
Inhibition of the Human Respiratory Syncytial Virus Small
Hydrophobic Protein and Structural Variations in a Bicelle
Environment

Yan Li,a Janet To,a Carmina Verdià-Baguena,b Silvia Dossena,c Wahyu Surya,a Mei Huang,a Markus Paulmichl,c Ding Xiang Liu,a

Vicente M. Aguilella,b Jaume Torresa

School of Biological Sciences, Nanyang Technological University, Singaporea; Department of Physics, Universitat Jaume I, Castellon, Spainb; Institute of Pharmacology and
Toxicology, Paracelsus Medical University, Salzburg, Austriac

ABSTRACT

The small hydrophobic (SH) protein is a 64-amino-acid polypeptide encoded by the human respiratory syncytial virus (hRSV).
SH protein has a single �-helical transmembrane (TM) domain that forms pentameric ion channels. Herein, we report the first
inhibitor of the SH protein channel, pyronin B, and we have mapped its binding site to a conserved surface of the RSV SH penta-
mer, at the C-terminal end of the transmembrane domain. The validity of the SH protein structural model used has been con-
firmed by using a bicellar membrane-mimicking environment. However, in bicelles the �-helical stretch of the TM domain ex-
tends up to His-51, and by comparison with previous models both His-22 and His-51 adopt an interhelical/lumenal orientation
relative to the channel pore. Neither His residue was found to be essential for channel activity although His-51 protonation re-
duced channel activity at low pH, with His-22 adopting a more structural role. The latter results are in contrast with previous
patch clamp data showing channel activation at low pH, which could not be reproduced in the present work. Overall, these re-
sults establish a solid ground for future drug development targeting this important viroporin.

IMPORTANCE

The human respiratory syncytial virus (hRSV) is responsible for 64 million reported cases of infection and 160,000 deaths each
year. Lack of adequate antivirals fuels the search for new targets for treatment. The small hydrophobic (SH) protein is a 64-ami-
no-acid polypeptide encoded by hRSV and other paramyxoviruses, and its absence leads to viral attenuation in vivo and early
apoptosis in infected cells. SH protein forms pentameric ion channels that may constitute novel drug targets, but no inhibitor
for this channel activity has been reported so far. A small-molecule inhibitor, pyronin B, can reduce SH channel activity, and its
likely binding site on the SH protein channel has been identified. Black lipid membrane (BLM) experiments confirm that proto-
nation of both histidine residues reduces stability and channel activity. These results contrast with previous patch clamp data
that showed low-pH activation, which we have not been able to reproduce.

The human respiratory syncytial virus (hRSV) is an enveloped
pneumovirus in the Paramyxoviridae family that causes lower

respiratory tract disease in infants and in elderly and immuno-
compromised populations worldwide (1). Up to 64 million re-
ported cases of hRSV infection and 160,000 deaths occur each
year. Although the virus was identified almost half a century ago
(2), there are still no vaccines or effective antiviral drugs available.
hRSV can cause repeated reinfections throughout life, and its mo-
lecular mechanism of pathogenesis is not yet completely under-
stood.

The hRSV genome comprises a nonsegmented negative-
stranded RNA of �15 kb that transcribes 11 proteins, including
the three membrane proteins F, G, and small hydrophobic (SH).
Proteins F and G are key factors during virus attachment, fusion,
and entry into host cells (3, 4). In contrast, the role of SH protein
is less clear. RSV lacking the SH gene (RSV�SH) was viable,
caused formation of syncytia, and grew as well as the wild-type
(WT) virus in cell culture (5–8). However, RSV�SH virus repli-
cated 10-fold less efficiently than the WT in the upper respiratory
tract (7, 8). Also, RSV�SH virus was attenuated in vivo by virus
passage in mouse and chimpanzee models (5, 9). Overall, these
results indicate involvement of SH protein in the pathogenesis of
RSV infection.

Homologs of RSV SH protein are found in parainfluenza virus

5 (PIV5), mumps virus (MuV), and J paramyxovirus (JPV). In all
of these systems, SH protein seems to block apoptosis in infected
cells through inhibition of the tumor necrosis factor alpha
(TNF-�) pathway (6, 10–12). It is thought that by delaying apop-
tosis, the virus may evade host inflammatory responses and the
premature death of the host cells. Recent reports have also sug-
gested that SH protein activates the NLRP3 inflammasome (13).

The SH protein is a type II integral membrane protein that is 64
(RSV subgroup A) or 65 (RSV subgroup B) amino acids long. In
infected cells, most SH protein accumulates at the membranes of
the Golgi complex, but it has also been detected in the endoplas-
mic reticulum and plasma membranes (14). During infection, the
full-length unmodified form is the major species (15) although a
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truncated form (4.5 kDa) and glycosylated and phosphorylated
forms have also been detected (16, 17). SH protein has a single
predicted �-helical transmembrane (TM) domain (15) which is
highly conserved (18, 19). The C- and N-terminal extramembrane
domains are oriented lumenally/extracellularly and cytoplasmi-
cally, respectively.

Both the synthetic TM domain (residues 18 to 43) and full-
length SH protein, which are responsible for channel activity, have
been shown to form homopentamers in a variety of detergents
(20, 21). The mutual orientation of monomers corresponding to
the synthetic TM domain in lipidic membranes was determined
using site-specific infrared dichroism (20), which showed His-22
to be in a lumenal, close to interhelical, orientation. This TM
arrangement was confirmed by nuclear magnetic resonance
(NMR) studies that reconstructed the pentameric �-helical bun-
dle of the full-length protein in dodecylphosphocholine (DPC)
micelles (21). In this micelle model, a single �-helical TM domain
was flanked N-terminally by an �-helix and C-terminally by an
extended �-hairpin.

The availability of SH channel inhibitors would help further
understanding of the role of this channel activity in the viral life
cycle of RSV and also have obvious therapeutic potential. How-
ever, thus far no compound has been reported that is able to in-
hibit SH protein channel activity. Here, we report one compound
that shows partial inhibition and can constitute a starting point to
obtain an effective channel inhibitor. The possible binding sites of
this compound on the structure of the SH protein pentameric
channel have been mapped using solution NMR in detergent mi-
celles. To confirm that the structure of SH protein in detergent is
representative of the structure present during channel activity as-
says in black lipid membranes (BLM), we have refined the struc-
ture of SH protein in a membrane-mimicking bicellar environ-
ment. Overall, the results presented establish a solid ground for
future drug development targeting this important viroporin.

MATERIALS AND METHODS
Cloning of the SH gene and expression and purification of the His-
MBP-SH construct. The SH protein used in this work (strain S2 ts1C;
GenBank accession number NP_044594.1) (22), was cloned, expressed,
purified as wild type or mutant, and isotopically labeled essentially as
described previously (21).

Liposome-based assay to screen for SH protein inhibitors. Potas-
sium flux into liposomes incorporating SH protein pentamers was mea-
sured by fluorescence changes of the dye Asante potassium green-2
(APG-2; TEFLabs, Austin, TX). The assay conditions, e.g., lipid, protein-
to-lipid ratio, fluorophore, buffer type, and pH (internal and external),
were first tested in larger volumes, and fluorescence was measured with a
Cary eclipse fluorescence spectrophotometer. Once the conditions were
optimized, the assay was implemented in a microplate reader (Tecan
M200 Pro). First, 3 mg of 1,2-diphytanoyl-sn-glycero-3-phosphocholine
(DPhPC; Avanti Polar Lipids) in chloroform was mixed with 26 �g of SH
protein in methanol (molar ratio, 1,000:1) and dried under a N2 stream.
After samples were dried overnight in a desiccator, 300 �l of internal
buffer (25 mM tetraethylammonium [TEA]-HEPES, 0.5 mM EDTA, 100
mM TEA-SO4, 20 �M APG-2, pH 5.5) was added to obtain a lipid con-
centration of 10 mg/ml. The solution was vortexed for 10 min, sonicated,
subjected to three freeze-thaw cycles, and extruded through a 200-nm
polycarbonate membrane. Nonincorporated APG-2 was removed by
passing the liposomes through an Econo-Pac 10DG (Bio-Rad) size exclu-
sion column preequilibrated with internal buffer in the absence of APG-2.
Liposome size was measured using a Brookhaven 90 Plus particle size
analyzer. APG-2 fluorescence was measured from 150 �l of liposome

suspension in a quartz cuvette (excitation wavelength [�ex], 488 nm;
emission wavelength [�em], 540 nm). The potassium concentration out-
side the vesicles was increased to 140 mM by addition of 560 mM KCl, 25
mM TEA-HEPES, and 0.5 mM EDTA, pH 7.5. Finally, 4 �l of 25% Triton
X-100 (final 0.5%) was added.

For the microplate assay, the liposome fraction was diluted 3.5 times
with 5 ml of internal buffer. An aliquot (75 �l) of the liposome suspension
was placed in each well of a microplate (Greiner 96-well Fluotrac 200)
containing 1 �l of compound dissolved in dimethyl sulfoxide (DMSO)
from the National Cancer Institute (NCI). The final drug concentration
was 10 �M. After a 15-min incubation, 25 �l of potassium buffer (560
mM KCl, 25 mM TEA-HEPES, 0.5 mM EDTA, pH 7.5) was added to
obtain a final potassium concentration of 140 mM. Fluorescence of sam-
ples was read after a 5-min incubation. Finally, 4 �l of a solution of 25%
Triton X-100 (to obtain a 0.5% final concentration) was added, and emis-
sion was measured after 5 min.

Plaque assay. Vero cells were placed in 12-well plates and cultured at
37°C overnight to reach about 90% confluence. Cells were infected with
the RSV strain VR-1580 (ATCC) at a multiplicity of infection (MOI) of
approximately 1. At 2 h postinfection, virus inoculum was removed, and
1 ml of fresh Dulbecco’s modified Eagle’s medium (DMEM) containing
2% fetal bovine serum (FBS) and 1 �l of DMSO, with and without differ-
ent concentrations of pyronin B, was added. At 90 h postinfection, cul-
tured supernatants were collected, and the 50% tissue culture infective
doses (TCID50) of RSV were calculated by the Reed-Muench method
(23). The experiment was repeated three times, and each sample was
titrated twice.

Ion channel reconstitution and ionic current recording in
black lipid membranes. SH protein, wild type or mutant, was
reconstituted in planar lipid bilayers formed by apposition of two
monolayers prepared from a solution of a 3:1:1 mixture of
1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC)–1,2-dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE)–1,2-di-(9Z-octadecenoyl)-
sn-glycero-3-phospho-L-serine (DOPS) (Avanti Polar Lipids) in pentane.
Lipids were added on 70- to 90-�m-diameter orifices in the 15-�m-thick
Teflon partition that separated two identical chambers (24, 25). The ori-
fices were pretreated with a 1% solution of hexadecane in pentane. Aque-
ous solutions of 1 M KCl were buffered with 5 mM HEPES at pH 6. All
measurements were performed at room temperature. After the addition
of SH protein in one side of the chamber (here referred to as the cis side),
a �100-mV voltage difference was applied to detect current. The electric
potential was applied using Ag/AgCl electrodes in 2 M KCl–1.5% agarose
bridges, assembled within standard 250-�l pipette tips. The potential was
defined as positive when it was higher on the side of the protein addition
(cis side), whereas the trans side was set to ground. An Axopatch 200 B
amplifier (Molecular Devices, Sunnyvale, CA) in the voltage clamp mode
was used to measure the current and the applied potential. The chamber
and the head stage were isolated from external noise sources with a double
metal screen (Amuneal Manufacturing Corp., Philadelphia, PA).

Experiments aimed to determine the conductance at different pHs
were carried out with aqueous solutions of 1 M KCl buffered with 5 mM
HEPES in 3:1:1 DOPC-DOPS-DOPE bilayers. The current amplitude re-
corded in approximately 30 independent experiments, each one lasting
�200 s, was averaged. Then the data were fitted to a single Gaussian to
obtain the mean value of conductance (G) as a function of pH.

The effect of the pyronin B on channel conductance was determined as
follows: once a channel activity was recorded, different micromolar con-
centrations of inhibitor were added into the cis side (protein side addi-
tion), and the current amplitude in the presence of the inhibitor was
analyzed. The dose-response curve at different pyronin B concentrations
was built to obtain the effective Kd (dissociation constant).

Ion selectivity was evaluated by measuring the reversal potential (RP)
under a 10-fold gradient concentration of KCl (500 mM/50 mM KCl, in
planar bilayers of 3:1:1 DOPC-DOPS-DOPE). Ion selectivity experiments
were also performed at basic (pH 7.5) and acidic (pH 3) pH to compare
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the channel selectivity and to evaluate a possible pH dependency related to
His protonation.

Gel electrophoresis. To perform electrophoresis in the presence of
perfluorooctanoic (PFO) acid detergent, we modified Invitrogen’s SDS-
NuPAGE protocol by replacing SDS with PFO acid (26). Lyophilized pep-
tide was dissolved in sample buffer containing 4% PFO acid and heated at
65°C for 5 min prior to loading. The gel was run at 80 V for 2 to 3 h with
morpholineethanesulfonic acid (MES) running buffer containing 0.5%
PFO acid. Blue native PAGE (BN-PAGE) was performed as described
previously (27) using lyophilized peptide solubilized (0.1 mM) in sample
buffer containing a 25 mM concentration of the chosen detergent.

NMR sample preparation. The phospholipid bicelle system was com-
posed of 1,2-dilauroyl-sn-glycero-3-phosphocholine (or dilauroylphos-
phatidylcholine [DLPC]) (Avanti Polar Lipids) and 1,2-dihexanoyl-sn-
glycero-3-phosphocholine (or dihexanoylphosphatidylcholine [DHPC])
(Avanti Polar Lipids). Peptide-DLPC mixture in hexafluoroisopropanol
(HFIP) was dried under a N2 stream followed by high vacuum. DHPC
solution in appropriate buffer was added into the dried peptide-DLPC
mixture, and the mixture was vortexed and sonicated. In this way, lyoph-
ilized SH peptides were reconstituted into DHPC-DLPC bicelles (9.5%,
wt/vol; q (DLPC/DHPC molar ratio) 	 0.3) at 0.7 mM (corresponding to
approximately 1:200 peptide-to-lipid ratio) buffered with 20 mM sodium
phosphate and 50 mM NaCl at pH 5.5.

Partial alignment of the SH protein/bicelle complexes relative to mag-
netic field was obtained by using stretched polyacrylamide hydrogels (28,
29). A 4.2% polyacrylamide gel was polymerized in a gel chamber having
an inner diameter of 5.4 mm. After polymerization was complete, gels
were washed in H2O overnight and then twice with sample buffer con-
taining 20 mM sodium phosphate and 50 mM NaCl at pH 5.5. The gels
were then completely dried at room temperature. The protein solution
containing SH protein/bicelle complex was soaked into the dried gels over
2 days to ensure complete rehydration. The hydrated 4.2% gel was then
radically compressed into an open-ended tube (inner diameter, 4.2 mm)
using a gel press assembly (New Era Enterprise, Inc.).

NMR spectroscopy. NMR experiments were performed at 40°C (313
K) using Bruker Avance-II 700 and 600 NMR spectrometers equipped
with cryogenic TXI probes (Bruker BioSpin). Sodium 2,2-dimethyl-2-
silapentane-5-sulfonate (DSS) was used as the internal reference for 1H
nuclei. The chemical shifts of 13C and 15N nuclei were calculated from the
1H chemical shifts. The NMR data were processed using TopSpin, version
3.1 (Bruker, Billerica, MA) and analyzed using CARA (www.nmr.ch).
Sequence-specific assignment of backbone 1HN, 15N, 13C=, and 13C� was
achieved by using two-dimensional (2D) [1H-15N] TROSY-HSQC
(transverse relaxation optimized spectroscopy– heteronuclear single-
quantum coherence) and three-dimensional (3D) HNCO, HN(CA)CO,
HNCA, HN(CO)CA, and HNCACB experiments on a 15N/13C-labeled
SH protein. Side chain resonances were assigned utilizing 3D 15N-re-
solved nuclear Overhauser effect spectroscopy (NOESY)-HSQC (mixing
time, 150 ms) HCC(CO)NH, and 13C-resolved NOESY-HSQC (120-ms
mixing time). 1H-15N heteronuclear steady-state NOEs were obtained by
recording spectra with and without 4-s 1H presaturation at 700 MHz to
determine backbone flexibility.

The titration experiment with the drug was performed with 15N-la-
beled SH protein in DPC micelles (21). Chemical shift perturbations were
monitored using [1H-15N] TROSY-HSQC spectra where the magnitude
of the perturbation was calculated using the following formula: CSP
(ppm) 	 
��H2 � (0.24 · ��N)2, where CSP is chemical shift pertur-
bation and �H and �N are chemical shift increments of proton and nitro-
gen, respectively.

Structure calculation. NOE distance restraints were obtained from
15N NOESY-HSQC (mixing time, 150 ms) and 13C NOESY-HSQC (mix-
ing time, 120 ms) spectra. Backbone dihedral angle restraints (� and 
)
were derived from 13C=, 13C�, 13C�, 1H�, and 1H� chemical shift values
using TALOS� (30). The short-range and medium-range NOE connec-
tivities were used to establish the sequence-specific 1H NMR assignment

and to identify elements of the regular secondary structure. Structure
calculations were started from 100 random conformers, using the stan-
dard simulated annealing protocol in CYANA, version 3.0 (31, 32). Seven
cycles of NOE assignment and structure reconstruction resulted in a bun-
dle of 20 conformers. CNS, version 1.3 (33, 34), was used to refine the
structure using the standard simulated annealing protocol. A total of 20
structures were calculated, and the structure statistics are summarized in
Tables 1and 2.

Cell culture and transient transfection. Standard procedures were
utilized for cell culture and transfection, as described by Dossena et al.
(35), with modifications. HEK293 Phoenix cells were cultured in mini-
mum essential Eagle medium (MEM; Sigma, Austria) supplemented with
10% fetal bovine serum (FBS; Lonza), 2 mM L-glutamine, 100 �g/ml
penicillin, 100 U/ml streptomycin, and 1 mM pyruvic acid (sodium salt).
The cells were maintained at 37°C in 5% CO2 and 95% air at 100% hu-
midity. Subcultures were routinely established every second to third day
by seeding the cells into 100-mm-diameter petri dishes following trypsin/
EDTA treatment. For patch clamp experiments, HEK293 Phoenix cells
were seeded into 30-mm-diameter petri dishes, grown overnight, and
transfected with 3 �g of plasmid DNA by the calcium phosphate copre-
cipitation method. Medium was changed at 8 h posttransfection, and the
cells were seeded on glass coverslips (diameter, 10 mm) at 32 h posttrans-
fection. Electrophysiology measurements were performed at 48 to 58 h
posttransfection.

Electrophysiological recordings. HEK293 Phoenix cells were trans-
fected with the bicistronic mammalian expression vector pIRES-AcGFP1
(Clontech) (where IRES is internal ribosome entry site and AcGFP1 is
Aequorea coerulescens monomeric green fluorescent protein) coding ei-
ther for AcGFP only or for both AcGFP and the full-length SH expressed
as separate proteins. Control experiments were conducted in cells trans-
fected with the pIRES-AcGFP1 vector. Single cells expressing AcGFP were
selected by fluorescence microscopy and voltage clamped using the
whole-cell patch clamp technique. The resistance of the glass pipettes was

TABLE 1 Structure statistics for the selected 20 structures
corresponding to the N-terminal extramembrane domain of SH protein

Parameter Value for the parameter

NMR restraints (no.)
Total unambiguous distance restraints 228
Intraresidual 91
Sequential (| i � j | 	 1)a 58
Short-range (| i � j | � 	 1) 149
Medium (2 � | i � j | � 4) 61
Long range (| i � j | � 5) 18
Dihedral angle restraints 8
Hydrogen bond restraintsb 6
RDC restraintsc 9

RMSD from the avg atomic coordinates
(residues 1–14 [Å])d

Backbone atoms 0.33 � 0.13
All heavy atoms 0.93 � 0.23

Ramachandran analysis (%)
Residues in most favored regions 72.9
Residues in additional allowed regions 26.2
Residues in generously allowed regions 0.8
Residues in disallowed regions 0.0

a i and j are the positions in the sequence of two given residues.
b Backbone hydrogen bonds of �-helix are applied for regions confirmed to be �-helix
according to local NOE pattern.
c RDC, residual dipolar coupling.
d Statistics are calculated and averaged over an ensemble of the 20 structures with
lowest target function from CYANA.
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3 to 8 M� when they were filled with the pipette solution (135 mM
potassium gluconate, 10 mM KCl, 10 mM HEPES, 0.5 mM EGTA, 2 mM
Mg��-ATP, pH 7.3 [adjusted with KOH]). The pH 7.4 bath solution was
composed of 124 mM NaCl, 3.5 mM KCl, 0.01 mM NaH2PO4, 26.2 mM
NaHCO3, 1.3 mM MgSO4, 2.5 mM CaCl2, and 10 mM D-(�)-glucose, pH
7.4, while the pH 5.5 bath solution was composed of 124 mM NaCl, 3.5
mM KCl, 0.01 mM NaH2PO4, 0.3 mM NaHCO3, 25.9 mM sodium glu-
conate, 1.3 mM MgSO4, 2.5 mM CaCl2, and 10 mM D-(�)-glucose. Both
bath solutions were constantly bubbled with 95% O2 and 5% CO2 to
maintain their respective pHs. The Henderson-Hasselbalch equation was
used to calculate the amount of bicarbonate required to achieve the re-
spective pH in the presence of 5% CO2. Fast exchange of the pH 7.4 bath
solution with the acidic bath solution was accomplished using a perfusion
system with a flow rate of 5 ml/min and a bath volume of �300 �l. All
experiments were carried out at room temperature. For data acquisition,
an EPC-8 (HEKA Elektronik, Germany) amplifier controlled by a Macin-
tosh computer running the Patch Master (HEKA Elektronik, Germany)
software was used. Access resistance as well as fast and slow capacitance
were compensated and monitored throughout the recordings. All current
measurements were filtered at 5 kHz and digitized at 50 kHz. The cells
were held at 0 mV, and step pulses of 400-ms duration were applied from
0 mV to �40 mV every 20 s to monitor current changes over time. To
establish the current-to-voltage (I/V) relationship, step pulses of 500-ms
duration were applied every 5 min from �120 mV to �100 mV in 20-mV
increments from a holding potential of 0 mV. For data analysis, Fit Master
(HEKA Elektronik, Germany) and Excel (Microsoft, USA) software were
used. The current values were normalized to the membrane capacity to
obtain the current density. Membrane potentials were corrected for liquid
junction potentials, and membrane currents were leakage subtracted.

RESULTS
Inhibition of SH protein channel activity by pyronin B. Since no
SH protein channel inhibitors have been reported to date, a lipo-

some-based fluorescence assay was used to screen for compounds
that can inhibit SH channel activity (see Materials and Methods).
For this assay, four microplates from the NCI library containing
80 compounds each (10 �M) were tested against SH protein re-
constituted in liposomes. Of these compounds, five showed sig-
nificant inhibition of channel activity (�50%): NSC526417,
NSC81189, NSC78627, NSC77827, and NSC44690 (results not
shown).

These compounds were then retested against purified SH pro-
tein reconstituted in planar lipid bilayers (BLM). The most potent
of these was NSC44690 (pyronin B). A concentration of 10 �M
pyronin B led to a �60% inhibition of channel activity; conduc-
tance changed from 300 � 70 pS under control conditions (Fig.
1A and B) to 120 � 60 pS in the presence of pyronin B (Fig. 1C and
D). The structure of pyronin B is shown in Fig. 1E. The binding
affinity (Kd) of the compound was obtained from the dose-re-
sponse curve and determined to be around 6.8 �M (Fig. 1F). The
effect of pyronin B was tested on RSV replication in Vero cells (Fig.
1G), where tissue culture infectivity (50% infective dose, TCID50)
was zero at a drug concentration of 0.25 �M.

Binding site of pyronin B on the SH protein pentameric sur-
face. Binding of pyronin B to the SH protein was monitored with
a series of [1H-15N] TROSY-HSQC spectra recorded in the ab-
sence and presence of pyronin B at different concentrations.
When a 4.8 mM concentration of the drug was added to 0.6 mM
uniformly 15N-labeled SH protein, backbone resonances of sev-
eral residues in SH protein were significantly perturbed (Fig. 2A),
and large (�0.07 ppm) chemical shift perturbations (CSPs) were
observed at both ends of the TM domain. At the N-terminal end,
residues more affected were Ile-6 and Ile-21 (Fig. 2B). At the C-
terminal end, the residue most affected was Ala-39 (Fig. 2B) and a
group of nearby residues, i.e., Ile-38, Ile-40, Leu 41, and Lys-43
(Fig. 2C), located at the C-terminal end of the TM domain. Inter-
estingly, most of these juxtamembrane residues (residues 38 to 43)
form a conserved motif in the RSV SH protein, A39ILNKL43 (Fig.
2D), which suggests that this is a critical region for SH protein,
where emergence of resistance mutations would be difficult for
the virus. By comparison, residues at positions 6 and 21 are not
conserved. Determination of intermolecular nuclear Overhauser
effects (NOEs) for the drug-protein complex was not possible,
probably due to weak interaction.

Docking of pyronin B to the SH protein pentameric surface.
To provide more insight into the nature of the pyronin B binding
sites, docking studies of pyronin B to the SH protein were per-
formed, using as a model for docking the SH pentameric structure
obtained in DPC micelles (21). The Patchdock server (36, 37)
performed first a blind docking search such that pyronin B could
explore the entire surface of SH protein. The ten best structures
were selected according to the geometric shape complementarity
score. Interestingly, in nine of these structures, pyronin B was
located near the residues that showed the largest chemical shift
perturbation, i.e., Ile-6, Ile-21, and Ala-39 (Fig. 3). Thus, the fol-
lowing search was restricted to regions close to these residues and
led to the prediction of two possible binding sites at both ends of
the TM domain. The N-terminal one is formed by Phe-14 and
Ile-21 in one monomer (i�1) and Ile-6 of the previous monomer
(the ith monomer) (Fig. 3A and B). The C-terminal one is formed
by residues Ile-40, Leu-41, and Lys-43 in one monomer (i�1) and
Ile-38 and Ala-39 of the previous monomer (i) (Fig. 3A to C). An
analysis of the druggable pockets on the SH pentamer surface by

TABLE 2 Structure statistics for the selected 20 structures of the C-
terminal extramembrane domain of SH protein

Parameter Value for the parameter

NMR restraints (no.)
Total unambiguous distance restraints 514
Intraresidual 165
Sequential (| i� j| 	 1)a 146
Short-range (| i� j | � 	 1) 311
Medium (2 � | i� j | � 4) 96
Long range (| i � j | � 5) 107
Dihedral angle restraints 34
Hydrogen bond restraintsb 8
RDC restraintsc 21

RMSD from the avg atomic coordinates
(residues 38–64 [Å])d

Backbone atoms 0.44 � 0.17
All heavy atoms 0.94 � 0.15

Ramachandran analysis (%)
Residues in most favored regions 59.4
Residues in additional allowed regions 35.8
Residues in generously allowed regions 4.8
Residues in disallowed regions 0.0

a i and j are the positions in the sequence of two given residues.
b Backbone hydrogen bonds of �-helix are applied for regions confirmed to be �-helix
according to local NOE pattern.
c RDC, residual dipolar coupling.
d Statistics are calculated and averaged over an ensemble of the 20 structures with
lowest target function from CYANA.
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FIG 1 Ionic current and inhibition of SH channel activity. (A) Ionic current through SH protein in a 3:1:1 DOPC-DOPS-DOPE planar membrane in 1 M KCl
at pH 6. (B) Histogram of current amplitude. (C) Example of original recording of channel activity before and after addition (arrow) of 10 �M compound
NSC44690 (pyronin B) under the same conditions as described in panel A. (D) Corresponding current amplitude histogram in the presence of pyronin B. (E)
Structure of pyronin B. (F) Dose-response curve obtained in the presence of 0, 2.5, 3, 5, 7, 10, and 15 �M pyronin B. The conductance values were fitted using
a standard sigmoidal dose-response curve to obtain a Kd of � 6.8 �M. (G) Effect of increasing concentration of pyronin B on RSV replication in Vero cells,
calculated as the 50% tissue culture infective dose (TCID50).
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the software DogSiteScorer (38) also identified these same regions
(Fig. 3D).

SH mutants abolish inhibition by pyronin B. To more specif-
ically delineate the site(s) of inhibition by pyronin B, we tested the
effect of the drug on (i) a truncated form of SH protein, encom-
passing only its TM domain (SH-TM, residues 18 to 43) and (ii)
full-length mutants at the two proposed binding sites, i.e., at the N
or the C termini of the TM domain. The SH-TM should contain

an intact binding site at the C-terminal juxtamembrane domain
(residues 38 to 43), whereas most residues identified at the N-ter-
minal end are absent. The SH-TM (20) and the four single mu-
tants of the full-length SH protein tested were able to form pen-
tamers: A39S, I21F, and I21Y in PFO gels (Fig. 4A) and H22F in
blue native gels (Fig. 4B). All of them also showed channel activity
although in I21F this was reduced to about 50% (Fig. 4C). The
effect of pyronin B on SH-TM was similar to full-length SH pro-

FIG 2 Pyronin B binding significantly perturbed the chemical shifts of SH oligomer. (A) Superposition of TROSY-HSQC spectra of uniformly 15N-labeled SH
protein (monomer concentration, 0.6 mM) in the absence (blue) and presence (red) of 4.8 mM pyronin B. Peaks that undergo significant shifts upon complex
formation are highlighted. (B) Selected regions in TROSY-HSQC spectrum in the presence of pyronin B concentrations increasing from 0 (red) to 0.3 (pink), 1.2
(yellow), 2.4 (green), and 4.8 mM (blue). (C) Chemical shift perturbation (CSP, ppm) of the backbone amide resonances of 0.6 mM 15N-labeled SH protein upon
titration with 4.8 mM pyronin B. The missing and overlapping residues were eliminated from the analysis. (D) Result from a Clustal X alignment of �40 variants
of RSV SH protein where identity (star) and similarity (dot) are indicated.
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tein (40 and 60% inhibition, respectively) at 10 �M, suggesting
that the intact C-terminal end of the TM domain (residues 38 to
41) is sufficient for inhibition. Indeed, the conservative mutation
A39S in that region almost completely prevented inhibition
(�10% inhibition).

Surprisingly, the three other mutants also showed resistance to
inhibition by pyronin B (�20% inhibition), despite the intact
C-terminal binding site. These results can be rationalized by as-
suming a destabilization of the C-terminal binding site in the pres-
ence of these more disruptive mutations at the N-terminal end of

the TM. I21F and I21Y represent more bulky substitutions,
whereas H22F affects His-22, which was suggested to have a struc-
tural role (21). Although H22F does not affect pentamerization
(Fig. 4B), H22A completely disrupted pentamerization, in con-
trast to H51A (21). Thus, cross talk between the two ends of the
TM may lead to a modification of the pyronin B binding site at the
C-terminal region, without affecting channel activity.

Secondary structure of SH protein reconstituted in bicelles.
The comparison between the inhibitory effect of pyronin B (BLM)
and its binding to SH protein (NMR) was performed using lipid

FIG 3 Mapping of pyronin B binding to SH protein. (A) The CSP values in the presence of pyronin B are mapped onto the structure of SH protein, with residues
showing larger (CSP of �0.07 ppm) and smaller (CSP of �0.04 ppm) shifts represented in red and yellow, respectively. (B and C) Model of the two pyronin B
binding sites on the SH pentamer at the N-terminal (B) and C-terminal (C) ends of the TM domain (dotted circles), where residues with a CSP of �0.07 ppm
are labeled in red. Only two monomers of SH protein pentamer (i and i � 1) are shown for simplicity. (D) Druggable pockets (green mesh) predicted by
DoGSiteScorer (38), an automated pocket detection and druggability assessment tool. For comparison, the main residues that showed largest NMR chemical shift
changes are shown in red. Two monomers have been removed from the pentamer for clarity.
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membrane and detergent micelle environments, respectively.
However, examples exist in the literature of the better suitability of
bicelles over micelles in studying membrane protein structure.
For example, in � integrins (39, 40), the presence of a reverse loop
in the juxtamembrane cytoplasmic region was observed in a bicel-
lar or membrane environment but not in detergent micelles or
organic solvents (41–43). Therefore, to confirm that proposed
binding sites of pyronin B to SH protein represent those present in
membranes, we analyzed the structure of SH protein in a mem-
brane-mimicking bicellar environment.

Reconstitution of SH protein in dihexanoylphosphatidylcho-
line-dilauroylphosphatidylcholine (DHPC-DLPC) bicelles re-
sulted in well resolved 1H-15N TROSY-HSQC spectra (Fig. 5A).
However, residues 16 to 37, which form the core of the TM
domain (21), were missing from the spectrum. This problem
was also found for bicellar compositions 1,2-dimyristoyl-sn-gly-
cero-3-phosphocholine (DMPC)-DHPC, 1-palmitoyl-2-oleoyl-sn-
glycero-3-phosphocholine (POPC)-DHPC, 1,2-dipalmitoyl-sn-
glycero-3-phosphocholine (DPPC)-DHPC, and DLPC-DHPC
when spectra were collected at 313 K, pH 5.5, and the protein
concentration was 0.3 mM (data not shown). This broadening

may be caused by the TM domain being more structured and
has been reported previously for similar viral membrane pro-
teins reconstituted in bicelles (44). Nevertheless, the TM ends,
juxtamembrane, and extramembrane parts of the SH protein
were still observable.

The secondary 13C� chemical shifts are highly correlated to
secondary structure (45, 46). Therefore, the shifts found previ-
ously in DPC micelles (21) and those found here in DHPC-DLPC
bicelles were compared (Fig. 5B). Only small differences were
present at the N-terminal extramembrane fragment, where resi-
dues 1 to 7 were close to random-coil values, and the rest were
more �-helical. Similarly, the region proposed as the pyronin B
binding site (residues 38 to 43) showed identical C� chemical
shifts.

However, dramatic differences were observed in the C-ter-
minal juxtamembrane fragment Leu-44 to Asn-48 (Fig. 5B,
box). NOE connectivities (Fig. 5C and D) show that this frag-
ment is �-helical in bicelles, in contrast with the �-structure
previously found in DPC micelles (21). The dynamic proper-
ties of the extramembrane domains of SH protein were studied
using a [1H-15N] steady-state heteronuclear NOE (HNOE)

FIG 4 Channel conductance of SH protein mutants and effect of pyronin B on channel activity. (A) PFO gel electrophoresis of several full-length SH mutants
at the two proposed binding sites of pyronin B, loaded with 3 �g (left) and 12 �g (right). Arrowheads indicate the main oligomers. (B) Blue native gel
electrophoreses in DHPC and C14-betaine of His-Phe mutants. Arrowheads indicate the bands corresponding to pentamers. (C) Conductance of the wild type
(WT), transmembrane domain (SH-TM), and single SH mutants in the absence of inhibitor (control) or in the presence of 10 �M pyronin B. (D) Representative
ionic current through mutant A39S in a 3:1:1 DOPC-DOPE-DOPS planar membrane at pH 6 before and after the addition of 10 �M pyronin B.
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FIG 5 Spectral resolution and secondary structure of SH extramembrane domains in bicelles. (A) [1H-15N] TROSY-HSQC of SH protein in DHPC-DLPC
bicelles. The cross-peaks are labeled by one-letter code and residue number. The Trp-15 indole group is shown in the inset. (B) Comparison of 13C� secondary
chemical shifts, i.e., the difference between experimental and tabulated random-coil 13C� chemical shifts, of SH protein in DPC micelles (red), DHPC-DLPC
bicelles (green), and DHPC-DMPC bicelles (blue). Regions that exhibit significant 13C� secondary shift differences between bicelle- and micelle-embedded SH
protein are indicated by a box. (C and D) Secondary structure of SH protein and NOE connectivity. Sequential and medium-ranged NOE connectivity for
extramembrane N-terminal (residues 1 to 14) (C) and C-terminal (residues 38 to 64) (D) domains, displayed as bands under the respective residues. (E)
Heteronuclear 1H-15N NOE (HNOE) experiment.
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experiment (Fig. 5E). The majority of the HNOE values
correspond to a well-folded structure (residues 5 to 14 and 38
to 60).

Three-dimensional model of SH protein monomer in bi-
celles. The restraints shown in Tables 1 and 2 were used in the
calculations to obtain a total of 20 structures for the N- and C-ter-
minal extramembrane domains of SH protein (root mean square
deviation [RMSD] for backbone atoms of 0.33 and 0.44 Å, respec-
tively). The N-terminal domain (residues 5 to 14) forms an �-he-
lix (Fig. 6A) similar to that observed in DPC micelles (21). How-
ever, in the C-terminal domain (residues 38 to 64), the TM �-helix
extends up to His-51 (Fig. 6B), in contrast with the �-strand-like
loop structure present in micelles. Comparison between these two
models (Fig. 6C) shows that Pro-58 is located at the tip of a C-ter-
minal loop formed by the non-�-helical residues after His-51.
Due to that extended helical region, the total �-helical content of
SH protein is increased from �53% in DPC micelles to �60% in
bicelles, which is almost identical to the percentage obtained using
Fourier transform infrared spectroscopy (FTIR) of SH protein
reconstituted in DMPC membranes (21).

A top-down view of the helices superimposed in the two mod-
els (Fig. 6D) shows the relative orientation of the two His residues
and indicates that residues His-51 and Lys-43 are aligned. To as-
sess the orientation of His-51 relative to the channel lumen, the
SymmDock server (37, 47) was used to generate a pentameric
oligomer of the C-terminal extramembrane domain using the

mutual orientation of the TM domains obtained in DPC micelles
(21). This is justified since in the latter model these mutual orien-
tations were also very similar to the ones obtained using infrared
dichroism data of synthetic SH-TM in lipidic membranes (20).
Further, similar approaches were followed to obtain the pentam-
eric TM model of severe acute respiratory syndrome-corona virus
(SARS-CoV) E protein lipid environments that were confirmed in
DPC micelles by solution NMR (48, 49). In that case, our reported
TM-TM orientations were consistent with mutations that recov-
ered channel activity in infected rats (50).

With this TM orientation, His-51 side chains face the lumen of
the channel (Fig. 6E) although Leu-44 has even a more evident
lumenal position, and His-22 is slightly skewed toward the other
helix-helix interface (Fig. 6D). This orientation for the His-22 side
chain is obviously retained from the model obtained in micelles
(21). The good alignment of His-51 and Lys-43 (see above) allows
visualization of the relative orientation of the two His residues
(Fig. 6F). Possible contacts of His-22 with Phe-10 and Ile-21, at a
different monomer, may stabilize the pentameric form (Fig. 6G).

Given this proposed lumenal/interfacial orientation of the two
His residues, we examined their contribution to channel activity
and selectivity using black lipid membranes (BLM) and purified
SH protein.

Characterization of SH protein channel activity. Purified WT
SH protein, two single mutants, H22F and H51F, and one double
mutant, H22F H51F, were tested in BLM. All of these forms were

FIG 6 Structural model of SH protein in bicelles. Ensemble of 20 low-energy structures of N-terminal (A) and C-terminal (B) extramembrane domains of SH
protein calculated using the NMR restraints summarized in Tables 1 and 2 are shown. The side chains are shown in line representation. (C) Overlay of the
structures obtained in DHPC-DLPC bicelles (blue) and DPC micelles (red) (21). Some side chains are indicated for comparison of the two structures. (D)
Superposition of the helical stretches of the two models. (E) Lumenal view of the proposed SH protein pentamer structure and orientation of the His-51 side
chain. (F) Orientation of His-22 in the pentameric oligomer. (G) Possible contacts of His-22 with Phe-10 and Ile-21, both in a neighboring monomer.

Li et al.

11908 jvi.asm.org Journal of Virology

 on M
ay 26, 2015 by guest

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org
http://jvi.asm.org/


able to form pentameric oligomers (Fig. 4B) and showed channel
activity (Fig. 7A to D). When a concentration gradient was used,
the reversal potential (RP), i.e., the applied transmembrane volt-
age that yields zero current, provided an estimate of channel se-
lectivity for anions or cations. At pH 7.5, the RP of all the forms
tested showed mild but clear cationic selectivity (Fig. 7E to H). In
contrast, at pH 3 all of these forms showed mild anionic selectivity
(data not shown). A summary of the averaged results is shown in
Table 3.

At pH 7.5, H22F, H22F, and the double mutant H22F H51F
(Fig. 7I) showed lower cation selectivity, P�/P� (where P� and P�

refer to cation and anion permeability, respectively). Since the net
charge of SH protein at this pH should be similar for all of these
variants given the pKa of His residues of �6.5 (51), the differences
observed in RP are likely to reflect structural changes induced by
the H22F mutation. These changes, however, do not affect the
pentameric structure (Fig. 4B), but in the case of H22F, the mu-
tation may destabilize pyronin binding (Fig. 4C).

At pH 3, anion selectivity (P�/P�) was somewhat correlated
with the expected global charge (Fig. 7J and Table 3). At this pH,
both His residues should be protonated, and therefore the net
charge relative to the WT depends on the number of His residues
present. Anion selectivity was higher for WT, lower for the single
mutants, and even lower for the H22F H51F double mutant. In
this case, the absence of His-22 (H22F) led to a behavior similar to
that of the WT, suggesting a small contribution of this residue to
ion selectivity. In contrast, mutants where His-51 was absent
(H51F and H22F H51F) produced a significant reduction in P�/
P�, suggesting a more important involvement of His-51 in mod-
ulating channel selectivity.

These results are somewhat consistent with the respective ori-
entation of these two side chains in the pentameric channel, with
His-51 being more exposed to the lumen and His-22 being more
rotated toward the helix-helix interface and/or making stabilizing
contacts with neighboring monomers (Fig. 6F and G). These data
are also consistent with the observed electrophoretic pattern of
His mutants (21); mutant H22A showed aberrant mobility and/or
aggregation, suggesting a structural role. In contrast, H51A
showed mobility similar to that of the WT form. Finally, the over-
all conductance was pH dependent and consistent with the titra-
tion of histidine residues (Fig. 7K), with less conductance at lower
pH, where both His residues are protonated. A dramatic reduc-
tion of channel activity at lower pH was also observed previously
for synthetic SH-TM (residues 18 to 43) in planar lipid bilayers
(20). In SH-TM, only His-22 was present, suggesting that proto-
nation of this histidine alone can reduce or block channel activity.

Patch clamp studies of transfected HEK293 Phoenix cells.
The results obtained by functional reconstitution of the TM do-
main (20) or the full-length SH protein (Fig. 7) in BLM show (i)

FIG 7 SH channel activity measurements. (A to D) Original current record-
ings obtained with a 500/50 mM KCl gradient, pH 7.5, showing that a current
is observed for WT and mutant SH proteins at 0 mV. (E to H) Data from the
current-to-voltage relationships corresponding to panels A to D showing the
reversal potential (RP) of each SH variant. (I and J) Cation (P�/P�) selectivity
at 7.5 (I) and anion (P�/P�) selectivity and at pH 3 (J) for each SH variant,
shown as a function of the difference of global charge with respect to the WT.
(K) Channel conductance G (pS) for the WT SH protein at different pHs in 1
M KCl and 3:1:1 DOPC-DOPS-DOPE. The experimental points were fitted by
a sigmoidal curve. Error bars represent standard errors of the means (n 	 6).
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that channel activity is reduced at low pH and (ii) that His-to-Phe
mutants are channel active. This is in stark contrast with previous
patch clamp results (21), which showed channel activation at low
pH and no channel activity for a H22F H51F double mutant.
Therefore, we tried to reproduce those original patch clamp ex-
periments, where HEK293 Phoenix cells were transiently trans-
fected with either the pIRES-AcGFP1 vector carrying the SH pro-
tein or with the control vector pIRES-AcGFP1. Transfected cells
were initially kept in a pH 7.4 bath solution. After the seal was
realized and the whole-cell configuration was obtained, channel
activity was monitored in a freshly bubbled (95% O2, 5% CO2) pH
7.4 bath.

The kinetics of the elicited currents (Fig. 8A) resemble those of
outwardly rectifying and voltage-dependent potassium currents
of the Kv channel family (52) previously observed in these cells
(53). These channels are stimulated at positive potentials and in-
active at negative potentials; therefore, the currents measured at
negative potentials (e.g., at �80 mV) were considered leakage cur-
rents and were subtracted from the measured currents. Compar-
ing currents from control and SH-transfected cells without leak-
age subtraction did not reveal an SH-dependent current at pH 7.4
(Fig. 8A) or 5.5 (not shown).

Current values representing the maximum activation of chan-
nels (Fig. 8A, rectangle) were averaged and plotted in the current
density-to-voltage relationships determined at pH 7.4 (Fig. 8B)
and pH 5.5 (Fig. 8C). At pH 7.4, no differences were observed
between currents measured in cells overexpressing SH protein and
in control cells (Fig. 8A and B). Next, replacing the extracellular
solution with a freshly bubbled acidic (pH 5.5) bath was per-
formed every 5 min. The switch to an acidic environment did not
cause any obvious change of the current density-to-voltage rela-
tionship over a period of 10 min (Fig. 8C).

The hypothesis that the measured currents herein are due to
endogenous potassium-selective channels is supported by a sepa-
rate experiment (data not shown) that shows that the experimen-
tal RP was close to the equilibrium potential of potassium pre-
dicted by the Nernst law. Thus, the ion channel activity of SH
protein, if any, may have been masked by such current. No signif-
icant difference was observed in RPs between control and SH-
expressing cells at pH 7.4 and 5.5. This observation points to the
conclusion that SH expression, or pH, did not modify the ion
selectivity of the measured current; i.e., the patch clamp experi-
ments revealed only an endogenous current whose characteristics
did not change following SH expression.

In another set of patch clamp experiments, the exact same cell
line (HEK293) used in previous studies (21) was analyzed. In these
experiments, the currents measured in SH-expressing cells were
lower, not higher, than those of the control (data not shown). This
effect could have been caused by cellular stress induced by SH
expression, reducing the activity, expression, or membrane traf-
ficking of the endogenous potassium channels. A similarly re-
duced channel activity was observed previously after expression of
another viroporin, SARS-CoV E, in HEK-293T cells (54) and was
attributed to an indirect influence of the viroporin on other cel-
lular proteins involved in ion transport. However, in that case,
SARS-CoV E was not detected in plasma membrane. In contrast,
both expression and plasma membrane localization of FLAG-
tagged SH protein was shown in HEK293 cells (21).

Thus, the possibility that the full-length nontagged version of
SH protein used in patch clamp experiments was not expressed or

did not accumulate at plasma membranes was tested by attempt-
ing to observe channel activity in HEK293 Phoenix cells overex-
pressing a FLAG-tagged (C- or N-terminal) SH protein or a C-
and N-terminally truncated SH protein that encompassed the TM
domain. None of these conditions produced channel activity that
could be attributed to SH protein in a whole-cell configuration
(data not shown). We conclude that previous patch clamp data
that showed low-pH activation of SH protein cannot be repro-
duced.

DISCUSSION
Inhibition of SH protein by pyronin B. Small-molecule inhibi-
tors can be used to probe the role of SH protein channel activity
during the cell cycle. Although with modest Kd (�6.8 �M), py-
ronin B compares favorably with the 16 �M for amantadine inhi-
bition of influenza virus M2 protein (55), the �10 �M reported
for hexamethylene amiloride (HMA) inhibition of SARS-CoV E
(56), 50 to 100 �M for rimantadine inhibition of HCV p7 (57), or
the �100 �M HMA for p7 inhibition (58). Pyronin B was found
to bind SH protein mostly at the lipid-facing side of the TM �-he-
lices and not into the pore lumen. This mechanism of inhibition is
thus probably allosteric, similar to that proposed for rimantadine
binding to the TM domain of M2 (57) or rimantadine to hepatitis
C virus (HCV) p7 (57). In fact, the proposed binding site for
pyronin B, encompassing residues 38 to 43, is totally conserved in
RSV SH proteins, which suggests that inhibition would be more
difficult to overcome by compensatory mutations. By reference to
the pentameric model of SH protein in DPC micelles, the pro-
posed binding site is located at the narrowest region of the channel
lumen (Fig. 9A and B). Inhibition is more easily rationalized here
than near the N-terminal end (cytoplasmic) of the TM, where the
channel lumen opens significantly.

Effect of bicelles on juxtamembrane domains of membrane
proteins. The juxtamembrane regions in membrane proteins are
sensitive to the hydrophobic environment used experimentally,
e.g., micelles versus bicelles. This has been shown for the HIV
envelope protein (59), integrin transmembrane domains (39, 40),
or BtuB (a 22-strand �-barrel protein) (60). We have shown
herein that significant structural differences are observed for SH
protein when it is reconstituted in bicelles or micelles. In this case,
these effects are unlikely to derive from the different lengths of
hydrophobic tails in the phospholipids or detergents used to re-
constitute the protein. Indeed, both DLPC and DPC hydrophobic
tails, used in bicelles and micelles, respectively, have 12 carbon
atoms. In addition, the secondary 13C� chemical shifts from SH

TABLE 3 Reversal potential of SH protein (WT and mutants)a

Protein

Characterization of channel activity at:

pH 7.5 pH 3

RP (mV) P� /P� RP (mV) P� /P� Chargeb

WT �27.3 � 2.2 3.9 � 0.1 40 � 3 8.9 � 0.4 0
H51F �25 � 3 3.5 � 0.1 37 � 3 7.1 � 0.3 �1
H22F �14 � 1.5 2.00 � 0.05 39.4 � 2.0 8.4 � 0.4 �1
H51F H22F �21.6 � 2.0 2.9 � 0.1 36 � 3 6.7 � 0.3 �2
a Results are from artificial membranes in the presence of a 10-fold KCl concentration
gradient (see Materials and Methods). Each reversal potential (RP) value is the average
of a minimum of 10 experiments.
b The charge value represents the charge versus that of the WT SH protein at pH 3.
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protein reconstituted in bicelles of different hydrophobic tail
lengths, e.g., DHPC-DLPC versus DHPC-DMPC, were almost
identical. All of these data suggest that it is the curvature of the
micelle surface that may dramatically affect the structure at the
juxtamembrane region.

The role of histidine residues in SH protein channel activity.
The funnel-like architecture adopted by the TM domain in SH
protein (21) has been observed in other viroporins, e.g., influenza
virus M2 protein (61), SARS-CoV E protein (48), and HCV p7
(57). All of these viral channels contain narrow regions that prob-

FIG 8 Patch clamp assays in SH-overexpressing cells. (A) Representative original tracings of currents recorded by the patch clamp technique in whole-cell
configuration, leakage subtracted and obtained at pH 7.4 in control (left) and SH-transfected (right) cells. Currents were elicited with voltage increments of 20
mV from �120 to �100 mV applied from a holding potential of 0 mV (upper right inset). (B and C) Current density-to-voltage relationships measured in a pH
7.4 bath solution (B) and at 10 min following replacement of the extracellular solution with an acidic, pH 5.5, bath (C).

FIG 9 Model of the SH protein channel. Schematic drawing representing a sectional view of the SH protein channel at pH 7.5 (A) and 3.0 (B). (C) FASTA
multiple alignment of SH proteins and homologs in human RSV (subgroups A and B), bovine RSV, parainfluenza virus 5 (PIV5), and mumps virus (MuV). The
TM domain (purple) predicted using TMHMM (64) and the C-terminal extramembrane His residues (blue) are highlighted.
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ably serve as selectivity filters. In SH protein, this narrower region
(Ser-29 to Cys-45) (21) is lined with hydrophobic side chains (Ile-
32, Ile-36, Ile-40, and Leu-44), and Ile-36 defines the narrowest
point in the channel lumen (Fig. 9A and B). This figure shows that
in our present refined model, obtained in bicelles, His-22 is lo-
cated at the largest opening of this funnel, whereas His-51 is at the
tip of the smallest opening. While both His residues are accessible
to the lumen of the channel, our structural data point to a stabi-
lizing role for His-22, whereas His-51 is more important for chan-
nel activity, consistent with its location in a tighter region of the
channel. While at pH 7.5 the channel is mildly selective for cations,
at pH 3, His-51 protonation may slow cation transport due to an
electrostatic effect (Fig. 9B). Nevertheless, ion selectivity in SH
protein is poor, as also observed in other viroporins, e.g., SARS-
CoV E protein (62) or HCV p7 (58), and it may be a hallmark of
incomplete specialization of these channels.

An indication of the relative importance of these two His resi-
dues can also be obtained by analyzing their conservation in close
homologs (Fig. 9C). This comparison is justified since PIV5 SH
protein could be replaced by the SH protein from MuV or RSV SH
in strains A2 or B1 to produce a similar phenotype (6, 12). These
data suggest a role of a membrane-permeabilizing pentameric
structure common to these species. Alignment of the homologous
sequences of RSV SH protein, bovine RSV, PIV5, and MuV shows
that there is at least one His residue near the position equivalent to
RSV SH His-51, i.e., several residues after the TM domain. In fact,
in these other sequences a C-terminal His residue is present with a
3- to 4-residue periodicity, expected for �-helices. Therefore, by
comparison with the orientation of hRSV SH His-51, these His
residues should also have a lumenal orientation. In contrast, the
equivalent residue to His-22 is replaced with Phe in these homol-
ogous sequences, supporting a more structural role for this
residue.

Finally, based on these results, it can only be speculated that SH
channel activity can be strongly regulated by lower pH when pres-
ent in native biological membranes and the unknown conditions
present in the cell. The intravesicular pH drops along the endo-
cytic pathway from pH 6.0 to 6.5 in early endosomes to pH 4.5 to
5.5 in late endosomes and lysosomes (63), whereas in the Golgi
lumen the pH is only one unit below that of the cytoplasm. These
small pH changes, together with the low pK measured in the pres-
ent paper and the relatively low effect of pH on both conductance
and selectivity, do not suggest that pH plays a major role in mod-
ulating channel activity during the life cycle of the virus. However,
mutation of these His residues in the context of the infected cell is
an interesting avenue for future experiments, especially since SH
homologs have a conserved His residue at or near the equivalent
position to His-51 in hRSV and since that current was abolished
when SH-TM was exposed to a pH of 4 (20).
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