stable due to poor interac-

tions between the monomers.

Tetramer simulations

The RMSD values for all the four bundles rise to an

approximate level between 0.3 and 0.6 nm within

the first 3 ns and remain on their individual levels for

the rest of the simulation (Figure 1C).

The bundles are modelled so that the hydrophilic

residues of the amphipathic helix 1 point into the

lumen of the pore (Figure 5A). After 11 ns simula-

tion the PV4 tetramer the overall orientation of all

the residues remains so that the polar residues face

the centre of the putative pore (Figure 5B). After

4 ns the narrowest point of the pore varies between 5

and 7Å allowing for a continuous water column in

the lumen of the pore (Figure 5C). Residues Lys-5,

-8, -12 and Glu-25 are part of the hydrophilic lumen

of the bundle (Figure 6A), so are Ser-16 and -15

(Figure 6B). Ala-32, -35 are located towards the

helix1/-2 interface suggesting that it supports the

packing (Figure 6C). Trp-44 also adopts a position

which enables the residue to point into the pore

(Figure 6C). The residues linking the two helices,

Arg-22 and Glu-25, are in a position that may affect

the electrostatics at the entrance of the channel

lumen (Figure 7).

The averaged BSA over all the monomers of PV4

calculated at three different time points during the

PV Cluster 3 PV Cluster 4

COX Cluster 6 COX Cluster 8

A B

C D

Lys-12

Lys-8

Lys-5

Thr-1

Thr-3

Glu-4

Ser-15

Ser-16

Ala-41

-28

-29

Thr-27

Ala-32

Ala-35

Thr-33

Gly-38

Asp-40

Ser-42

Trp-44

-46

Lys-12

Lys-8

Lys-5

Thr-1

Thr-3

Glu-4

Ser-15

Ser-16

Lys-12

Lys-8

Lys-5

Ser-1

Glu-4

Ser-15

Ala-16

Ser-6

Ala-9

-31

Thr-29

Ala-32

Ala-35

Thr-33

Gly-38

Thr-40

Ser-41

-42

Trp-44

-46

Lys-12

Lys-8

Lys-5

Ser-1

Glu-4

Ser-15

Ala-16

Ser-6

Ala-9

Figure 3. Averaged structures (indicated as A in Figure 2) of the 2B monomers of the PV3 (A), PV4 (B), COX6 (C) and COX8 (D) cluster.

The individual residues are marked by an arrow, in addition a grey scale colour code according to RASMOL is used. For the sake of clarity,

in (C) and (D) the second helix (right) has no labels. The labels are according to the second helix in (A) and (B). This figure is reproduced

in colour in the online version.
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MD simulation has decreases from (669.6937.9)

Å2 (0 ns) to (350.69184.8) Å2 (5 ns) and (302.49

190.6) Å2 (11 ns). During the same time lipid

thickness remains unaffected with averaged values

of (34.490.2) nm calculated from the first half of

the simulation (taken from snapshots at 0, 2 and

4 ns) and (33.790.1) nm calculated from the last

half of the simulation (taken from snapshots at 6, 8,

10 and 11 ns). The values BSA and lipid thickness

calculated for the other bundles follow the same

trend (data not shown). The initial decrease of BSA

from 1160 Å2 to 669 Å2 is due to a loss of contact

caused by the minimization features applied in the

MD simulation protocol.

The data of the BSA indicate that during the

simulation the monomer loses some of its closed

packing. The time evolution of the data in combina-

tion with the RMSD results (PV4, thick black line,

Figure 4C) supports the assumption that the system

reaches an equilibrated state under the applied

experimental conditions.

The PV4, the PV3 tetramer appears to equilibrate

after 4 ns with a pore diameter varying between 5

and 7Å (data not shown). However, there is a greater

change from the starting structure of the protein.

This is seen especially for one of the monomers, for

which the amphipathic helix shows a tilt of 508 in

respect to the bilayer. The major change in protein

structure for the COX8 tetramer is an increase of the

tilt angles of the amphipathic helices from 158 to

about 408 (data not shown). A constriction is visible

towards the end with the loops, which reduces the

diameter to 3Å. With the widening towards the

N- and C termini (6�8 Å) the tetrameric bundle

adopts a tepee like structure in which the water

column at the narrowest point is disrupted.

Asn-23

Arg-22Tyr-24

Glu-25

Asp-26

Trp-44

Trp-46

Lys-5

Thr-1

Thr-3

Glu-4

Lys-8

Lys-12

Ser-15 Ser-16

Thr-33

Ala-41

-35

Gly-38

Asp-40

Trp-44

Trp-46

-27

A B

C D

-28

-29

Figure 4. PV4 helix 1 (A) and helix 2 (B) shown with the relevant residues indicated by arrows. The residues are shown in vdW

representation and highlighted using a grey scale colour code (RASMOL). The lipid membrane is show in stick modus, water molecules are

omitted for clarity. The monomers seen from different perspectives (C and D). The residues are indicated by arrows and are also

highlighted in a grey scale colour representation. This figure is reproduced in colour in the online version.
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Discussion

The overall approach used here draws heavily on the

‘two-’ and ‘three-stage’ models proposed by Popot

and Engelman [4,5]. The model describes the

principal stages of how membrane proteins are built:

First the secondary structure � here the stretch of a

helix � is built within the lipid membrane, then the

tertiary � here the monomeric dimmers � or the

quaternary structure [5] (here the tetrameric bun-

dle) is assembled. This approach has been adopted

in the literature to generate the structure of viral

[11,39�41] and other channel forming proteins

[42,43].

Ideal helices have been generated and used to

form 2B monomers with the aim to enable an

optimized packing. The tetrameric bundles are

then modelled by rotating and translating the

monomers in such a way that in a putative bundle

their hydrophilic residues are pointing towards the

lumen of the pore [24]. Each of the monomers and

tetrameric bundles are subject to multi nano second

MD simulations to assess their conformational

stability. The orientation of the monomers within

the bundle is based on the idea of hydrophilic

residues forming the lumen of the pore. This is

generally accepted and used so far in the literature to

generate bundles from monomeric units [22,35,44�
46].

The particular helical pairs have been chosen for

monomers because 2B proteins from polio and

coxsackie viruses have an identity of 50% and 66%

for their TMDs. This makes it likely that the

structures of the proteins will be similar for both

species in vivo.

Roles of the linker region and other amino acids

An essential feature in membrane proteins is the

linker or loop region which connects the TM helices

within a membrane protein and is therefore involved

in shaping the overall protein [46]. In the simula-

tions all hydrophilic residues of the linker region face

the aqueous medium. In the current model Arg-22

and Glu-25 interact with each other and screen the

mouth of the pore whilst Asp-26 faces the intra-

subunit and protein-lipid interfaces. The positions of

Glu-25 and Asp-26 in this study are similar to those

found for D-61 and D-62 (see [38]). The role of

these amino acids in the mechanism of function of

2B of coxsackie virus has been analyzed [38]. It also

has been shown that replacement of these two

residues (D-61/62) leads to abrogation of multi-

merization and a decrease in membrane permeabil-

ity. The position shown in Figure 7 suggests that

Glu-25 and Asp-26 are involved in the formation of

monomers, which are essential prerequisites for

channel formation.

Trp-44 and Trp-46 can either face the lumen of

the pore (Figure 6C) or point towards the outside of

the bundle (Trp-46). They follow Pro-43 in the

sequence which may lock their orientation even

further. Being at the C terminus of the bundle,

Trp-44 and Trp-46 are responsible for the orienta-

tion of the extra-membrane part of the C terminus.

As found experimentally [38], double mutation of

the conserved tryptophans located at the C-terminus

Figure 5. Tetrameric bundle of PV4 at 0 ns (A) and after 11 ns of

simulations (B and C). The dark colour stands for hydrophilic

residues, the grey colour for hydrophobic residues (RASMOL).

The water molecules are shown in light grey and in van der Waals

representation (C). Only the waters within the pore are shown.

The lipid molecules and their hydrating water molecules are

omitted for clarity. This figure is reproduced in colour in the

online version.
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of helix 2 decreases membrane permeability but does

not affect the multimerization. The tryptophans,

possibly together with the prolines, direct parts of

the TMDs and the extra-membrane domains rele-

vant for permeability to proper positions at the

membrane surface. This further supports the idea

that tryptophans are relevant for membrane protein

anchoring and directing in lipid membranes. Muta-

tions of hydrophilic residues within the short linker

region between the two TMDs domains readily

impair the multimerization and also decrease mem-

brane permeability. Mutations of tryptophans to-

wards the C terminus of the second TMD domain

show also abrogation of membrane permeability

without affecting multimerization of the protein.

The results are supported by similar studies on

hygromycin B [38].

Lysines

The lysine residues of the amphipathic helix 1 in all

monomer simulations point towards the bilayer

surface (Figure 4A), with all three lysine residues

having at least one water molecule within hydrogen

bonding distance ofB2.2Å [47]. This orientation is

known as ‘snorkeling’ and it has been shown that the

Lys-12

Lys-8

Lys-5

Asp-26

Asp-40

Glu-4

Glu-25

Thr-1

Thr-3

Thr-29

-28

-27

Ser-15

Ser-16

Ser-42

A

B

Trp-44

Trp-46

Ala-32

-35

Gly-38

C

Figure 6. Models of PV4 from Figure 5 with individual amino acids are shown in their vdW representation, indicated by arrows and

highlighted (RASMOL). Alanines, glycines and tryptophans are shown in panel A. The bundle is shown in a side (left column) and top view

from the N and C termini (right column). Lysines, glutamic and aspartic acids are shown in panel B. Serines and threonines are shown in

panel C.
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energetic cost of placing a charged lysine residue into

a membrane is lower if snorkeling occurs [49]. The

exact position of the lysine side chain within the lipid

membrane may also dependent on its protonation

state [50].

Tetramer

For bundle formation the helix with most of the

hydrophilic residues along one side of the helix has

been chosen to point towards the lumen of the

tetrameric pores. This means that in the bundle, a

line of three lysines followed by a serine should point

towards the lumen. Such a motif has not yet been

outlined on a structural level in the literature. Other

hydrophilic residues such as serines and threonines

in all the bundles are not forming a continuous line

along one side. As for Ser-15 and Thr-1 in helix 1,

they are separated by four helical turns with hydro-

phobic residues separating them. Part of the separa-

tion may be covered by the flexible side chains of the

lysines (Lys-5, -8 and -12).

In the current most stable model, PV4, Trp-46 is

at the outer side of the bundle and at a place where it

will be able to fulfill its role anchoring the bundle in

the lipid bilayer. Trp-44 on the other hand is facing

the pore.

In the MD simulations all bundles adopt tepee-

like structures, which is not unusual considering the

large density of the positive charge towards the N

terminus of the bundle. One may speculate whether

helix 1 floats on the membrane surface rather than

being inserted. This conformation may be supported

by a hydrophobic line opposing the hydrophilic

stretch of helix 1.

Topology

It is also suggested that interaction of helix 1 with the

membrane is an essential step for assembly [29].

Therefore L-shape assembly can be envisaged, with

helix 1 floating on top of the membrane and residues

Thr-29, Thr-33, Asp-40 of helix 2 lining a pore. It

should be mentioned that the L-shape model may

also represent an ‘extreme’ orientation. Energetic

investigations of whether a transition is possible

under physiological conditions have not yet been

undertaken. Any intermediate models, possibly in-

volving a tepee-like structure, could also be adopted

as seen in other channels [51�53].

Considering flexibility of the L shaped structure,

the bundle formed could be cation selective due to

Asp-40, whilst in a parallel alignment it could be

anion selective due to the lysines. The bundle could

even enable small molecules to traverse the pore

since in parallel arrangement it adopts a teepee like

structure.

PV4 is chosen as a representative bundle in the

figures since it maintains finally a continuous water

column throughout the simulation as a tetramer.

Although a water-filled bundle may not be the

‘ultimate’ criterion for a proper structural model,

the bundle represents a plausible model at the

current stage of investigation.

Conclusions

A computational protocol was used to model the

putative structure and assembly of the pore forming

proteins from polio and coxsackie viruses. At this

stage model building is based on the hypothesis that

the TM motif is helical and the assembly follows the

‘two-’ and ‘three-stage’ models. On the basis of these

ideas it is suggested that lysines partially contribute

to the lumen of the pore. It is also concluded that

this motif in combination with topological and

structural flexibility may account for the experimen-

tal findings of these proteins to conduct also small

molecules. This is in support of the idea of a

channel/pore dualism of these proteins [54].
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Supplementary Figure. The simulation box of PV4 monomer (helix 1 and 2) (A) and tetramer (B) is shown at the beginning (left) and end

(right) of an 800 ps equilibration run. The protein is shown in black, lipids in light grey with their oxygen atoms shown in darker grey. After

800 ps equilibration the protein is packed within the lipid membrane.
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