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The Bunyaviridae family represents the largest taxonomic
grouping of negative sense RNA⫺ viruses, with over 350 named
members (1). The family is divided into five genera, Orthobunyavirus, Hantavirus, Tospovirus, Phlebovirus, and Nairovirus
and takes its name from Bunyamwera virus (BUNV),3 the prototype of the genus Orthobunyavirus.
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All bunyaviruses share common elements of virion structure
being enveloped and containing an RNA genome that comprises three separate RNA segments named small (S), medium
(M), and large (L). These three segments encode four structural
proteins using an expression strategy that is conserved across
all members of the family: the S segment encodes the nucleoprotein (N), the M segment encodes two glycoproteins (Gn and
Gc), and the L segment encodes an RNA-dependent RNA polymerase (L protein). Most Bunyaviridae family members
including BUNV also encode two non-structural proteins; NSs
from the S segment, and NSm from the M segment (2, 3).
Bunyaviruses are predominantly arthropod-borne viruses
capable of infecting a wide range of hosts including humans,
plants, and animals. Four of the five bunyavirus genera include
members that are associated with lethal hemorrhagic fevers in
infected humans, and many are considered to be emerging
pathogens due to a complex combination of factors including
travel, animal trade, and climate change (4 – 6). Bunyavirus
emergence is facilitated by the segmented nature of their
genome that allows reassortment between different species to
generate novel viruses with altered pathogenicity (7). Schmallenberg (SBV) and Ngari (NGAV) viruses are orthobunyaviruses that exemplify this phenomenon; NGAV, which causes a
highly fatal hemorrhagic fever in humans (8) is a reassortant
possessing S and L segments from BUNV and the M segment
from the closely related Batai virus (BATV) (9). Similarly, SBV,
which is a pathogen responsible for teratogenic disease in sheep
and cattle (10), has a complex genetic background possessing
segments shared with previously characterized Sathuperi and
Shamonda viruses (11). The threat of widespread arthropod
borne transmission of these potentially lethal emerging viruses
means the development of preventative and therapeutic strategies is urgently required.
One strategy to identify new anti-viral therapies is to target
virus host interactions that are essential for virus multiplication. Many examples of such interactions have been described
for bunyaviruses (reviewed in Refs. 12, 13) and other recent
examples include those involved in virus entry (14), counteracting the antiviral response (15–17) and modulating host gene
expression (16, 18). Another group of potential targets are host

ethyl ester; NPPB, 5-nitro-1–3-phenylpropylamino benzoic acid; IAA,
indyanyloxyacetic acid; TEA, tetraethylammonium; CPE, cytopathic effect;
CME, clathrin-mediated endocytosis; SBV, Schmallenberg virus.

JOURNAL OF BIOLOGICAL CHEMISTRY

3411

Downloaded from http://www.jbc.org/ at Univ of Reading on May 24, 2016

Bunyaviruses are considered to be emerging pathogens facilitated by the segmented nature of their genome that allows reassortment between different species to generate novel viruses
with altered pathogenicity. Bunyaviruses are transmitted via a
diverse range of arthropod vectors, as well as rodents, and have
established a global disease range with massive importance in
healthcare, animal welfare, and economics. There are no vaccines or anti-viral therapies available to treat human bunyavirus
infections and so development of new anti-viral strategies is
urgently required. Bunyamwera virus (BUNV; genus Orthobunyavirus) is the model bunyavirus, sharing aspects of its molecular and cellular biology with all Bunyaviridae family members.
Here, we show for the first time that BUNV activates and
requires cellular potassium (Kⴙ) channels to infect cells. Time of
addition assays using Kⴙ channel modulating agents demonstrated that Kⴙ channel function is critical to events shortly after
virus entry but prior to viral RNA synthesis/replication. A similar Kⴙ channel dependence was identified for other bunyaviruses namely Schmallenberg virus (Orthobunyavirus) as well as
the more distantly related Hazara virus (Nairovirus). Using a
rational pharmacological screening regimen, two-pore domain
Kⴙ channels (K2P) were identified as the Kⴙ channel family
mediating BUNV Kⴙ channel dependence. As several K2P channel modulators are currently in clinical use, our work suggests
they may represent a new and safe drug class for the treatment of
potentially lethal bunyavirus disease.

Kⴙ Channels Are Required for BUNV Infection

Experimental Procedures
Cells and Viruses—A549 (adenocarcinomic human alveolar
basal epithelial cells) and Vero (African green monkey kidney
cell lines) cells were obtained from the European Collection of
Cell Cultures (ECACC) and maintained at 37 °C in Dulbecco’s
modified Eagle’s medium (DMEM-Sigma) supplemented with
10% fetal bovine serum (FBS), 100 units/ml penicillin and 100
g/ml streptomycin. Huh7 cells (hepatocyte derived cellular
carcinoma cell line) were a gift from R. Bartenschlager (Heidelberg University) and maintained under these conditions but
additionally supplemented with non-essential amino acids.
BSRT-7 cells (derived from BHK21 cells, that constitutively
express bacteriophage T7 polymerase) were obtained from
K. K. Conzelmann (University of Munich) (27) and maintained
under these conditions but additionally supplemented with
G418 (100 g/ml). U87-MG cells (a human glioblastoma-astrocytoma, epithelial-like cell line) were obtained from the
ECACC and grown in minimal essential Eagle’s medium
(MEM) supplemented with 10% FBS, 1 mM sodium pyruvate, 1
mM non-essential amino acids, 2 mM L-glutamine, penicillin G
(100 units/ml), and streptomycin (100 g/ml). All mammalian
cells were incubated in a humidified incubator at 37 °C in the
presence of 5% CO2. Ae. albopictus C6/36 cells (a gift from L.
Alphey, University of Oxford) were grown at 28 °C in Leibovitz’s 15 medium (Sigma) supplemented with 10% FBS and 10%
tryptose phosphate broth. Working stocks of wild-type BUNV
(provided by R. Elliot, Glasgow Centre for Virus Research) was
prepared as described previously (28). HAZV (strain JC280,
ECACC) was propagated in SW13 cells (human adrenal cortex
carcinoma cell line, ECACC) and clarified supernatants were
used to infect A549 cells. The titer of infectious HAZV was
estimated by plaque assay; typical yields from virus propagation
experiments were between 1 ⫻ 105 and 1 ⫻ 107 plaque forming
units per ml (pfu/ml). Human RSV strain A2 (subgroup A,
ECACC) was passaged through HEp-2 cells (human cervix carcinoma cell line, ECACC) and purified by sucrose density gradient according to previously described protocols (29). Viral
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titers were accurately determined in HEp-2 cells by a modified
methylcellulose-based plaque assay with immunostaining
using goat anti-hRSV antibodies (Abcam). SBV (strain BH80/
11-4 provided by M. Beer, Friedrich-Loeffler Institute) was
propagated in Vero cells in the presence of 2% FBS.
Drug Treatments—For the assessment of BUNV infection,
1 ⫻ 105 cells/well were seeded into 6-well plates and allowed
24 h to settle. Where indicated, cells were pre-incubated with
the specific ion channel modulator for 45 min, or medium supplemented with the solvent control of each channel modulator,
prior to and during virus infection. Cells were infected at an
MOI of 1 for 24 h.
Assessment of Virus Production by Western Blot Analysis—
BUNV-N protein expression was assessed using the following
method. Infected cells were lysed in GLB buffer (25 mM glycerol
phosphate, 20 mM Tris, 150 mM NaCl, 1 mM EDTA, 1% Triton
X-100, 10% glycerol, 50 mM NaF) plus protease inhibitors
(Complete; Roche). Cell lysates (50 g of protein) were normalized by BCA assay and resolved by SDS-PAGE, transferred to a
PVDF membrane (Millipore) using a Bio-Rad Laboratories
semidry transfer apparatus, and probed with a sheep BUNV-N
serum followed by labeling with anti-sheep HRP-conjugated
secondary antibodies (Sigma). All Western blots were visualized using ECL system (Advansta). HAZV-N expression was
assessed using a sheep HAZV-N serum before labeling with
anti-sheep HRP conjugated secondary antibodies (Sigma). For
HRSV staining, cells were labeled with goat anti-hRSV antibodies (Abcam) and anti-goat HRP-conjugated secondary antibodies (Pierce).
Immunofluorescent Analysis—For the assessment of BUNV
infection, infected cells grown on polylysine-coated glass coverslips were fixed with methanol for 10 min, permeabilized in
ice-cold methanol/acetone for 10 min, and blocked in PBS/1%
BSA for 30 min. For BUNV-N protein staining, cells were
labeled with sheep anti-BUNV-N serum before staining with
sheep Alexa Fluor 594 nm conjugated anti-sheep secondary
antibodies (Invitrogen-Molecular Probes) in PBS/1% BSA.
Cells were washed and mounted onto microscope slides using
prolong gold containing DAPI (Invitrogen-Molecular Probes).
Labeled cells were viewed on an inverted Zeiss 510-META
laser-scanning confocal microscope under an oil-immersion 40
or 63⫻ objective lens (NA ⫽ 1.40). Alexa Fluor 594 nm (550 nm
excitation, 570 nm emission) was excited using a helium/neon
laser fitted with 543 nm filters. Displayed images are representative of at least three independent experiments and displayed
as single optical sections of 50 m thickness. Randomly chosen
fields were observed under fluorescence microscopy to assess
virus staining and the number of virus-positive cells quantitated for ⱖ100 cells per condition using ImageJ software as
previously described (30). Results are presented as means ⫾ S.E.
from a minimum of three independent experiments. For
HAZV-N staining, cells were labeled with sheep anti-HAZV-N
serum before staining with sheep Alexa Fluor 594 nm conjugated anti-sheep secondary antibodies. For hRSV staining cells
were labeled with goat anti-hRSV antibodies (Abcam) and
stained with goat Alexa Fluor 594 antibodies (Invitrogen-Molecular Probes). For the assessment of endogenous K2P channel
expression, fixed A549 cells were labeled with anti-KCNK 1, 2,
VOLUME 291 • NUMBER 7 • FEBRUARY 12, 2016
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cell ion channels, which regulate ion homeostasis across all cellular membranes and are key players in a broad and extensive
range of cellular processes including the cell cycle, gene expression, cell signaling, and innate immunity (19 –21). Ion channels
are emerging as key factors required during virus replicative
cycles, and have been assigned critical roles in virus entry, survival, and release. Examples include roles for both potassium
(K⫹) and chloride ion (Cl⫺) channels during the hepatitis C
virus lifecycle (22, 23), the ability of human immunodeficiency
virus proteins to modulate K⫹ channel activity (24, 25) and the
recently identified requirement of two-pore calcium (Ca2⫹)
channels (TPCs) in endosomal membranes for successful entry
of Ebola virus (26). Here, we report that BUNV multiplication
depends on the function of cellular K⫹ channels. Using the
available ion channel pharmacological tools, a small family of
two-pore potassium ion channels (K2P) was identified as the
candidate K⫹ channel family critical for BUNV multiplication.
We propose that targeting K⫹ channel function may represent
a new, pharmacologically safe and broad ranging therapeutic
strategy for this important family of pathogens.

Kⴙ Channels Are Required for BUNV Infection
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tion time, and temperature. Following labeling, cells were
washed and either mock-infected or infected with BUNV
(MOI 1). Cells were treated with TEA (10 mM) or quinidine
(200 M) as controls. The average mean intensity of green
fluorescence GCU (Green Calibration Units per well) was
measured from several widefield images using IncuCyte
ZOOM live cell imaging at 1-h intervals for up to 6 h. Values
are presented as the mean fluorescent intensity per cell normalized to untreated controls from a minimum of three independent experiments. Assays of [Cl⫺]i using 5 mM 6-methoxy-quinolyl acetoethyl ester (MQAE) were performed as
previously described (22). 5-Nitro-1–3-phenylpropylamino
benzoic acid (NPPB) and indyanyloxyacetic acid 94 (IAA-94)
were included as compounds known to modulate Cl⫺ function for assay verification.
K2P Channel RT-PCR—Total cell RNA was extracted from
A549 cells and reverse transcribed under the following conditions: 3 min 94 °C; 30 cycles, 45 s 94 °C, 30 s 55 °C, and 90 s
72 °C; final extension 10 min 72 °C. Primers for KCNK1–17 are
available on request. PCR products were resolved on 2% agarose gels.
Statistical Analyses—The statistical significance of data were
determined by performing a Student’s t test or one way
ANOVA test. Significance was deemed when the values were
less than or equal to the 0.05 p value.

Results
K⫹ Channels Are Required for BUNV Infection—To determine if the activity of host cell K⫹ channels are required during
the bunyavirus lifecycle, BUNV infection assays were performed in the presence of broad-spectrum K⫹ channel modulators used at pharmacologically relevant concentrations.
BUNV growth was assessed through detecting the expression
of the BUNV nucleoprotein (BUNV-N); known to correlate
with virus production (28). Tetraethylammonium (TEA), a
broad spectrum K⫹ channel blocker, inhibited BUNV infection
at concentrations ⱖ2 mM (Fig. 1, A and B). A similar effect was
seen when extracellular KCl was increased above 20 mM (Fig. 1,
A and B) to collapse K⫹ gradients and inhibit K⫹ channel activity. Any non-K⫹ channel effects due to the off target effects of
these compounds were ruled out as a second K⫹ salt K2S04
similarly inhibited BUNV-N production at concentrations ⱖ20
mM (32–37). These data were confirmed when the percentage
of BUNV-infected cells was assessed by analysis of immunofluorescence staining for BUNV-N (TEA ⫽ 73.85%⫾ 15.3 reduction p ⱕ 0.05, KCl ⫽ 82.32%⫾ 13.2 reduction p ⱕ 0.05, K2S04 ⫽
94.20%⫾ 5.0 reduction p ⱕ 0.05), (Fig. 1, B and C, gray bars). At
the concentrations assessed, all compounds were non-toxic as
confirmed by ATPliteTM viability assays (Fig. 1D (ii) black bars).
To further confirm the findings, the effects of K⫹ channel inhibition were assessed on the accumulated RNA products of
either BUNV mRNA transcription or genome replication using
primer extension (Fig. 1E). At the 24 h time point, extension
products corresponding to BUNV mRNA transcripts and
BUNV anti-genomic RNAs were detectable in BUNV-infected
cells. In contrast, extension products were undetectable in
BUNV-infected cells treated with TEA (Fig. 1E, compare lanes
4 and 7). Taken together, these data indicate a specific requireJOURNAL OF BIOLOGICAL CHEMISTRY
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7, or 9 antibodies (Santa Cruz Biotechnology Inc) and stained
with the appropriate Alexa Fluor 488/594 antibodies (Invitrogen-Molecular Probes).
Time-course Assays—BUNV infected cells were treated with
TEA (10 mM) or quinidine (200 M) in the medium during the
24 h infection period (T ⫽ 0), or added 1, 2, 4, 6, 8, and 10 hpi.
Virus infection was allowed to proceed for a total of 24 h, and
cells were lysed for Western blot analysis. For the assessment of
BUNV entry, A549 cells were treated during the initial 1h
of BUNV infection with TEA (10 mM) or monensin (20 M).
BUNV virions that were not internalized were washed off with
0.5% trypsin in PBS (⫻3). Medium was then replaced, and the
cells incubated for 24 h before analysis.
BUNV Growth Assays—BUNV was propagated in Vero cells
in DMEM containing 2% FBS. Culture supernatants were harvested when ⬎90% cytopathic effect (CPE) was observed and
passed through a 0.45 m syringe filter to removed cellular
debris. For virus inhibition experiments, growth medium was
removed from Vero cells and replaced with 2% FBS DMEM,
supplemented with the appropriate drug dilution, for 1 h at
37 °C. Medium was transferred to empty plates while cells were
incubated for 1 h at 37 °C with serum-free medium (Mock) or
serum-free medium containing 500 TCID50/ml BUNV (MOI
⬃0.025). Medium was discarded and drug containing-medium
was returned, and cells incubated for 5 days. Cells were washed
and fixed in 100% ethanol for 30 min at room temperature
before staining with 3% (w/v) crystal violet for 1 h at room
temperature.
BUNV Transcription/Replication—A549 cells were infected
with BUNV (MOI 1) and either treated with TEA (10 mM), or
left untreated. At 1, 6, or 24 hpi, total cell RNA were harvested
using an RNeasy kit (Qiagen). RNA from mock-infected A549
cells was also harvested. All RNAs were subjected to primer
extension analysis as previously described (31), using 33P endlabeled oligonucleotide primer P-ext (5⬘-GAGCCTTTAATGACCTTCTGTTGG-3⬘) designed to anneal to nucleotides
58 – 81 of the BUNV S segment anti-genome. Extension products were separated by 6% denaturing PAGE, and visualized
using autoradiography. BUNV replicon assays were performed
as previously described (12, 31). Briefly, BSRT7 cells were transfected with cDNA plasmids encoding BUNV S and L segment
open reading frames (ORFs), and a model negative sense RNA
segment that contained conserved BUNV 3⬘ and 5⬘ non-translated regions flanking the Renilla luciferase ORF. Cells were
incubated with or without TEA (5 or 10 mM) for 18 h and lysed
in passive lysis buffer (Roche). Cell lysates were analyzed for
luciferase activity (relative luminescence units (RLU) per second) as a measure of BUNV gene expression. The L ORF plasmid was omitted and replaced with GFP to act as a negative
control to measure non-BUNV mediated luciferase expression.
Results were normalized to those for an untreated control.
Error bars represent the standard errors of the means (S.E.) of
results from three independent experiments performed in
duplicate.
Resting Membrane Potential Assay—Cells were treated with
20 M DiBAC4(3) (Sigma) in medium for 20 min at 37 °C and
protected from light. Conditions were selected as optimal
from standardization of DiBAC4(3) concentrations, incuba-

Kⴙ Channels Are Required for BUNV Infection

ment for K⫹ channel function during the BUNV replicative
cycle.
K⫹ Channel Dependence Is Conserved Across Invertebrate
and Vertebrate Cell Types—As expected from its arthropodborne transmission to a variety of mammalian hosts, BUNV can
replicate in a range of vertebrate and invertebrate cell lines (3,
4). The dependence of BUNV on K⫹ channel function was
therefore assessed in a range of cell types. Vero (monkey kidney
cells) U87-MG (human glioblastoma cells), Huh7 (human hepatocellular carcinoma cells) supported BUNV infection, as evidenced by robust BUNV-N expression (Fig. 2A), which was
inhibited by the addition of TEA and KCl. To rule out the possibility of the observed inhibition being restricted to BUNV-N
expression, the effects of K⫹ channel inhibition on virus infection and spread was assessed. BUNV induces extensive cytopathic effect (CPE) in Vero cells resulting in the formation of
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plaques under solid culture or the destruction of the monolayer
under liquid culture. In untreated Vero cells infected with
BUNV at a low MOI (⬃0.025), the cytopathic effect (CPE) was
so extensive after 5 days of culture that no cell monolayer was
present to take up stain (Fig. 2B). In contrast, treatment of
BUNV-infected cells with ⱖ30 mM KCl abrogated virus-induced CPE, confirming that K⫹ channel modulation inhibits
BUNV production. Numerous K⫹ channels are expressed in
insect cells (38, 39). Indeed Drosophila ATP-sensitive K⫹ channels have been demonstrated to mediate resistance to a cardiotropic RNA virus, flock house virus (40). The effects of K⫹ inhibition
on BUNV infection were therefore assessed in C6/36 (Ae. albopictus cells) as a representative cell line for the BUNV arthropod host
(41). BUNV-N production was highly sensitive to K⫹ channel
blockade as TEA ⱖ2 mM and KCl ⱖ20 mM inhibited BUNV-N
production to almost undetectable levels (Fig. 2C). These data
VOLUME 291 • NUMBER 7 • FEBRUARY 12, 2016
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FIGURE 1. Kⴙ channel inhibition impedes BUNV infection. A, representative Western blots from BUNV-infected A549 cells (24 h, MOI 1) treated with
the indicated K⫹ (TEA, KCl, K2S04), channel blockers. Lysates were resolved by SDS-PAGE and probed with sheep anti-BUNV N serum (n ⱖ 3). Blots were
reprobed for GAPDH as a loading control. B, densitometry of Western blots from Fig. 1A from TEA (10 mM), KCl (40 mM), K2S04 (40 mM), performed using
ImageJ. Signals were normalized to BUNV infected, no-drug controls (n ⫽ 3). Results are expressed as mean ⫾ S.E. (*, significant difference at the p ⱕ 0.05
level; NS, not significant. C, cells plated onto coverslips were treated with TEA (10 mM), KCl (20 mM), K2S04 (20 mM), and BUNV infected for 24 h. Cells were
fixed, permeabilized, and stained for BUNV-N (red) and DAPI (blue) using sheep anti-BUNV-N serum and sheep Alexa-fluor 594 antibodies. D, % of
BUNV-infected cells was assessed for each treatment from widefield images of BUNV-N stained cells (gray bars). A minimum of 100 cells were counted.
Results are expressed as mean ⫾ S.E. (*, significant difference at the p ⱕ 0.05 level; NS, not significant). A549 cells were treated as above and cell viability
assessed via ATPlite assays (black bars). Values are normalized to untreated controls. E, A549 cells were infected ⫾ 10 mM TEA and RNA were extracted
at the indicated time points and subjected to primer extension analysis to quantify S segment anti-genomes and mRNAs using 33P end-labeled primer
P-ext. The position at which P-ext annealed to BUNV specific positive sense RNAs is shown schematically. Resulting extension products were analyzed
by denaturing 6% PAGE and visualized by autoradiography.

Kⴙ Channels Are Required for BUNV Infection

confirmed that BUNV infection of both mammalian and mosquito cells is similarly inhibited by K⫹ channel modulation.
K⫹ Channel Dependence Is Bunyavirus Specific—The diversity within bunyaviruses is revealed by their division into five
distinct genera. To assess whether growth of other bunyaviruses exhibited similar dependence on K⫹ channel activity,
Hazara virus (HAZV); a member of the Nairovirus genus, and a
close relative of the highly pathogenic hazard group 4 virus
Crimean Congo hemorrhagic fever virus (CCHFV; Ref. 42) was
assessed. HAZV was similarly inhibited in the presence of
TEA ⱖ 2 mM, as judged by a clear decrease in the abundance of
HAZV-N protein and the reduction of the number of HAZV
infected cells treated with TEA, (Fig. 3A, 59.97% reduction ⫾
20.37 p ⱕ 0.05). Production of the orthobunyavirus SBV was
also sensitive to K⫹ channel inhibition through KCl treatment.
Treatment of SBV-infected Vero cells with ⱖ30 mM KCl abrogated SBV-induced CPE in a manner identical to BUNV (Fig.
3B). To investigate if K⫹ channel sensitivity occurs during the
replicative cycle of other unrelated negative sense RNA virus
families, human respiratory syncytial virus (hRSV), a non-segmented RNA virus of the family Paramyxoviridae was assessed
under identical conditions of TEA treatment. Unlike ribavirin,
which was strongly inhibitory to hRSV production as expected
from previous work (43), A549 cells treated with TEA concentrations of 5 or 10 mM could support hRSV infection as evidenced by hRSV protein production and the comparable numbers of hRSV infected cells compared with no-drug controls,
(Fig. 3C, p ⱖ 0.05). The fact that hRSV infection levels were
identical to untreated controls in the face of K⫹ modulation
ruled out any effects of K⫹ channel inhibition on general cell/
virus metabolic processes. Similarly we have previously
reported that both TEA and KCl do not impact hepatitis C virus
replication at these concentrations in Huh7 cells, which were
permissive to BUNV infection (Fig. 2), (22). Taken together,
these data indicate a specific process during the bunyavirus
lifecycle is impeded by K⫹ channel inhibition.
FEBRUARY 12, 2016 • VOLUME 291 • NUMBER 7
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FIGURE 2. Kⴙ channel dependence is conserved across invertebrate and
vertebrate cell types. A, indicated mammalian cell lines were treated with 40
mM KCl or 10 mM TEA and infected with BUNV (24 h, MOI 1). BUNV-N production was assessed as in Fig. 1A. B, Vero cells were infected with 500 TCID50/ml
BUNV in the presence of KCl or TEA for 5 days. Cells were fixed in 100% ethanol
and stained with 3% (w/v) crystal violet. Representative plates of three independent experiments are shown. C, C6/36 Ae. albopictus cells were treated
with the indicated concentrations of TEA and KCl and infected with BUNV in
an identical procedure to A. Blots were reprobed for ␤-actin as a loading
control.

K⫹ Channel Function Is Required at an Early Stage of BUNV
Infection—The stage of the BUNV lifecycle that requires K⫹
channel activity was next investigated. To assess the earliest
events of virus infection, A549 cells were incubated with BUNV
in the presence of TEA (10 mM) for 1 h at 37 °C. Virus/drug was
then removed and the cells incubated for a further 24 h to allow
infection to proceed (Fig. 4A, i and ii) respectively). Monensin
(20 M), an inhibitor of clathrin-mediated endocytosis (CME),
was included in the 1-h treatment as a positive control (44).
Under these conditions, TEA had no impact on BUNV attachment/entry compared with the untreated cells (Fig. 4A (i) lanes
2 and 3, p ⱖ 0.05). In contrast, CME inhibition with monensin
significantly impeded BUNV entry (Fig. 4A (i-ii), 60.27% ⫾
20.23 reduction in BUNV-N, p ⱕ 0.05). This strongly suggested
that K⫹ channel inhibition does not inhibit BUNV infection at
the stage of virus entry. To observe later lifecycle events, timeof-addition experiments were performed. Cells were infected
for 60 min and washed, and incubation continued at 37 °C for
24 h in the presence of TEA added at defined timepoints postinfection. When TEA was added 1–2 h post infection (hpi),
BUNV-N expression was not detected (Fig. 4B, compare lanes 1
and 2– 4). BUNV-N expression began to recover when treatment was delayed to 4 hpi, and was unaffected when treatment
was initiated at 6 hpi. Thus, BUNV replication is restricted by
synchronous or early treatment with K⫹ channel blockers (ⱕ 4
hpi) but not by treatment at later timepoints when virus gene
expression has been initiated (ⱖ 6 hpi). From the observed
kinetics of virus inhibition it was not clear whether the virus
was inhibited at a stage of entry/uncoating or the initial steps of
virus replication. The effects of TEA on BUNV-specific mRNA
transcription and RNA replication (events that take place following uncoating of BUNV in the cytoplasm and subsequent
release of the ribonucleoprotein (RNP) particles) were assessed
using artificial BUNV minigenome assays, containing Renilla
luciferase as a reporter (45). This approach allowed the assessment of BUNV-specific RNA synthesis independently from
virus entry stages, as all components of the replicon assay are
delivered by plasmid transfection, thus circumventing initial
stages of the BUNV lifecycle. TEA did not affect these processes
with similar levels of BUNV transcription observed between
untreated versus TEA (5 or 10 mM) treated cells (Fig. 4D, p ⱖ
0.05). This confirmed that the K⫹ channel-dependent effect
during BUNV infection occurs at a post-entry stage that is prior
to viral RNA synthesis.
BUNV Enhances Cellular K⫹ Channel Activity—As BUNV is
dependent on K⫹ channel activity during the early stages of the
virus lifecycle, its ability to modulate the functionality of these
channels was assessed. K⫹ channels play a crucial role in setting
the resting membrane potential (the charge difference across
the cell membrane). The membrane potential can either
become more negative (hyperpolarization) or more positive
(depolarization) compared with the resting potential as various
ion channels open. In general, the activation of K⫹ channels
would be expected to cause hyperpolarization that can be monitored using a membrane potential-sensitive dye, bis (1,3-dibutylbarbituric acid) trimethine oxonol; DiBAC4(3)) (46). Influx
of DiBAC4(3) and an increase in fluorescence indicates cell
depolarisation, while hyperpolarization is indicated by a
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decreaseinfluorescenceintensity(47).Potential-dependentfluorescence changes generated by DiBAC4(3) are typically ⬃1%
per mV (46). A549 cells infected with BUNV exhibited a hyperpolarised resting membrane potential 6 hpi compared with
uninfected cells, as indicated by the decrease in DiBAC4(3) fluorescent intensity (Fig. 5A, ⫺16.23 mV ⫾ 14 shift). Such a
change is consistent with enhanced K⫹ channel activity during
the early stages of BUNV infection. To validate the assay, TEA
(10 mM) and quinidine (200 M) were included during membrane potential measurements and led to depolarization as
would be expected to occur in the face of K⫹ channel blockade
(Fig. 5A). Importantly, these effects were reproducible in C6/36
cells where BUNV infection led to a significant reduction in
DiBAC4(3) fluorescence 6 hpi (Fig. 5A, ⫺18.3mV ⫾ 1.5mV
shift in BUNV cells). To confirm these shifts were K⫹ channel
specific, we examined Cl⫺ homeostasis during BUNV infection
using the fluorescent indicator N-ethoxycarbonylmethyl-6methoxy-quinolinium bromide (MQAE), a dye quenched by
enhanced Cl⫺ influx and the subsequent increase in intracellular chloride concentration [Cl⫺]i. Fig. 5B demonstrates that
BUNV did not affect [Cl⫺]i compared with uninfected A549
cells (p ⱕ 0.05), consistent with no effects on basally active Cl⫺
conductance. MQAE fluorescence was reduced by treatment
with NPPB and IAA-94 (known Cl⫺ channel modulators).
Taken together, these data provide evidence that BUNV specifically alters the functionality of K⫹ channels during early stages
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of the virus replicative cycle to regulate cellular K⫹ flux in both
vertebrate and invertebrate cell lines.
Investigating the K⫹ channel Families Required during BUNV
Infection—Having determined that BUNV cannot establish a
productive infection in the face of K⫹ channel blockade, the
molecular identity of the specific K⫹ channel(s) required during the BUNV lifecycle were investigated. Over 70 different
genes encode K⫹ channel subunits in the human genome,
which are divided into subfamilies of voltage-gated K⫹ channels (Kv), calcium-activated K⫹ channels (BK), inwardly rectifying K⫹ channels (Kir) and two-pore K⫹ channels (K2p) channels (48). Quinidine and quinine block specific members of all
of these subfamilies (Fig. 6A) and significantly inhibited
BUNV-N production and reduced the number of BUNV-infected cells (quinidine ⬃66.2% ⫾ 25.7, quinine ⬃79.8% ⫾ 17.0
reduction in BUNV-infected cells, compared with untreated
controls (Fig. 6, B--D, p ⱕ 0.05). 4-Aminopyridine (4AP), an
inhibitor of Kv channels (49), and barium chloride (BaCl2), an
inhibitor of Kir channels (50, 51), did not impede BUNV infection suggesting that neither Kv nor Kir activity is required during the BUNV lifecycle (Fig. 6, A--D, p ⱖ 0.05). Consistent with
these findings, cells were protected from BUNV-induced CPE
in a concentration-dependent manner by both quinine and
quinidine, but virus growth was unaffected in the presence of
either 4AP or BaCl2 (Fig. 6E). Similarly SBV growth was
strongly inhibited by quinine and quinidine treatment but was
VOLUME 291 • NUMBER 7 • FEBRUARY 12, 2016
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FIGURE 3. Kⴙ channel dependence is bunyavirus specific. A, A549 cells were infected with HAZV (24 h, MOI 1) in the presence of the indicated concentrations
of TEA. Lysates were resolved by SDS-PAGE and probed with sheep anti-HAZV N serum. Blots are representative of two independent experiments. (ii) Cells were
assessed for HAZV infection ⫾ TEA (10 mM) by staining fixed cells with sheep anti-HAZV serum and sheep Alexa fluor 594 antibodies. Representative confocal
images are shown. (iii) The % of HAZV-infected cells was assessed ⫾ TEA treatment from widefield images of HAZV-N stained cells. A minimum of 40 cells were
counted. Results are expressed as mean ⫾ S.E. (*, significant difference at the p ⱕ 0.05 level; NS, not significant). B, Vero cells were infected with TCID50/ml SBV
in the presence of KCl for 5 days. Cells were fixed in 100% ethanol and stained with 3% (w/v) crystal violet. Representative plates of three independent
experiments are shown. C (i) A549 cells were infected with hRSV (24 h, MOI 1) ⫾ the indicated concentrations of TEA or ribavirin. Lysates were resolved by
SDS-PAGE and probed with goat anti-hRSV antibodies (n ⱖ 3). Blots were reprobed for GAPDH as a loading control. Lanes shown are from the same gel and
representative of three independent experiments. (ii) A549 cells were infected with hRSV ⫾ 10 mM TEA and the % of hRSV-infected cells assessed by
immunofluorescence through staining with goat anti-hRSV antibodies and anti-goat Alexa fluor 594 antibodies. Representative confocal images are shown.
(iii) Cells treated as in (ii) were assessed for the % of infected cells by FACs analysis. Results are the average of two independent experiments. Values are
normalized to infected no-drug controls. Results are expressed as mean ⫾ S.E. (*, significant difference at the p ⱕ 0.05 level; NS, not significant).

Kⴙ Channels Are Required for BUNV Infection

FIGURE 5. BUNV hyperpolarises the membrane potential through Kⴙ channel activation. A (i) A549 or (ii) C6/36 cells infected with BUNV (MOI 1), or treated
with TEA (10 mM)/quinidine (200 M) were exposed to the membrane potential sensitive fluorescent dye DiBAC4 (3) (20 M). Values represent 6 hpi/treatment
and are normalized to untreated controls (n ⫽ 3). Results are expressed as the mean fluorescence per well ⫾ S.E. of averaged widefield images (*, significant
difference from untreated cells at the p ⱕ 0.05 level). Data are representative of at least three independent experiments. B, A549 cells infected with BUNV (MOI
1) or treated with NPPB (10 M)/IAA-94 (100 M) were exposed to MQAE. Fluorescence was acquired as in Fig. 5A. Values represent 6 hpi/treatment and are
normalized to untreated controls (n ⫽ 3). Results are expressed as the mean fluorescence per well ⫾ S.E. of averaged widefield images (*, significant difference
from untreated cells at the p ⱕ 0.05 level). Data are representative of three independent experiments.

unaffected by 4AP or BaCl2 (data not shown). Modulation of
Ca2⫹-activated K⫹ channels (Tram 34), ATP-sensitive K⫹
channels (Glibenclamide) and G-protein-coupled Kir channels
(Ifenprodil) also did not influence BUNV-N production suggesting these K⫹ channel family members do not contribute to
BUNV growth (Fig. 6, A–D). Time-of-addition experiments for
FEBRUARY 12, 2016 • VOLUME 291 • NUMBER 7

quinidine (Fig. 6F) additionally confirmed the drug inhibits
BUNV at an identical stage to that observed for TEA (Fig. 5C);
quinidine inhibited BUNV-N production when administered at
0 to 4 hpi and a recovery of BUNV-N production occurred
when administered ⱖ 6 hpi (Fig. 6F, compare lanes 1, 6 – 8).
Taken together, these data suggest that BUNV requires the
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FIGURE 4. Kⴙ channel activity is required at an early post-entry stage of BUNV infection. A(i), cells were infected with BUNV in the presence of TEA (10 mM)
or monensin (20 M) for 1 h. Cells were washed with PBS ⫹ 0.5% trypsin to remove cell attached viruses and cells incubated for a further 24 h in medium alone.
BUNV-N expression as a marker of BUNV infection was assessed by Western blot analysis (i), densitometry (ii), and immunofluorescence (B). C, TEA was added
at the indicated time points post-BUNV infection and BUNV-N expression assessed by Western blot analysis 24 h post-infection. Unt (untreated) is no drug
included during the time course, T ⫽ x indicates the inclusion of TEA throughout the time course of BUNV infection (n ⫽ 3). D, to assess BUNV RNA synthesis,
BSRT7 cells were transfected with cDNA plasmids encoding BUNV S and L segment ORFs, and a model negative sense RNA segment that contained conserved
BUNV 3⬘ and 5⬘ non-translated regions flanking the Renilla luciferase ORF. Cells were incubated with or without 10 mM TEA, and 18 h post transfection cell
lysates were analyzed for luciferase activity (RLU per second) as a measure of BUNV gene expression. The L ORF plasmid was omitted to act as a negative control
to measure non-BUNV mediated luciferase expression. Results were calculated relative to those for an untreated control. Error bars represent the standard
errors of the means (S.E.) of results from three independent experiments performed in duplicate. NS, no differences at a significance level of 0.05.
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FIGURE 6. Investigating the Kⴙ channel families required during BUNV infection. A, table detailing the K⫹ channel modulating compounds assessed for
their effects on BUNV. B, BUNV-infected A549 cells (24h, MOI 1) were treated with the indicated concentrations of K⫹ channel modulators. Lysates were
resolved by SDS-PAGE and probed with sheep anti-BUNV N serum. C, cells treated with quinidine (200 M), quinine (200 M), 4AP (1 mM), BaCl2 (2 mM), Tram 34 (3
M), glibenclamide (20 M), and ifenprodil (30 m) during the 24-h infection period were fixed, permeabilized, and stained for DAPI (blue) and BUNV-N (red) as
in Fig. 1. D, % of BUNV infected cells was assessed for each treatment from widefield images of BUNV-N stained cells (gray bars). A minimum of 100 cells were
counted from at least three independent experiments. ATPlite assays were performed for each drug treatment for 24 h and normalized to no-drug controls to
assess cell viability (black bars). Results are expressed as mean ⫾ S.E. (*, significant difference at the p ⱕ 0.05 level). E, TCID50/ml BUNV assays were performed
for selected drug treatments as in Fig. 2D. Representative plates of three independent experiments are shown. F, quinidine was added at the indicated time
points post-BUNV infection and BUNV-N expression assessed by Western blot analysis 24 h post-infection. Unt is no drug included during the time course, T ⫽
0 indicates the inclusion of quinidine throughout the time course of BUNV infection (n ⫽ 3).

function of quinine- and quinidine-sensitive host cell K⫹ channel(s) that are unlikely to be members of the Kv, BK, and Kir
families. Given the lack of effect of Kv, BK, and Kir modulation
on BUNV infection, the role of the K2P channel superfamily
during the BUNV lifecycle were investigated (52–54). In mam-
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mals, seventeen K2P channel genes have been identified and the
expression of 12 of these members (KCNK 1–7, 9, 10, 13, 15,
and 17) were detected in A549 cells by RT-PCR analysis confirming their potential involvement in the BUNV lifecycle (Fig.
7A(i)). Protein expression was further confirmed for KCNK1,
VOLUME 291 • NUMBER 7 • FEBRUARY 12, 2016

Kⴙ Channels Are Required for BUNV Infection

KCNK2, KCNK7, and KCNK9 by immunofluorescent staining
(Fig. 7A(ii)). K2P channels are distinguished by the presence of
two K⫹ pores arranged in tandem, sensitivity to quinine and
quinidine, and a relatively poorly defined pharmacology compared with other K⫹ family members (52, 55, 56). However,
certain organic compounds have proven useful to indicate
physiological roles of many K2P family members (Fig. 7B). The
organic polycations ruthenium red (RuR) and spermine can
directly block specific K2P channels through the interaction
with negatively-charged residues in the K2P pore domains (52,
57). Both compounds inhibited BUNV-N production in a
concentration-dependent manner (Fig. 7C) and significantly
reduced the percentage of BUNV-infected cells (RuR (50 M)
⬃82.1% ⫾ 15.21 reduction, spermine (500 M) ⬃88.5% ⫾ 16.61
reduction, p ⱕ 0.05), compared with untreated controls (Fig.
7D (i-ii) gray bars) with no cytotoxicity at the highest concentration used (Fig. 7D (ii) black bars). In addition, drugs
approved by the U.S. Food and Drug Administration (FDA),
including bupivacaine (local anesthetic), haloperidol (antipyschotic), and fluoxetine (anti-depressant), similarly inhibited
BUNV-N production and reduced the percentage of BUNVFEBRUARY 12, 2016 • VOLUME 291 • NUMBER 7

infected cells at concentrations reported as inhibitory to K2P
channels (bupivacaine (150 M) ⬃76.8%⫾ 27.9, haloperidol (20
M) ⬃76.3% ⫾ 22.4 inhibition, fluoxetine (30 M) ⬃87.2%⫾ 8.9
inhibition), (Fig. 7, C and D, p ⱕ 0.05) (52, 56, 58). We additionally observed inhibition of BUNV by curcumin and genistein,
both of which are known blockers of K2P members (data not
shown). These findings implicate K2P channels as the K⫹ channel family member required by BUNV during the early stages of
virus infection.

Discussion
Ion channels underpin an array of essential cellular processes
and drugs acting on specific ion channels are the treatment of
choice for many diseases (48). Using the available pharmacological tools targeting various cellular ion channels, this study
showed that K⫹ channel function is critical to the growth of
BUNV (Figs. 1–2), the prototypic bunyavirus in both vertebrate
and invertebrate cells. K⫹ channel dependence was also
observed with HAZV and SBV, revealing this as a key virus-host
interaction across other bunyaviruses (Fig. 3), suggesting it may
be a general property that applies to all family members.
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FIGURE 7. Two-pore potassium channel blockers inhibit BUNV infection. A(i), RT-PCR demonstrates that several K2P channels are expressed in A549 cells.
Templates for the reactions were derived from uninfected A549 cells. Negative control reactions lacked template during amplification. Identical results were
obtained with at least two additional preparations of RNA. GAPDH was included as a control. (ii) Indicated K2P channels were assessed for expression in A549
cells through immunofluorescent analysis. Representative confocal images are shown. B, table detailing the K2P modulating compounds investigated during
the study. C, BUNV-infected A549 cells (24 h, MOI 1) were treated with a range of compounds shown previously to inhibit members of the K2P channel family.
Lysates were resolved by SDS-PAGE and probed with sheep anti-BUNV-N serum. D(i), cells treated with RuR (50 M), spermine (500 M), bupavacaine (150 M),
haloperidol (20 M), and fluoxetine (30 M) were infected as in B and fixed, permeabilized, and stained for DAPI (blue) and BUNV-N (red). (ii) The % of BUNV
infected cells was assessed for each treatment from widefield images of BUNV-N stained cells (gray bars). A minimum of 100 cells were counted from three
independent experiments. ATPlite assays were performed for each drug treatment and normalized to untreated controls to assess cell viability (black bars).
Results are expressed as mean ⫾ S.E. (*, significant difference at the p ⱕ 0.05 level).
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(26). In addition the capsid (C) protein of dengue virus, a singlestranded positive sense RNA virus, forms an association with
lipid membranes that is intrinsically dependent on the intracellular concentrations of K⫹ ions (68). The cellular mechanisms
of these ion-channel dependent events remain to be elucidated.
As HAZV represents a model for CCHFV (41), a cause of a
severe, often fatal disease in humans, this study highlights the
potential of K⫹ channel modulating drugs as a novel therapeutic intervention against more dangerous pathogens of this family. It is interesting to note that compounds such as haloperidol
and fluoxetine possess highly desirable drug properties in a
clinical setting; good oral bioavailability (60 –70%), generally
well tolerated with severe side effects uncommon and the ability to cross the blood brain barrier (63, 69). This may be pertinent for bunyavirus treatment since BUNV infection in both
mouse and horses is largely neurotropic (70, 71). Indeed BUNV
infection was permissive in U87-MG cells; a human primary
glioblastoma cell line, and could be inhibited by K⫹ channel
modulation (Fig. 2).
In conclusion, despite encompassing a large number of
viruses capable of causing outbreaks that would impact public
health, national economies and food security; little is known
regarding key stages in the life cycle of bunyaviruses. This study
has demonstrated the importance of K⫹ channel activity during
the BUNV lifecycle and contributes to the growing field of viral
ion channel interactions. Targeting these K⫹ channels in
patients infected with severe Bunyaviridae infections may
therefore represent a new prospect for future anti-viral drug
development.
Author Contributions—S. H., B. K., B. H., E. L., and H. T. performed
the experiments. S. H., B. K., A. K., J. N. B., J. M. conceived the experiments. J. D., M. D., C. P., E. S., C. M., A. K. provided reagents and
expertise. B. K., J. N. B., and J. M. wrote the manuscript.
Acknowledgments—We acknowledge the late Richard M. Elliott for
contribution of reagents, support, and advice during this and previous
studies. The confocal microscope used for imaging was funded by a
Royal Society equipment grant (Grant Number RG110306).
References
1. Adams, M. J., Lefkowitz, E. J., King, A. M., and Carstens, E. B. (2013)
Recently agreed changes to the International Code of Virus Classification
and Nomenclature. Arch. Virol. 158, 2633–2639
2. Bridgen, A., Weber, F., Fazakerley, J. K., and Elliott, R. M. (2001) Bunyamwera bunyavirus nonstructural protein NSs is a nonessential gene product
that contributes to viral pathogenesis. Proc. Natl. Acad. Sci. U.S.A. 98,
664 – 669
3. Elliott, R. M. (2014) Orthobunyaviruses: recent genetic and structural insights. Nat. Rev. Microbiol. 12, 673– 685
4. Elliott, R. M. (2009) Bunyaviruses and climate change. Clin. Microbiol.
Infect. 15, 510 –517
5. Maltezou, H. C., and Papa, A. (2010) Crimean-Congo hemorrhagic fever:
risk for emergence of new endemic foci in Europe? Travel Med. Infect. Dis.
8, 139 –143
6. Zhang, Y. Z., He, Y. W., Dai, Y. A., Xiong, Y., Zheng, H., Zhou, D. J., Li, J.,
Sun, Q., Luo, X. L., Cheng, Y. L., Qin, X. C., Tian, J. H., Chen, X. P., Yu, B.,
Jin, D., Guo, W. P., Li, W., Wang, W., Peng, J. S., Zhang, G. B., Zhang, S.,
Chen, X. M., Wang, Y., Li, M. H., Li, Z., Lu, S., Ye, C., de Jong, M. D., and
Xu, J. (2012) Hemorrhagic fever caused by a novel Bunyavirus in China:
pathogenesis and correlates of fatal outcome. Clin. Infect. Dis. 54, 527–533

VOLUME 291 • NUMBER 7 • FEBRUARY 12, 2016

Downloaded from http://www.jbc.org/ at Univ of Reading on May 24, 2016

It is not clear why the BUNV replicative cycle is dependent
upon manipulation of host cell K⫹ channel currents. Previous
reliance of bunyavirus replication had been noted by Frugulhetti and Rebello (59), who reported that changes in K⫹ ion
concentrations disrupted the growth of the orthobunyavirus
Marituba virus. The stage of the life cycle affected was found to
be mRNA translation, although the mechanism that underpinned this dependence was not pursued, and the role of cellular ion channels in this process was not investigated. In the
present study, K⫹ channel modulation had no discernible effect
on mRNA transcription and translation in the context of the
BUNV minireplicon system (Fig. 4C) and so we suggest that our
findings of K⫹ channel reliance are likely unrelated to these
early findings. To better understand the nature of the K⫹ channel requirement, time of addition assays were performed which
indicated that the K⫹ sensitive steps in the BUNV life cycle
occur within the initial 6 h of virus infection, but do not include
virus binding/entry (Fig. 4, A and B). It is thus most likely that
K⫹ channel modulation contributes to early events within the
virus life cycle including virus uncoating and/or events prior to
the formation of RNA replication factories, postulated to
assemble around the Golgi (60 – 62).
A key finding of this study is that K2P channels are the K⫹
family member required for BUNV infection. BUNV was inhibited by diverse pharmacological agents that modulate K2P channels (52, 57, 58, 63, 64), but no effects of K⫹ channel modulators
targeting Kv, BK, and Kir channels was observed. The family of
K2P channels is small containing only ⬃17 members, which
regulate the membrane potential of both “excitable” and “nonexcitable” cells (58). K2P channels respond to a diverse array of
stimuli including pH, temperature and membrane stretch and
their pharmacology is highly characteristic, as a result of their
distinct structural features (55, 56, 65). Using a fluorescent
membrane potential probe, hyperpolarization of the plasma
membrane was observed in BUNV-infected cells 6 hpi (Fig. 4), a
shift consistent with an enhancement of K2P activity at the stage
of the virus lifecycle sensitive to K⫹ channel modulation. Many
viruses encode their own viroporin (reviewed in Ref. 66), which
are pore forming proteins that have been documented to participate in several viral functions, including the promotion of
release of virus particles, modulation of cellular vesicles, glycoprotein trafficking, and membrane permeability. As BUNV has
no known viroporin, it is possible that BUNV proteins have
evolved to interfere and depend on cellular K2P channels to aid
virus pathogenesis. While we do not understand the mechanism(s) of K2P activation, our findings implicate BUNV structural proteins present in the virion to mediate these effects
since viral gene expression would not have occurred at these
timepoints, and thus no new proteins would be generated.
Orthobunyaviruses have been shown to enter cells via clathrin
mediated endocytosis (44), but events post-entry are less well
understood, although virion trafficking of CCHFV has been
shown to be ESCRT dependent (67). The modulation/reliance
upon host cell ion K2P channels at this post-entry stage is consistent with recent observations for other negative sense enveloped viruses. Post-entry trafficking of Ebola virus, a single
stranded negative sense RNA virus, is dependent upon endosomal calcium channels termed two-pore channels (TPCs)

Kⴙ Channels Are Required for BUNV Infection

FEBRUARY 12, 2016 • VOLUME 291 • NUMBER 7

and are drug targets for disease treatment. Science 347, 995–998
27. Buchholz, U. J., Finke, S., and Conzelmann, K. K. (1999) Generation of
bovine respiratory syncytial virus (BRSV) from cDNA: BRSV NS2 is not
essential for virus replication in tissue culture, and the human RSV leader
region acts as a functional BRSV genome promoter. J. Virol. 73, 251–259
28. Carlton-Smith, C., and Elliott, R. M. (2012) Viperin, MTAP44, and protein
kinase R contribute to the interferon-induced inhibition of Bunyamwera
Orthobunyavirus replication. J. Virol. 86, 11548 –11557
29. Wu, W., Tran, K. C., Teng, M. N., Heesom, K. J., Matthews, D. A., Barr,
J. N., and Hiscox, J. A. (2012) The interactome of the human respiratory
syncytial virus NS1 protein highlights multiple effects on host cell biology.
J. Virol. 86, 7777–7789
30. Mankouri, J., Tedbury, P. R., Gretton, S., Hughes, M. E., Griffin, S. D.,
Dallas, M. L., Green, K. A., Hardie, D. G., Peers, C., and Harris, M. (2010)
Enhanced hepatitis C virus genome replication and lipid accumulation
mediated by inhibition of AMP-activated protein kinase. Proc. Natl. Acad.
Sci. U.S.A. 107, 11549 –11554
31. Barr, J. N., Elliott, R. M., Dunn, E. F., and Wertz, G. W. (2003) Segmentspecific terminal sequences of Bunyamwera bunyavirus regulate genome
replication. Virology 311, 326 –338
32. Zhang, A., Yan, X., Li, H., Gu, Z., Zhang, P., Zhang, H., Li, Y., and Yu, H.
(2014) TMEM16A protein attenuates lipopolysaccharide-mediated inflammatory response of human lung epithelial cell line A549. Exp. Lung
Res. 40, 237–250
33. Feron, O., Wibo, M., Christen, M. O., and Godfraind, T. (1992) Interaction
of pinaverium (a quaternary ammonium compound) with 1,4-dihydropyridine binding sites in rat ileum smooth muscle. Br. J. Pharmacol. 105,
480 – 484
34. Evangelista, S. (2004) Quaternary ammonium derivatives as spasmolytics
for irritable bowel syndrome. Curr. Pharmaceutical Design 10, 3561–3568
35. Davis, B. A., Hogan, E. M., Cooper, G. J., Bashi, E., Zhao, J., and Boron,
W. F. (2001) Inhibition of K/HCO3 cotransport in squid axons by quaternary ammonium ions. J. Membr. Biol. 183, 25–32
36. Peluffo, R. D., Hara, Y., and Berlin, J. R. (2004) Quaternary organic amines
inhibit Na,K pump current in a voltage-dependent manner: direct evidence of an extracellular access channel in the Na,K-ATPase. J. Gen.
Physiol. 123, 249 –263
37. Sanchez, D. Y., and Blatz, A. L. (1994) Block of neuronal fast chloride
channels by internal tetraethylammonium ions. J. Gen. Physiol. 104,
173–190
38. Windley, M. J., Escoubas, P., Valenzuela, S. M., and Nicholson, G. M.
(2011) A novel family of insect-selective peptide neurotoxins targeting
insect large-conductance calcium-activated K⫹ channels isolated from
the venom of the theraphosid spider Eucratoscelus constrictus. Mol. Pharmacol. 80, 1–13
39. Wicher, D., Walther, C., and Wicher, C. (2001) Non-synaptic ion channels
in insects– basic properties of currents and their modulation in neurons
and skeletal muscles. Progr. Neurobiol. 64, 431–525
40. Eleftherianos, I., Won, S., Chtarbanova, S., Squiban, B., Ocorr, K., Bodmer,
R., Beutler, B., Hoffmann, J. A., and Imler, J. L. (2011) ATP- sensitive
potassium channel (KATP)-dependent regulation of cardiotropic viral infections. Proc. Natl. Acad. Sci. U.S.A. 108, 12024 –12029
41. Elliott, R. M., and Wilkie, M. L. (1986) Persistent infection of Aedes albopictus C6/36 cells by Bunyamwera virus. Virology 150, 21–32
42. Dowall, S. D., Findlay-Wilson, S., Rayner, E., Pearson, G., Pickersgill, J.,
Rule, A., Merredew, N., Smith, H., Chamberlain, J., and Hewson, R. (2012)
Hazara virus infection is lethal for adult type I interferon receptor-knockout mice and may act as a surrogate for infection with the human-pathogenic Crimean-Congo hemorrhagic fever virus. J. Gen. Virol. 93, 560 –564
43. Crotty, S., Cameron, C., and Andino, R. (2002) Ribavirin’s antiviral mechanism of action: lethal mutagenesis? J. Mol. Med. 80, 86 –95
44. Hollidge, B. S., Nedelsky, N. B., Salzano, M. V., Fraser, J. W., GonzálezScarano, F., and Soldan, S. S. (2012) Orthobunyavirus entry into neurons
and other mammalian cells occurs via clathrin-mediated endocytosis and
requires trafficking into early endosomes. J. Virol. 86, 7988 – 8001
45. Kohl, A., Hart, T. J., Noonan, C., Royall, E., Roberts, L. O., and Elliott, R. M.
(2004) A bunyamwera virus minireplicon system in mosquito cells. J. Virol. 78, 5679 –5685

JOURNAL OF BIOLOGICAL CHEMISTRY

3421

Downloaded from http://www.jbc.org/ at Univ of Reading on May 24, 2016

7. Briese, T., Calisher, C. H., and Higgs, S. (2013) Viruses of the family Bunyaviridae: are all available isolates reassortants? Virology 446, 207–216
8. Bowen, M. D., Trappier, S. G., Sanchez, A. J., Meyer, R. F., Goldsmith, C. S.,
Zaki, S. R., Dunster, L. M., Peters, C. J., Ksiazek, T. G., Nichol, S. T., and
RVF Task Force (2001) A reassortant bunyavirus isolated from acute hemorrhagic fever cases in Kenya and Somalia. Virology 291, 185–190
9. Briese, T., Bird, B., Kapoor, V., Nichol, S. T., and Lipkin, W. I. (2006) Batai
and Ngari viruses: M segment reassortment and association with severe
febrile disease outbreaks in East Africa. J. Virol. 80, 5627–5630
10. Hoffmann, B., Scheuch, M., Höper, D., Jungblut, R., Holsteg, M.,
Schirrmeier, H., Eschbaumer, M., Goller, K. V., Wernike, K., Fischer, M.,
Breithaupt, A., Mettenleiter, T. C., and Beer, M. (2012) Novel orthobunyavirus in Cattle, Europe, 2011. Emerg. Infect. Dis. 18, 469 – 472
11. Goller, K. V., Höper, D., Schirrmeier, H., Mettenleiter, T. C., and Beer, M.
(2012) Schmallenberg virus as possible ancestor of Shamonda virus.
Emerg. Infect. Dis. 18, 1644 –1646
12. Walter, C. T., Bento, D. F., Alonso, A. G., and Barr, J. N. (2011) Amino acid
changes within the Bunyamwera virus nucleocapsid protein differentially
affect the mRNA transcription and RNA replication activities of assembled ribonucleoprotein templates. J. Gen. Virol. 92, 80 – 84
13. Schoen, A., and Weber, F. (2015) Orthobunyaviruses and innate immunity
induction: alieNSs vs. PredatoRRs. Eur. J. Cell Biol. 94, 384 –390
14. Meier, R., Franceschini, A., Horvath, P., Tetard, M., Mancini, R., von Mering, C., Helenius, A., and Lozach, P. Y. (2014) Genome-wide small interfering RNA screens reveal VAMP3 as a novel host factor required for
Uukuniemi virus late penetration. J. Virol. 88, 8565– 8578
15. Barry, G., Varela, M., Ratinier, M., Blomström, A. L., Caporale, M., Seehusen, F., Hahn, K., Schnettler, E., Baumgärtner, W., Kohl, A., and Palmarini,
M. (2014) NSs protein of Schmallenberg virus counteracts the antiviral
response of the cell by inhibiting its transcriptional machinery. J. Gen.
Virol. 95, 1640 –1646
16. Cheng, E., Haque, A., Rimmer, M. A., Hussein, I. T., Sheema, S., Little, A.,
and Mir, M. A. (2011) Characterization of the Interaction between hantavirus nucleocapsid protein (N) and ribosomal protein S19 (RPS19). J. Biol.
Chem. 286, 11814 –11824
17. Weber, F., Bridgen, A., Fazakerley, J. K., Streitenfeld, H., Kessler, N., Randall, R. E., and Elliott, R. M. (2002) Bunyamwera bunyavirus nonstructural
protein NSs counteracts the induction of ␣/␤ interferon. J. Virol. 76,
7949 –7955
18. Kainulainen, M., Habjan, M., Hubel, P., Busch, L., Lau, S., Colinge, J.,
Superti-Furga, G., Pichlmair, A., and Weber, F. (2014) Virulence factor
NSs of rift valley fever virus recruits the F-box protein FBXO3 to degrade
subunit p62 of general transcription factor TFIIH. J. Virol. 88, 3464 –3473
19. Becchetti, A., Munaron, L., and Arcangeli, A. (2013) The role of ion channels and transporters in cell proliferation and cancer. Front. Physiol. 4, 312
20. Lang, F., Shumilina, E., Ritter, M., Gulbins, E., Vereninov, A., and Huber,
S. M. (2006) Ion channels and cell volume in regulation of cell proliferation
and apoptotic cell death. Contr. Nephrol. 152, 142–160
21. Feske, S., Skolnik, E. Y., and Prakriya, M. (2012) Ion channels and transporters in lymphocyte function and immunity. Nat. Rev. Immunol. 12,
532–547
22. Igloi, Z., Mohl, B. P., Lippiat, J. D., Harris, M., and Mankouri, J. (2015)
Requirement for chloride channel function during the hepatitis C virus life
cycle. J. Virol. 89, 4023– 4029
23. Mankouri, J., Dallas, M. L., Hughes, M. E., Griffin, S. D., Macdonald, A.,
Peers, C., and Harris, M. (2009) Suppression of a pro-apoptotic K⫹ channel as a mechanism for hepatitis C virus persistence. Proc. Natl. Acad. Sci.
U.S.A. 106, 15903–15908
24. Hsu, K., Seharaseyon, J., Dong, P., Bour, S., and Marbán, E. (2004) Mutual
functional destruction of HIV-1 Vpu and host TASK-1 channel. Mol. Cell
14, 259 –267
25. Irvine, E., Keblesh, J., Liu, J., and Xiong, H. (2007) Voltage-gated potassium
channel modulation of neurotoxic activity in human immunodeficiency
virus type-1(HIV-1)-infected macrophages. J. Neuroimmune Pharmacol.
2, 265–269
26. Sakurai, Y., Kolokoltsov, A. A., Chen, C. C., Tidwell, M. W., Bauta, W. E.,
Klugbauer, N., Grimm, C., Wahl-Schott, C., Biel, M., and Davey, R. A.
(2015) Ebola virus. Two-pore channels control Ebola virus host cell entry

Kⴙ Channels Are Required for BUNV Infection

3422 JOURNAL OF BIOLOGICAL CHEMISTRY

rents: two-pore domain potassium channels. Physiol. Rev. 90, 559 – 605
59. Frugulhetti, I. C., and Rebello, M. A. (1989) Na⫹ and K⫹ concentration
and regulation of protein synthesis in L-A9 and Aedes albopictus cells
infected with Marituba virus (Bunyaviridae). J. Gen. Virol. 70, 3493–3499
60. Fontana, J., López-Montero, N., Elliott, R. M., Fernández, J. J., and Risco, C.
(2008) The unique architecture of Bunyamwera virus factories around the
Golgi complex. Cell. Microbiol. 10, 2012–2028
61. Shi, X., Lappin, D. F., and Elliott, R. M. (2004) Mapping the Golgi targeting
and retention signal of Bunyamwera virus glycoproteins. J. Virol. 78,
10793–10802
62. Novoa, R. R., Calderita, G., Cabezas, P., Elliott, R. M., and Risco, C. (2005)
Key Golgi factors for structural and functional maturation of bunyamwera
virus. J. Virol. 79, 10852–10863
63. Kudo, S., and Ishizaki, T. (1999) Pharmacokinetics of haloperidol: an update. Clin. Pharmacokinetics 37, 435– 456
64. Shin, H. W., Soh, J. S., Kim, H. Z., Hong, J., Woo, D. H., Heo, J. Y., Hwang,
E. M., Park, J. Y., and Lee, C. J. (2014) The inhibitory effects of bupivacaine,
levobupivacaine, and ropivacaine on K2P (two-pore domain potassium)
channel TREK-1. J. Anesthesia 28, 81– 86
65. Miller, A. N., and Long, S. B. (2012) Crystal structure of the human twopore domain potassium channel K2P1. Science 335, 432– 436
66. Nieva, J. L., Madan, V., and Carrasco, L. (2012) Viroporins: structure and
biological functions. Nat. Rev. Microbiol. 10, 563–574
67. Shtanko, O., Nikitina, R. A., Altuntas, C. Z., Chepurnov, A. A., and Davey,
R. A. (2014) Crimean-Congo hemorrhagic fever virus entry into host cells
occurs through the multivesicular body and requires ESCRT regulators.
PLoS Pathogens 10, e1004390
68. Carvalho, F. A., Carneiro, F. A., Martins, I. C., Assunção-Miranda, I., Faustino, A. F., Pereira, R. M., Bozza, P. T., Castanho, M. A., Mohana-Borges,
R., Da Poian, A. T., and Santos, N. C. (2012) Dengue virus capsid protein
binding to hepatic lipid droplets (LD) is potassium ion dependent and is
mediated by LD surface proteins. J. Virol. 86, 2096 –2108
69. Kaakkola, S., Lehtosalo, J., and Laitinen, L. A. (1982) Changes in bloodbrain barrier permeability to drugs in decompressed rats. Undersea Biomedical Research 9, 233–240
70. Tauro, L. B., Rivarola, M. E., Lucca, E., Mariño, B., Mazzini, R., Cardoso,
J. F., Barrandeguy, M. E., Teixeira Nunes, M. R., and Contigiani, M. S.
(2015) First isolation of Bunyamwera virus (Bunyaviridae family) from
horses with neurological disease and an abortion in Argentina. Veterinary
J. 206, 111–114
71. Murphy, F. A., Harrison, A. K., and Tzianabos, T. (1968) Electron microscopic observations of mouse brain infected with Bunyamwera group arboviruses. J. Virol. 2, 1315–1325

VOLUME 291 • NUMBER 7 • FEBRUARY 12, 2016

Downloaded from http://www.jbc.org/ at Univ of Reading on May 24, 2016

46. Bräuner, T., Hülser, D. F., and Strasser, R. J. (1984) Comparative measurements of membrane potentials with microelectrodes and voltage-sensitive
dyes. Biochim. Biophys. Acta 771, 208 –216
47. Baxter, D. F., Kirk, M., Garcia, A. F., Raimondi, A., Holmqvist, M. H., Flint,
K. K., Bojanic, D., Distefano, P. S., Curtis, R., and Xie, Y. (2002) A novel
membrane potential-sensitive fluorescent dye improves cell-based assays
for ion channels. J. Biomol. Screening 7, 79 – 85
48. Bagal, S. K., Brown, A. D., Cox, P. J., Omoto, K., Owen, R. M., Pryde, D. C.,
Sidders, B., Skerratt, S. E., Stevens, E. B., Storer, R. I., and Swain, N. A.
(2013) Ion channels as therapeutic targets: a drug discovery perspective.
J. Med. Chem. 56, 593– 624
49. Hu, C. L., Liu, Z., Zeng, X. M., Liu, Z. Q., Chen, X. H., Zhang, Z. H., and
Mei, Y. A. (2006) 4-aminopyridine, a Kv channel antagonist, prevents
apoptosis of rat cerebellar granule neurons. Neuropharmacology 51,
737–746
50. Dwivedi, R., Saha, S., Chowienczyk, P. J., and Ritter, J. M. (2005) Block of
inward rectifying K⫹ channels (KIR) inhibits bradykinin-induced vasodilatation in human forearm resistance vasculature. Arterioscl. Thromb.
Vasc. Biol. 25, e7–9
51. Jiang, Y., and MacKinnon, R. (2000) The barium site in a potassium channel by x-ray crystallography. J. Gen. Physiol. 115, 269 –272
52. Mathie, A., Al-Moubarak, E., and Veale, E. L. (2010) Gating of two pore
domain potassium channels. J. Physiol. 588, 3149 –3156
53. Goldstein, S. A., Bayliss, D. A., Kim, D., Lesage, F., Plant, L. D., and Rajan,
S. (2005) International Union of Pharmacology. LV. Nomenclature and
molecular relationships of two-P potassium channels. Pharmacol. Rev. 57,
527–540
54. Lesage, F., and Lazdunski, M. (2000) Molecular and functional properties
of two-pore-domain potassium channels. Am. J. Physiol. Renal Physiol.
279, F793–F801
55. Goldstein, S. A. (2011) K2P potassium channels, mysterious and paradoxically exciting. Science Signaling 4, pe35
56. Dong, Y. Y., Pike, A. C., Mackenzie, A., McClenaghan, C., Aryal, P., Dong,
L., Quigley, A., Grieben, M., Goubin, S., Mukhopadhyay, S., Ruda, G. F.,
Clausen, M. V., Cao, L., Brennan, P. E., Burgess-Brown, N. A., Sansom,
M. S., Tucker, S. J., and Carpenter, E. P. (2015) K2P channel gating mechanisms revealed by structures of TREK-2 and a complex with Prozac.
Science 347, 1256 –1259
57. Musset, B., Meuth, S. G., Liu, G. X., Derst, C., Wegner, S., Pape, H. C.,
Budde, T., Preisig-Müller, R., and Daut, J. (2006) Effects of divalent cations
and spermine on the K⫹ channel TASK-3 and on the outward current in
thalamic neurons. J. Physiol. 572, 639 – 657
58. Enyedi, P., and Czirják, G. (2010) Molecular background of leak K⫹ cur-

Modulation of Potassium Channels Inhibits Bunyavirus Infection
Samantha Hover, Barnabas King, Bradley Hall, Eleni-Anna Loundras, Hussah Taqi,
Janet Daly, Mark Dallas, Chris Peers, Esther Schnettler, Clive McKimmie, Alain Kohl,
John N. Barr and Jamel Mankouri
J. Biol. Chem. 2016, 291:3411-3422.
doi: 10.1074/jbc.M115.692673 originally published online December 16, 2015

Access the most updated version of this article at doi: 10.1074/jbc.M115.692673

Click here to choose from all of JBC's e-mail alerts
This article cites 71 references, 33 of which can be accessed free at
http://www.jbc.org/content/291/7/3411.full.html#ref-list-1

Downloaded from http://www.jbc.org/ at Univ of Reading on May 24, 2016

Alerts:
• When this article is cited
• When a correction for this article is posted

