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Abstract The human respiratory syncytial virus (hRSV) is the
major cause of lower respiratory tract infection in children and
elderly people worldwide. Its genome encodes 11 proteins in-
cluding SH protein, whose functions are not well known.
Studies show that SH protein increases RSV virulence degree
and permeability to small compounds, suggesting it is involved
in the formation of ion channels. The knowledge of SH struc-
ture and function is fundamental for a better understanding of
its infection mechanism. The aim of this study was to model,
characterize, and analyze the structural behavior of SH protein
in the phospholipids bilayer environment. Molecular modeling
of SH pentameric structure was performed, followed by tradi-
tional molecular dynamics (MD) simulations of the protein im-
mersed in the lipid bilayer. Molecular dynamics with excited
normalmodes (MDeNM)was applied in the resulting system in
order to investigate long time scale pore dynamics. MD simu-
lations support that SH protein is stable in its pentameric form.

Simulations also showed the presence of water molecules with-
in the bilayer by density distribution, thus confirming that SH
protein is a viroporin. This water transport was also observed in
MDeNM studies with histidine residues of five chains (His22
and His51), playing a key role in pore permeability. The com-
bination of traditional MD and MDeNM was a very efficient
protocol to investigate functional conformational changes of
transmembrane proteins that act as molecular channels. This
protocol can support future investigations of drug candidates
by acting on SH protein to inhibit viral infection.
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Introduction

Human respiratory syncytial virus (hRSV), an enveloped vi-
rus belonging to the genus Pneumovirus within the family
Paramyxoviridae, is a major cause of lower respiratory tract
infections in infants, elderly, and immunocompromised pop-
ulations worldwide [1, 2]. Most children have been infected at
least once by hRSV before they reach 2 years old [3]. About
66,000–199,000 children die every year due to complications
caused by hRSV infection [2].

hRSV is a negative-stranded RNA virus that expresses 11
known proteins from ten genes. The envelope of hRSV con-
tains two surface glycoproteins involved in attachment and
entry: G (attachment) and F (fusion) glycoproteins, which
compose the major viral determinants [4]. The small hydro-
phobic (SH) protein is an additional glycoprotein encoded by
hRSVand a subset of paramixoviruses, including members of
Pneumovirus. The specific function of SH in viral infections is
not well understood due to experimental difficulties [5];

Electronic supplementary material The online version of this article
(doi:10.1007/s00894-016-3150-6) contains supplementary material,
which is available to authorized users.

* Fatima P. Souza
fatyssouza@gmail.com

1 Laboratório Multiusuário de Inovação Biomolecular, Departamento
de Física, Instituto de Biociências, Letras e Ciências Exatas,
Universidade Estadual Paulista BJúlio de Mesquita Filho^, São José
do Rio Preto, SP, Brazil

2 Laboratório de Biologia Computacional e Bioinformática,
Universidade Federal do ABC, Santo André, SP, Brazil

3 Laboratório de Física Teórica, Departamento de Física, Instituto de
Ciências Exatas, Naturais e Educação, Universidade Federal do
Triângulo Mineiro, Uberaba, MG, Brazil

J Mol Model (2016) 22: 286
DOI 10.1007/s00894-016-3150-6

http://dx.doi.org/10.1007/s00894-016-3150-6
http://crossmark.crossref.org/dialog/?doi=10.1007/s00894-016-3150-6&domain=pdf


therefore, in this manuscript, the SH protein’s mode of action
was explored from a theoretical point of view.

A type II integral transmembrane glycoprotein, hRSV SH, is
composed of 64 amino acids for hRSV type A, and 65 amino
acids for type B [6]. SH exists in four different forms during
infection, which vary according to its glycosylation level [7]:
two non-glycosylated forms, a full length 7.5 KDa form (SH0)
and a truncated 4.5 KDa species (SHt); an N-linked glycosylated
form (SHg), and a polylactosaminoglycan-modified form (SHp).
All of them, except SHt, are incorporated in the infected cells
surface, and SH0 seems to be the most abundant form [8]. In our
studies, the full-length form of SH0 was used.

SH protein significance for hRSV replicative cycle is un-
known; however, it is known that SH is essential for an effec-
tive infection in two animal models: mice and chimpanzees [9,
10]. Some studies suggest that SH protein plays a role in a
virus-mediated cell fusion [11, 12], whereas others show that
hRSV SH protein of hRSV [13] and members of the family
Paramyxoviridae (simian virus 5 – SV5 [14], parainfluenza
virus 5 – PIV 5 [13], Mump virus – MuV) inhibit apoptosis
in several mammalian cell lines.

Biochemical studies have shown that SH protein has a
single hydrophobic region that spans the membrane, with a
cytosolic tail at the carboxyl terminus [8]. Spectroscopic and
NMR studies suggest SH secondary structure is composed of
anα-helix in the transmembrane domains (20–42) and a small
α-helix in the C terminus [15]. In the presence of perfluoro-
octanoic acid (PFO) [16], in a BN-PAGE system and in a
recent electron microscopy study on full-length SH protein
in liposomes, SH protein has a compatible molecular weight
and structure with five subunits in a pentameric arrangement
[15]. Molecular modeling studies also suggest that SH can
oligomerize as a pentameric protein and that the oligomer
adopts a circular structure with a central pore at the α-helix
transmembrane domain with the hydrophobic side chains
(Ile32, Ile36, Ile 40, and Leu44) facing the lumen of the chan-
nel domain [17]. In addition, SH increases membrane perme-
ability to low-molecular-weight compounds in experiments of
SH expression in E. coli [18]. Therefore, SH protein has been
predicted to be a viroporin, a group of small highly hydropho-
bic viral proteins which can oligomerize and form pores in the
cell membrane, thereby modifying membrane permeability to
ions and small molecules [19]. In the face of the presented
features and experimental insights, SH protein is a strong can-
didate for theoretical investigations regarding hRSV infection.

In this study, a combination of computational techniques,
such as molecular modeling, molecular dynamics, and excited
normal modes, allowed the proposal of a model for SH
pentameric structure and dynamics, by the examination of
the oligomer immersed in a model membrane surrounded by
a solvent. A mechanism for the five SH subunits is suggested,
which could explain the pathway for membrane permeability
to small molecules, including water and ions, as well as its

involvement in the delay of cellular apoptosis. SH simulations
performed in the lipid bilayer allowed the observation of an
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increase in order parameter and area per lipid in the presence
of the pentameric structure. In studies usingmolecular dynam-
ics and excited normal modes, pore activity was observed due
to the presence of water molecules inside the pore. The com-
putational techniques employed in this work effectively pro-
vided specific details of atomic groups and key amino acids to
SH dynamics. Hence, this study may serve as a microscope
for experimentalists to understand how SH works, thus open-
ing a potentially effective field for an antiviral therapy.

Material and methods

SH protein modeling

Since an SHmodel had not been proposed yet, protein modeling
techniques were used to obtain a structural model. The analyses
of secondary structure, hydrophobicity, and possible interaction
sites of SH were performed using PREDICTPROTEIN [20] and
PSIpred server [21]. The threading method was employed to
predict SH structure due to low homology with other proteins
with known experimental structure. The predicted SH 3D struc-
ture was constructed using I-TASSER server [22] based on ten
templates. The chosen model was the one with a better estimated
accuracy (C-score −3.0 and TM-score 0.37 ± 0.13) and in agree-
ment with the experimental results, a TM domain with a single
α-helix [17]. Therefore, the values of C-score and TM-score and
secondary structure in agreement with experimental results indi-
cate a fairly good model and validate the SH model.

Molecular dynamics simulation

Molecular dynamics simulations were performed using
GROMACS package (version 4.5.5) [23, 24]. GROMOS53A6
force field [25] was employed to model SH protein, Berger pa-
rametrization [26] to model lipids, and SPC as a water model
[27]. Temperature was kept constant at 310 K by a V-rescale
thermostat [28] with coupling constant τ = 0.1 ps−1. Constant
pressure was held at 1 atm by a Berendsen barostat [29] with
coupling constant τ= 0.1 ps−1. Integration of Newton’s equation
of motion was performed by the leapfrog algorithm with a time
step of 2 fs. Long-range electrostatic interactionwas treated using
fast particle-mesh Ewald electrostatics (PME) [30]. A cutoff of
1.25 nm was implemented for Lennard-Jones and the direct
space part of the Ewald sum for Coulombic interactions. The
Fourier space part of Ewald splitting was computed by using
the particle-mesh Ewald method [30], with a grid length of

0.15 nm. The overall positive electric charge of the system was
neutralized by adding 1 ion of Cl− for each protein molecule.

Boxes of simulation with monomeric SH and pore
pentameric structure in POPC bilayer were built using the
following protocol. The orientation of the pore pentameric
structure monomers in the membrane was based on an exper-
imental and theoretical study proposed by Gan et al. [15]
where the hydrophobic chains (Ile32, Ile36, Ile40, and
Leu44) are oriented toward the pore lumen (Fig. 1a). The
single pass helices were inserted in the same orientation.
This structural feature is used to classify this protein as
viroporin class I and subclass B (a single helix with a luminal
amino terminus and cytosolic carboxyl terminus) [31]. Pore
structure was minimized by the steep descent algorithm in
order to rearrange side chains. SH monomer and pentamer
were then superimposed in a solvated palmitoyl-oleoyl-
phosphatidyl-choline (POPC) lipid bilayer patch consisting
of 450 lipids (225 in each leaflet) and 88700 water molecules
equilibrated at 1 atm and 310 K for 10 ns, using full electro-
statics and periodic boundary conditions. The area per lipid
was calculated (61.7 ± 0.3 Å2) as a validation of the equilibra-
tion process performed in this study, which is in agreement
with experimental values [32]. The membrane patch was suf-
ficiently large (12 × 12 nm) to accommodate the SH structures
(either monomeric or pentameric). Most of the lipids overlap-
ping with proteins were removed. Systems were minimized
after monomeric/pentameric insertion by the steep descent
algorithm and followed by MD simulation of 120 ns in which
the last 50 ns were used for data acquisition.

Molecular dynamics with excited normal modes
(MDeNM)

A recently developed method was applied, which combines
normal modes analysis (NMA) and molecular dynamics
(MD), called molecular dynamics with excited normal modes
(MDeNM), in order to investigate the most significant move-
ments of SH channel and the passage of water molecules
through the protein [33, 34]. NMA allows the investigation
of conformational changes in proteins and other biomolecules
[34]. The MDeNMmethod explores the normal mode and the
Cartesian spaces [33]. In MDeNM simulations, several mo-
lecular dynamics simulations are performed in which the nor-
mal mode motions are kinetically activated [33]. This method
was implemented via CHARMM script [35]. It is possible to
use either only one or many linearly combined modes that are
kinetically excited by inputting velocities along the modes.
Finally, the major modes are selected to study the most rele-
vant movements of interest for the present study.

The following computational protocol was used to investi-
gate the conformational changes and movements of the target
system: a) minimization (3000 steps) followed by equilibra-
tion (250 ps) and standardMD (100 ps) of the SHmodel using

Fig. 1 a Structural model of SH protein pentamer with the hydrophobic
residues (Ile32, Ile36, Ile40, and Leu44) highlighted in red. b Side view
and c top view snapshot of the SH pentameric model in POPC bilayer
generated by the GROMACS tool g_cluster

R
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CHARMM [35], b) calculation of the first 62 lowest-
frequency vibrational motions, c) analysis and selection of
the modes that describe the most significant motions, d) mo-
lecular dynamics with excited normal modes (MDeNM) using
all the linearly combined modes.

The SH pentamer (pore structure) was inserted in the ho-
mogenous bilayer membrane composed of dilauroyl-
phosphatidyl-choline (DLPC) and a 20 Å water thickness
was included at the top and at the bottom of the protein inside
the simulation box. A concentration of counter ions Na+ and
Cl− was included to neutralize the electrical charge of the
system. Histidine 22 was protonated in all five chains of the
pentamer. This procedure was performed using the
CHARMM-GUI tool (www.charmm-gui.org), which creates
the simulation input files. Five minimization steps were
performed after including the membrane, water box and ions
in order to equilibrate the system: a) four minimization steps
using steep descent and ABNR algorithms with 25000 steps
each, and b) one minimization step with steep descent and

ABNR with 50000 steps. Four short molecular dynamic
runs were performed after minimization in order to
equilibrate the system and one standard molecular dynamic
production run with 100 ps using canonic ensemble (NVT).

CHARMM package was used after the equilibration steps
to calculate the normal modes of SH protein [34]. Lower nor-
mal mode frequencies represent the global conformational
changes, whereas higher normal mode frequencies character-
ize local changes. The first 62 lowest frequency modes of the
SH pentameric structure were calculated. Subsequently, the
root mean square fluctuation (RMSF) was analyzed by resi-
dues. The 62 normal modes calculated were combined and
used during the molecular dynamics with excited normal
modes; 190 MDeNM replica runs were performed with ten
excitations at the temperature 10 K [33].

It was observed by visual inspection of the SH chains end
that chains A and C, as well as chains B and E, were diamet-
rically opposed (Fig. 2). Thus, the opening and closing of one
extremity was defined by the distances between α-carbons of

Fig. 2 The opening of the two extremities, conformations 1 (a) and d))
and 2 (b) and e)) of SH protein pentamer obtained by MDeNM. a
Minimum and b maximum distances between histidines 51 at the SH
structure. d Maximum and e minimum distances of histidines 22 at the
pentamer protein. Chains A, B, C, D, and E are highlighted in blue, red,
green, purple, and yellow, respectively. Distances were measured
between histidine α-carbons and defined as follows. d1 is the distance
between His22 of chains A and C, d2 is the distance between His22 of

chains B and E, d3 is the distance between His51 of chains A and C, d4 is
the distance between His51 of chains B and E. Histidine α-carbons are
highlighted in gray in the structures. cHistogram of histidine 51 distances
defined as [(d3 + d4) – d0]. f Histogram of histidine 22 distances defined
as [(d1 + d2) – d0]. d0 is the respective histidine distance of the reference
structure with coordinates extracted after the MD energy minimization
step, the starting point for the MDeNM production runs
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His51 of chains A and C (d3) and His51 of chains B and E
(d4) (Fig. 2a and b). The opening and closing of the other
extremity was defined by the distances between α-carbons
of His22 of chains A and C (d1) and His22 of chains B and
E (d2) (Fig. 2d and e). A script created in Visual Molecular
Dynamics (VMD) [36] was employed to calculate all dis-
tances that were used to analyze the pore structure opening
and closing distances in MDeNM replica runs.

Results and discussion

SH protein and pentameric structure model

SH monomeric and pentameric simulations in POPC were ana-
lyzed to determine their structural and dynamical properties. The
analysis characterized the secondary structure stability of SH
protein transmembrane domain (SH-TM) in a bilayer system.
Figure 1 illustrates the SH pentameric model and the pore struc-
ture with a lipid bilayer membrane. The presence of α-helix in
the TM domain was in agreement with SH spectroscopy results
[7, 14, 34] (Fig. 1). Changes in lipid order parameter were ob-
served in the presence of an SH monomeric and pentameric
protein. SH protein increases the order parameter of oleoyl and
palmitoyl chains (Online resource), results also found in experi-
ments on the effect of SH and SH-TM on lipid order [37, 38].
Decrease in the values of area per lipids were noticed from 61.7
± 0.3 Å2 to 57.4 ± 0.3 Å2, for a monomeric structure, and from
61.7 ± 0.3 Å2 to 48.8 ± 0.3 Å2, for a pentameric structure (Online
Resource). These results suggest that the presence of SH protein
in the bilayer positively contributes to membrane stability.
Studies have reported that SH protein is involved in blocking
host cell apoptosis by inhibiting TNF-α pathway [13, 39].
Moreover, these results suggest that the influence of SH protein
on membrane fluidity is another possible inhibition mechanism
of cell apoptosis, once membrane fluidity is an important phys-
ical property related to the induction of apoptosis [40, 41].

SH viroporin activity was analyzed by simulation of the
pentamer inserted in a lipid bilayer. Once z-direction was con-
sidered normal to the plane of the membrane, distributions of
molecular groups were obtained by slicing the box along this
direction and by counting the number ofmolecules in each group
in each slice. This produced a mean density profile as a function
of z. The resulting group distribution for water and several se-
lected oleoyl chain carbon atoms are illustrated in the Online
resource. Density distribution showed the presence of water mol-
ecules within the hydrophobic region of the bilayer, confirming
that SH protein is a viroporin. The density profile is in agreement
with the pore profile through the pentameric bundle of SH pro-
tein, an open funnel-shaped structure (Online resource).

The most likely SH pentameric model was chosen by cluster
analysis performed with g_cluster GROMACS’s tool [42].
Figure 1b shows the pore conformation of SH protein pentamer

inserted in the lipid bilayer with SH-TM domain composed by
α-helix. This model shows the pentameric structure anchored in
the lipid bilayer with their N-terminal intracellular-oriented and
their C-terminal extracellular-oriented. These regions are com-
posed by random coil and β-sheet structures, which can be an
important strategy for pore functional mechanism to intermediate
signal transduction between the intracellular and extracellular
spaces. Studies suggest that SH protein may bind to BAP31 by
the cytoplasmic domain, blocking the cleavage of BAP31 cyto-
plasmic vDED domain and avoiding the production of pro-
apoptotic p20 [43]. This indicates the importance of knowledge
of SH pore conformation to inhibit apoptosis.

Normal modes analysis and molecular dynamics
with excited normal modes (MDeNM)

The 62 lowest normal modes were calculated using the program
CHARMMas described by Philot et al. [34]. The first six modes
are related to the translation and rotation of the system and were
neglected. Mode 7 was the first mode with the lowest frequency
(biggest amplitude in global conformational changes) to be ana-
lyzed and a torsional movement was observed by visual inspec-
tion. Mode 7 might be an important movement for pore perme-
ability, as both extremities of SH pentamer rotate in opposite
directions, opening the pore for small molecules.

The 62 modes were linearly combined for MDeNM simu-
lations. We executed 190 replicas of MDeNM runs and mea-
sured the end openings of the SH pentameric structure given
by distances defined between the representative α-carbons of
histidine residues at the chains. The structures in Fig. 2 repre-
sent two extremities among the conformations examined
along the MDeNM replica runs: the most open end of the
protein (Fig. 2a and d) and closed (Fig. 2b and e) conforma-
tions. Figure 2a and b shows the sum of His51 distances (d3 +
d4), which represents the open/close movement of one pore
end. Figure 2d and e presents the sum of His22 distances
(d1 + d2) with the close/open movement of the other pore
end. A better description of the defined distances can be found
in theMaterial and methods,Molecular dynamics with excited
normal modes (MDeNM) section. All histidine conformation
distances were counted and displayed as histograms populated
as a function of 1 Å bin (Fig. 2c and f). Figure 2c shows the
histogram of His51 distances obtained during the simulations,
which were calculated as [(d3 + d4) – d0], with d0 being the
His51 distances of the reference structure. Figure 2f presents
the histogram of His22 distances defined as [(d1 + d2) – d0],
with d0 being the His22 distance of the reference structure.
The reference structure in Fig. 2c and f was generated with
coordinates extracted after the MD energy minimization step,
the starting point for the MDeNM production runs. It is worth
noticing that in both histograms (Fig. 2c and f), near histidine
51, there is a wider opening (Fig. 2a and b) than the other pore
end (near histidine 22) (Fig. 2d and e). These results are in
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agreement with the pore water density and pore funnel-like
profiles (Fig. 1b and Online resource). The opening of both
ends was significant, reaching values up to 18 Å (Fig. 2c and
f), which is corroborated by the experimental value of 19Å for
the SH pentamer pore core width [44]. This opening of pore
ends was enough to allow water molecules and ions to cross
from the intracellular to extracellular medium through its
structure (Fig. 3 and Online resource), changing the normal
cellular function. Several structures obtained in the replicas by
MDeNM showed water molecules and ions inside the pore,
which can be seen in one representative structure in Fig. 3.

Studies suggest that ion channel activity through SH protein
may contribute to the production of IL-1β by the activation of the
inflammasome [45]. This induction is inhibited by a treatment
withHMAandNa+-H+ ion channel inhibitor [46], proposing that
viral viroporins ion channel activity disrupts the intracellular ion
balance [47]. In addition, ion channels may control apoptosis in
cells [48, 49]. The virus will have advantages in its replication if
SH protein inhibits the apoptosis in host cells during infection,
since the infected cell will survive longer, thus resulting in more
viral replications. This mechanism can contribute to increase
virulence factor during infection. Recent studies have shown a
high dependence of ion channel activity relating to residues
His22 and His51 [36]. Our results show that these residues play
a key role in the opening and closing mechanism of the
pentameric structure, since they are located in strategic places
within the chains, near N- and C-terminals (Fig. 2). These histi-
dines might act as a selective mechanism for the pore.

The MDeNM methodology, a combination of normal
modes analysis with molecular dynamics, allowed the explo-
ration of hRSV SH pore conformational spaces very efficient-
ly. This is a successful indication that the MDeNM protocol
employed in this work can be used to study transmembrane

proteins with long time scale dynamics, which has a high
computational cost to be performed by pure MD simulations.

Conclusions

SH protein has been predicted to be a viroporin. In this study,
we presented a structural model for SH protein and its pore
conformation developed with molecular modeling, molecular
dynamics simulations, and an improved version of normal
mode analysis. The pentameric model, investigated in this
study, was suggested by experimental data from the literature
[50]. The pentameric model was stable inside the lipid bilayer
during the entire molecular dynamics simulation, suggesting
that the presence of a pentameric structure increases membrane
stability. This feature can be a possible mechanism involved in
the inhibition of cellular apoptosis and, consequently, in the
success of viral infectivity when SH protein gene is present.

The most likely SH pentameric model shows the
pentameric structure anchored in the lipid bilayer with their
N-terminal and their C-terminal composed by random coil and
β-sheet structures. These regions are important for interaction
with viral and host proteins and can be important to inhibit
ligand-mediated apoptosis in cells.

The results of modified normal modes analysis (MDeNM)
showed functional movements that open one end of the pore
and close the other, allowing a permeability of small mole-
cules through the channel. These movements suggest an im-
portant mechanism for viroporin activity. MDeNM simula-
tions generated several structures where water molecules
overpass the pore. The combination of normal modes excited
by molecular dynamics was efficient to investigate functional
conformation changes in transmembrane proteins that act as
small molecule channels.

Our results reinforce the key role of SH protein in the
cellular homeostasis control during viral infection and in in-
teractions with viral and host proteins. This viral strategy can
be used to keep the cell alive longer, promoting higher viral
replication rates. This theoretical study can help the investiga-
tion of drug candidates to inhibit SH protein, since the inhibi-
tion of viroporin activity or protein-protein interactions would
lead to a low production of viruses. This might be enough for
the immune system to eradicate the viral infection.
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Fig. 3 Representation of pore structure with water molecules inside.
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pentameric pore
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