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Abstract

on influenza A virus replication.

Background: The essential role of copper in eukaryotic cellular physiology is known, but has not been recognized
as important in the context of influenza A virus infection. In this study, we investigated the effect of cellular copper

Methods: Influenza A/WSN/33 (H1N1) virus growth and macromolecule syntheses were assessed in cultured human
lung cells (A549) where the copper concentration of the growth medium was modified, or expression of host genes
involved in copper homeostasis was targeted by RNA interference.

Results: Exogenously increasing copper concentration, or chelating copper, resulted in moderate defects in viral
growth. Nucleoprotein (NP) localization, neuraminidase activity assays and transmission electron microscopy did
not reveal significant defects in virion assembly, morphology or release under these conditions. However, RNAi
knockdown of the high-affinity copper importer CTR1 resulted in significant viral growth defects (7.3-fold reduced
titer at 24 hours post-infection, p = 0.04). Knockdown of CTR1 or the trans-Golgi copper transporter ATP7A
significantly reduced polymerase activity in a minigenome assay. Both copper transporters were required for
authentic viral RNA synthesis and NP and matrix (M1) protein accumulation in the infected cell.

Conclusions: These results demonstrate that intracellular copper regulates the influenza virus life cycle, with
potentially distinct mechanisms in specific cellular compartments. These observations provide a new avenue for
drug development and studies of influenza virus pathogenesis.
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Background

Influenza A remains a critical concern not only for
human health but also for wildlife health and the live-
stock industry. Seasonal human strains cause significant
mortality [1], and highly pathogenic avian viruses result
in flock loss as well as continuing to threaten new
human pandemics [2, 3]. While vaccination of human
populations is one available intervention, it is not com-
pletely effective and may not prevent the emergence
and spread of novel viruses. Application of antiviral

* Correspondence: jlburkhead@uaa.alaska.edu; ebortz@uaa.alaska.edu
Equal contributors

'Department of Biological Sciences, University of Alaska Anchorage,
Anchorage, AK, USA

Full list of author information is available at the end of the article

( ) BiolVled Central

therapies is another approach to increase our readiness
for pandemic outbreaks. Antivirals such as oseltamivir,
which target viral processes, have shown utility, but
drug resistant viruses can emerge [4]. Antivirals that
target host processes important for the virus have po-
tential to circumvent the development of resistance,
and targeting of host processes has shown therapeutic
promise for other viruses [5]. Several specific host fac-
tors important for influenza replication have been iden-
tified, for example; the endosomal coat protein complex
(COP-I) and vacuolar ATPase regulate virion entry and
uncoating [6], RNA binding proteins are essential for
viral RNA synthesis [7], and karyopherins are involved
in nucleocytoplasmic transport of viral ribonucleopro-
tein (VRNP) [8]. Likewise, some host processes that
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regulate influenza A virus budding and release have
been identified. The F1Fo-ATPase was found to be
important for release of infectious virus particles [9],
while in contrast, virion release for some influenza A
virus strains is antagonized by histone deacetylase 6
[10] and the antiviral protein tetherin [11]. Discovery
of additional host processes involved in virion pro-
duction will provide additional options for therapy
development.

Copper handling machinery is evolutionarily con-
served throughout eukaryotes, and copper homeostasis
is recognized as important in human health. Copper
transport machinery has been identified as important in
macrophage antimicrobial responses [12]; however, little
is known about the role of copper related processes in
influenza infection. Copper is an important cofactor for
a number of critical cellular processes, including cellular
respiration and mitigation of oxidative stress. Many
additional copper-dependent processes are observed in
specific tissues, such as modulation of lipid metabolism
in the liver [13, 14], and neurotransmitter processing in
the brain [15, 16]. In the lung and respiratory tract,
extracellular matrix synthesis requires the copper-
containing enzyme lysyl oxidase [17]. Recent work has
further revealed altered expression of copper trans-
porters in response to pulmonary hypertension [18]. As
copper ions exist in two oxidative states, reduced Cu'*
(I) and oxidized Cu®** (II), with different biological
activities, the cell maintains tight control of copper oxi-
dation and subcellular distribution through regulation
of highly conserved copper binding proteins and trans-
port machinery (for review, see [19]). This control is
mediated by a system of copper transporters and chap-
erones that direct copper ions, generally monovalent
Cu (I), to cellular compartments for physiological
functions. The copper transporter CTR1 (SLC31A1) is
important for uptake of copper ions, imported as Cu
(I), from the extracellular space [20]. CTR1 is
expressed in most tissues, and defects may be related
to disease conditions including Alzheimer’s disease
[21]. The copper transporter ATP7A is also expressed
in most cells, and transports Cu (I) ions from the cyto-
solic compartment into the trans-Golgi network, vesi-
cles, and eventually exports excess copper into the
extracellular space; defects in this gene are the cause of
Menkes disease [22]. ATP7A’s subcellular location is modi-
fied in response to different conditions, which is one mech-
anism in the maintenance of copper homeostasis [23].

Little is known about the role of copper and copper
dependent processes in influenza-infected cells. In an
RNAi based screen for host factors, knockdown of sev-
eral genes that regulate copper homeostasis including
CTR1 and ATP7A was reported to affect influenza
virus replication in human lung A549 cells [6],
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suggesting a potential role for copper in viral replica-
tion. Additionally, studies have found that copper can
inactivate avian influenza particles on surfaces and
clothing [24, 25], and the copper dependent enzyme
SOD1 is important for influenza oxidative stress regu-
lation [26]. Further, the viral ion channel M2 was found
to be inhibited by copper ions in an oocyte based ex-
perimental system [27]. There are also some data that
indicate an effect of dietary copper on immune re-
sponse to influenza [28], which supports further inves-
tigation into the role of copper in influenza infection.
Perhaps the most telling research on the effect of intra-
cellular copper on the virus showed that thujaplicin-
copper chelates inhibited influenza induced apoptosis
and viral particle production in a tissue culture (MDCK
cells) model of infection [29].

To further investigate the influence of cellular cop-
per on influenza A virus replication, we tested the ef-
fect of altered copper environments on the viral life
cycle in a tissue culture model of lung cell infection.
We assessed the effects on the virus that result from
altering the amount of copper available to the cells, as
well as the effects from knocking down host genes re-
lated to copper homeostasis. We evaluated the impact
these treatments had on virus replication generally, as
well as on specific aspects of viral function. We
observed that altered copper concentration in the
growth medium and knockdown of host gene expres-
sion resulted in distinct viral replication defects. These
results begin to define the importance of cellular cop-
per metabolism in influenza processes, and indicate
the copper related pathways that show promise for
further investigation.

Methods

Cultured cells and virus

A549 lung adenocarcinoma cells and Madin-Darby
Canine Kidney (MDCK) cells were cultured in DMEM
(Corning Inc., Manassas, VA) supplemented with 10%
EBS (Atlas Biologicals, Fort Collins, CO).

Influenza A/WSN/33 (HIN1) virus stocks were
grown in MDCK cells, and titered by plaque assay on
MDCK cells [7]. The genome of our stock of WSN
was sequenced and compared to those recorded in the
Influenza Research Database. Two point mutations
were identified in our stock, which are not present in
the deposited sequences. In segment 6 (NA), a G to U
change at position 158 of the ORF results in a Ser to
Ile change at residue 53. In segment 7 (M), an A to G
change at position 502 of the ORF results in a Thr to
Ala change at residue 168. This latter change is known
[30] and does not alter virus growth characteristics in
cultured MDCK cells.
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Copper and chelator treatments

Cells were treated with 50 pM CuCl, (Acros Organics,
Morris Plains, NJ) or 10 pM ammonium tetrathiomo-
lybdate (TTM; Sigma-Aldrich, St. Louis, MO) by sup-
plementing normal growth medium and inoculums,
beginning at 24 hours prior to subsequent treatments,
i.e. infection. TTM is an efficient intracellular copper
chelator [31, 32]. Intracellular copper concentrations in
complete lysates of untreated, 10 uM TTM, and 50 uM
CuCl, treatment of A549 cells were assessed by induct-
ively coupled plasma mass spectrometry (ICP-MS)
elemental analysis (courtesy of M. Ralle, Oregon Health
& Science University). Cytotoxicity of CuCl, and TTM
on cell viability was assayed by chemiluminescent ATP
quantitation; CellTiter-Glo (Promega, Madison, WI).
No decrease in luminescence was observed below con-
centrations of CuCl, or TTM at least 5 fold higher than
used for this study. Additionally, the possible effect of
these treatments on virion viability was assayed. Copper
ions have previously been seen to inactivate HIN2
virions [24]. To determine if such inactivation was oc-
curring in our conditions, inoculums were prepared as
for infections and incubated in the presence of CuCl,
or TTM but without cells. No effect on titer was ob-
served at the concentrations used for this study.

RNAi knockdowns

Expression of cellular copper transport genes in A549 cells
was reduced by transfection with endoribonuclease-
prepared siRNAs (esiRNAs). Transfection mixes were pre-
pared with Lipofectamine RNAiMax (Life Technologies,
Carlsbad, CA) and 5 to 20 nM of siRNA Universal
Negative Control, MISSION esiRNA human CTR1
(SLC31A1), or MISSION esiRNA human ATP7A
(Sigma-Aldrich, St. Louis, MO). Cells were seeded onto
mixes 36 hours prior to infection.

MISSION esiRNAs (Sigma-Aldrich) comprise a multi-
plex pool of siRNA that target a specific mRNA se-
quence, leading to highly specific gene silencing [33].
The effect of knockdowns on cell viability was assessed,
as for CuCl, or TTM treatments above, by CellTiter-
Glo. Experimental esiRNA concentrations were chosen
such that cell viability, as determined by this assay, was
equivalent to the negative control siRNA knockdown.
Knockdown efficiencies were validated by quantitative
reverse-transcriptase—PCR  (qRT-PCR) with primers
specific to the target gene. For both esiRNAs, the target
transcript levels were reduced by around 90% relative
to the negative control siRNA knockdown (data not
shown).

Viral RNA quantification
Control A549 cells and those treated with either Cu,
TTM or esiRNA were infected at multiplicity of
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infection (MOI) =1, and at the indicated times were
washed with phosphate buffered saline (PBS). Lysates
were harvested in buffer RLT and RNAs extracted by
RNeasy kit (Qiagen, Valencia, CA). Viral RNA was
quantified by qRT-PCR, using SYBR green based detec-
tion. Reverse-transcription and PCR reactions were per-
formed in one tube with the iTaq kit (BioRad, Hercules,
CA), in a BioRad CFX96 thermocycler. Primers for the
viral RNA were specific to the nucleoprotein (NP) gene
(segment 5). Similar results were obtained with primers
specific to the M gene (segments 7), thus we present
the representative NP data. Primers specific to 18S
rRNA were used as the reference, and relative expres-
sion was calculated using the 27(-Delta Delta C(T))
method [34]. Statistical significance was assessed by
paired two-tailed ¢-test, p < 0.05.

Viral minigenome assay

Viral polymerase activity was assessed using an experi-
mentally optimized minigenome assay with viral poly-
merase expression vectors (VPOL: pCAGGS-NP and
pCAGGS-PB1, -PB2, and -PA, in a 5:2:1:2 ratio), a
VRNA firefly luciferase reporter construct (minigenome),
and Renilla luciferase expression plasmid as an internal
transfection control, as we described previously [7].
A549 cells were transfected with esiRNA and incubated
for 36 hours. Cells were then transfected with VPOL,
minigenome, and Renilla plasmids, using the FuGENE
HD transfection reagent (Promega), following the manu-
facturer’s recommendations. 24 hours after the second
transfection, cells were harvested and assayed using the
Dual Luciferase Reporter Assay (Promega) on a BioTek
Synergy HT reader.

Viral protein quantification

Proteins were extracted from the same samples har-
vested for viral RNA quantification, above. Extractions
from buffer RLT were performed using the iced acet-
one method described by the manufacturer (Qiagen).
Proteins were separated by denaturing SDS polyacryl-
amide gel electrophoresis, and transferred to PVDF
(Pall Corp., Pensacola, FL). Immunoblotting was per-
formed with monoclonal antbody to influenza NP
(AA5H; AbCam, Cambridge, MA) or anti-M1 poly-
clonal (a kind gift of Dr. Adolfo Garcia-Sastre, Icahn
School of Medicine at Mount Sinai), and peroxidase
conjugated secondary antiserum. Blots were imaged
with Supersignal substrate (ThermoFisher Scientific,
Carlsbad, CA), on a Cell Biosciences FluorChem HD2.
Consistent loading was monitored by Coomassie Bril-
liant Blue R-250 (Amresco, Solon, OH) staining of the
post-transfer gel.
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Viral growth kinetics and neuraminidase activity

Control A549 cells and those treated with either Cu,
TTM or esiRNA were infected at MOI=1. Culture
medium was sampled and replaced at 12-hour intervals.
The titer of infectious particles was quantified by immu-
nostaining in MDCK cells as follows: inocula were pre-
pared by tenfold serial dilution of the samples, and
subconfluent MDCK monolayers in 96 well plates were
infected. After 8 hours, cells were fixed in 4% parafor-
maldehyde in PBS, and permeabilized with 0.1% NP-40
in PBS. Membranes were blocked with 1% non-fat dry
milk, then probed with antiserum to the NP protein and
a fluorescently tagged secondary antiserum, and fluores-
cent foci counted. Total counts of each well were taken,
for at least two dilutions per sample. Dilutions showing
between 5 and 500 fluorescent foci were chosen, and the
fluorescent forming units (FFU) per mL calculated as an
average from these multiple counts.

Neuraminidase (NA) activity in the harvested medium
was quantified by NA-Fluor kit (Applied Biosystems,
Foster City, CA). Serial dilutions of samples were com-
bined with an equal volume of substrate working solu-
tion, and incubated 60 minutes. The stop solution was
added and fluorescence determined in a BioTek Synergy
HT reader. Fluorescence values were normalized to the
titer of each sample.

Immunofluorescence microscopy

CuCl, concentrations were 10 pM for this experiment.
Treated A549 cells were infected at MOI = 1. At 12 hours
post infection (h.p.i.), cells were washed with PBS, fixed
in 4% paraformaldehyde, and permeabilized with 0.1%
saponin. Samples were probed with primary antisera
using sheep anti-TGN46 (Serotec), rabbit anti-ATP7A (a
gift from S. Lutsenko), or anti-NP monoclonal AA5H, in
PBS with 0.05% Tween 20 and 3% bovine serum albu-
min. Secondary antisera conjugated to Alexa Fluor 488,
532, or 647 were used for visualization, and mounted in
VectaShield with DAPI (Vector Laboratories, Burlin-
game, CA). Images were captured at room temperature
with a Leica DM6000 B microscope with a 63x oil
immersion objective, numerical aperture =14, and a
Photometrics (Tucson, AZ) CoolSNAP MYO camera.
Software for capture and deconvolution was Leica Appli-
cation Suite X (LAS X) and image placement Adobe
Ilustrator.

Transmission electron microscopy

Treated A549 cells were infected at MOI=5. At
16 h.p.i., cells were washed with PBS and fixed in 2.5%
glutaraldehyde (Electron Microscopy Sciences, Fort
Washington, PA) and 0.1 M cacodylate, pH 7.4. Cells
were then embedded in Eponate 12 resin, cut into 80-
nm sections, and stained with 5% uranyl acetate and 2%
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lead citrate at the Emory Robert P. Apkarian Integrated
Electron Microscopy Core. After sample preparation,
grids were imaged at 75 kV using a Hitachi H-7500
transmission electron microscope.

Results and discussion
Processes in cellular copper metabolism overlap with the
influenza virus lifecycle. To study their relationship, if
any, we examined the effect of the intracellular copper
concentration on influenza A replication. Using the hu-
man lung epithelial adenocarcinoma cell line A549;
intracellular copper (I) concentration was raised by sup-
plementing the growth medium with 50 uM CuCl,, or
lowered by supplementing with 10 uM of copper chela-
tor TTM. TTM decreases the bioavailable copper [35],
which promotes trans-Golgi localization of the copper
exporter ATP7A [36]. As expected, intracellular copper
concentration relative to protein content in A549 cell
extracts was approximately 15-fold higher for 50 pM
CuCl, treatment, and 3-fold lower for 10 yM TTM
treatment, in comparison to untreated A549 cells, as
measured by ICP-MS elemental analysis (Table 1).
Treated cells were then infected with influenza A/
WSN/33 (HIN1). Viral growth in cells with altered
copper levels was assessed by measuring infectious
particles released at 12 hour intervals (Fig. 1a). Alter-
ation of physiological copper concentration in A549
cells resulted in a moderate reduction in the titer of
virus produced late in the virus lifecycle, both under
10 uM of chelator TTM at 24 hours post infection
(h.p.i.) (p=0.051) and 36 h.p.i. (p =0.005), and 50 uM
of exogenous CuCl, at 36 h. p.i. (p =0.038) treatment
(Fig. 1a). These data suggest that the homeostatic bal-
ance of copper ions in host cells is important in the

Table 1 Elemental analysis of total intracellular copper in A549

cells by ICP-MS
A549 Treatment® Protein lonized Cu?* Intracellular
BCA® ug/ul  ICP-MS“ug/g  Cu?* Ratio

to Control®

Media 0.663 4.0 1.0

10 UM TTM 0.686 1.2 03

50 uM Cucl2 0.144 129 14.8

Negative Control siRNA 0.680 2.7 1.0

CTR1 esiRNA 0472 1.6 09

ATP7A esiRNA 0.502 182 9.1

2A549 cells were untreated (Media), treated with 50 uM CuCl, or 10 uM
ammonium tetrathiomolybdate (TTM), or transfected with indicated siRNA for
24 hours, washed in PBS and lysed in RIPA buffer

PProtein measured by BCA assay

Elemental analysis of total intracellular copper (ionized to Cu?*) by inductively
coupled plasma mass spectrometry (ICP-MS)

9ntracellular Cu was normalized to protein content for control conditions of
Media alone (x* < 0.001), or Negative Control siRNA (x* < 0.001), expressed as a
ratio to each control condition, respectively; x?, chi-squared test against

null model
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Fig. 1 Addition of copper or chelator inhibits viral growth but not macromolecular accumulation. A549 cells’ growth medium was supplemented
with 50 pM CuCl, or 10 uM TTM, to alter intracellular copper concentration, 24 hours before infection with influenza A/WSN/33 (H1N1). (a) At the
indicated times post infection, infectious particles released into the medium were determined by immunostain assay. A representative data set is
shown (i), with mean and standard deviation from the control condition for 3 independent experiments shown in accompanying panel (ii).
Titer = fluorescent center forming units per mL. (b) At the indicated times cells were lysed and RNA extracted. Relative viral RNA amounts
were determined by gRT-PCR with primers for the NP (segment 5) RNA and the host 18S rRNA. The means of two technical replicates are displayed
as points, with the mean and standard deviation of three biological replicates indicated with whiskers. (c) At 12 h.p.i. cells were lysed and

proteins extracted. Proteins were subjected to western blotting using antisera to the viral NP protein. A representative blot of at least 3
independent experiments is shown. After transfer the gels were stained with coomassie blue; a section is shown as loading control

viral life cycle. To further assess this effect, viral RNA
accumulation was assayed in treated cells early and
late in infection (Fig. 1b). In this assay, increased cop-
per did not have a significant effect on viral RNA
levels. TTM chelator treatment did display a trend of
lower RNA levels at 12 h.p.i. (p =0.09), but differences
in RNA levels were not significant at later time points
or for CuCl, treatment. Thus in both treatments the
level of viral RNA in treated cells weakly correlated
with the decreased titers observed. To assess effects
on viral protein levels, treated cells were harvested at
12 h.p.i. and viral nucleoprotein (NP) levels assessed

by western blotting. While less NP protein accumu-
lated under TTM chelator treatment (Fig. 1c), similar
to the trend observed with viral RNA synthesis
(Fig. 1b), the difference paralleled a significant reduc-
tion in infectious titer (Fig. la). Viral macromolecular
synthesis or accumulation appears less affected than
infectious particle production, suggesting that copper-
binding host proteins in the cell retain their copper
under TTM or CuCl2 treatment, and function rela-
tively normally in the early stages of infection. Thus,
the defect caused by altering cellular copper with
TTM or CuCl, affects macromolecular synthesis, and
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in part, efficient assembly and release of new particles.
Additionally, fluorescent centers appeared to cluster
more in virus preparations from treated cells, an ob-
servation that also supports an assembly phenotype
(data not shown).

To further assess the effect of copper metabolic path-
ways on influenza infection, we examined the require-
ments for genes central to copper homeostasis by RNAi
knockdown. Viral replication was assayed in cells trans-
fected with endoribonuclease-prepared siRNA (esiRNA)
pools [33] to ablate transcripts encoding the copper im-
porter CTR1 or copper transporter ATP7A. In A549
cells targeted by RNAI, intracellular copper was 9-fold
higher in ATP7A knockdown (Table 1), consistent with
impaired Cu efflux through the secretory pathway;
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CTR1 knockdown only mildly decreased total intracellu-
lar Cu, although intracellular copper distribution could
not be assessed. Knockdown of ATP7A resulted in
mildly depressed virus production (1.4-fold decrease,
p=0.05) only late in infection (36 h.p.i.), However,
CTR1 knockdown resulted in marked decrease in in-
fectious particles released by 24 h.p.i. (7.3-fold, p =
0.04,) with significant reduction persisting at 36 h.p.i.
(p=0.013) (Fig. 2a). CTR1 knockdown exhibited a
mild but not significant decrease in titer early in infec-
tion (12 h.p.i., p=0.13). Efficiency of knockdown of
ATP7A and CTR1 transcripts and protein, in compari-
son to nontarget siRNA control, were analyzed by
quantitative RT-PCR (Fig. 2b) and immunofluores-
cence assay (Fig. 2c), respectively. These results imply
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Fig. 2 Knockdown of host copper homeostasis genes affects viral growth. A549 cells were transfected with esiRNAs 48 hours before infection
with influenza A/WSN/33 (H1N1). (@) At the indicated times post infection, infectious particles released into the medium were determined by
immunostain assay. A representative data set is shown (i), with mean and standard deviation from the control condition for 3 independent
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. Control siRNA

egative ATPT7A esiRNA
Control siRNA

experiments shown in accompanying panel (ii). Titer = fluorescent center forming units per mL. (b) Total cellular RNA was harvested, and ATP7A
and CTR1 transcripts quantified by gRT-PCR and normalized to 18S rRNA reference by AACt method. (c) ) Immunofluorescence microscopy
evaluating knockdown depletion and subcellular localization of ATP7A and CTR1 in uninfected A549 cells; DAPI, blue; TGN46, magenta; CTR1,
green (ii); ATP7A, green (ii). Scale bar, 10 um
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that copper transporter-mediated distribution of intra-
cellular copper is necessary for sustaining efficient
viral replication.

To understand the necessity for copper transport in
earlier stages of infection, we analyzed viral RNA and
protein syntheses in cells targeted by knockdown of
CTR1 or ATP7A copper transporters (Fig. 3). CTR1
knockdown significantly reduced viral RNA synthesis
(4 h.p.i, p=0.006), as did ATP7A at this timepoint (p =
0.007). Viral RNA synthesis significantly lagged in CTR1
knockdown (12 h.p.i, p=0.06; 24 h.p.i, p=0.01), while
knockdown of ATP7A did not produce a significant ef-
fect after 4 h.p.i. (Fig. 3a). These data suggested that
copper distribution in the cell is necessary for viral RNA
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synthesis. To study whether copper transporters affect
activity of the influenza A viral RNA-dependent RNA
polymerase complex, we assayed viral polymerase activ-
ity in the absence of other viral processes, using a mini-
genome reporter assay (Fig. 3b). In alignment with
reduced RNA synthesis during intact viral infection
(Fig. 3a), viral polymerase activity was drastically re-
duced (p<1077) by knockdown of either CTR1 or
ATP7A (Fig. 3b). In parallel to decreased viral RNA syn-
thesis, in infected cells, synthesis of viral nucleoprotein
(NP) (Fig. 3c) and matrix protein (M1) (Fig. 3d) were
both markedly reduced by knockdown of either CTR1
or ATP7A. Interestingly, ATP7A knockdown caused
more noticeable depression of viral RNA and protein
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Fig. 3 Knockdown of host copper homeostasis genes affects viral macromolecular accumulation. (a) At the indicated times cells were lysed and
RNA extracted. Relative viral RNA amounts were determined by qRT-PCR with primers for the NP (segment 5) RNA and the host 18S rRNA. The
means of two technical replicates are displayed as points, with the mean and standard deviation of three biological replicates indicated with
whiskers. (b) esiRNA treated cells were transfected with VPOL, firefly luciferase minigenome, and Renilla luciferase expression vectors. Relative viral
RNA replication was assessed by normalizing firefly luciferase activity to Renilla luciferase activity. Biological replicates are displayed as points, with
the mean and standard deviation of six biological replicates indicated with whiskers. (c and d) At 12 h.p.i. cells were lysed and proteins extracted.
Proteins were subjected to western blotting using antisera to (c) viral NP protein, or (d) viral M1 protein. Relative viral proteins in knockdown
immunoblots were quantified by densitometry. After transfer, gels were stained with Coomassie Brilliant Blue; a section is shown as loading control
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synthesis than overall infectious particle production,
suggesting that viral RNA and proteins are produced in
excess in A/WSN/33 (HIN1) infection of A549 cells
while copper transport is necessary for efficient virion
production.

We found these results intriguing. In experiments
where copper concentration was altered by copper che-
lator TTM , or adding exogenous CuCl, a larger effect
was observed on infectious particles released than on
RNA and protein levels (Fig. 1). RNA and protein levels
were however affected by knockdown of copper trans-
porters, with concomitant reduced RNA (Fig. 3a) and
protein (Fig. 3¢, d) syntheses, upstream of an observed
decrease in titer (Fig. 2a). Thus, we sought to further
understand how changing total copper concentration
might affect late steps in the viral lifecycle, i.e. virion as-
sembly, maturation, and release. Neuraminidase (NA),
the viral glycoprotein that facilitates release from the
mother cell, undergoes maturation and export through
the Golgi network. CuCl, and TTM treatments likely
affect copper concentrations within the Golgi, possibly
affecting glycoprotein maturation and function such as
the disulfide bonding required for NA function [37]. The
amount of NA activity was assayed in particles released
from cells treated with CuCl, and TTM (Fig. 4a). A
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small increase in NA activity per infectious unit of virus
was observed in particles produced by cells treated with
exogenous CuCl, (p =0.03), but not with TTM copper
chelator. This suggests that virion-associated neuramin-
idase enzyme activity is in part dependent on copper in
the host cells. We have not ruled out a redox-related
mechanism whereby exogenous CuCl, treatment leading
to excess Cu (I) in the cell (Table 1) could affect redox
potential, and thus glycoprotein processing, in the
secretory pathway. Future work will evaluate copper’s ef-
fect on the oligomerization/disulfide bond formation
[38], protease cleavage [39], glycosylation [40], and traf-
ficking of virion glycoproteins to the apical cell surface
[41].

Also having observed reduced virus titers when copper
concentrations were altered (Fig. 1), we hypothesized
that virion assembly or morphology could be copper-
dependent. To further analyze effects on assembly, the
budding of virions from the plasma membrane was visu-
alized. Cells were again treated with CuCl, or TTM and
infected with influenza A/WSN/33 (HIN1), then fixed
and imaged by transmission electron microscopy (TEM).
Although we had observed a quantifiable difference in
infectious particle production under CuCl, or TTM
treatment (Fig. 1a), no significant differences in virion
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Fig. 4 Alteration of copper does not disrupt virion neuraminidase activity or particle morphology. A549 cells were untreated (Naught) or treated
24 hours with 50 uM CuCl, or 10 uM TTM before infection with influenza A/WSN/33 (H1N1) virus (MOl = 1). (@) Extracellular virus was harvested
from cell supernatants 48 h.p.i. and analyzed by fluorescent substrate-based neuraminidase assay. Relative fluorescent units were normalized to
the number of plague forming units (PFU) in each sample. The means of 6 technical replicates are displayed as points, with the mean and standard
deviation of three biological replicates indicated with whiskers. (b) Cells were fixed 12 h.p.i. for transmission electron microscopy (TEM) analysis of viral
particles budding from plasma membrane; (i) no treatment (Naught), (i) 10 uM TTM, (iif) 50 uM CuCl,. Scale bar, 200 nm
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particle morphology and budding were noted (Fig. 4b).
Spherical (100 nm diameter) and oblong (100-200 nm
longitudinal axis) virus particles containing viral ribo-
nucleoptoein (VRNP) segments were predominantly
observed budding from untreated cells infected with
A/WSN/33 (H1N1) virus (Fig. 4b), as well as a minor-
ity of filamentous particles (>200 nm longitudinal axis,
<1%). In cells treated with CuCl, or TTM prior to
WSN infection, no observable differences were appar-
ent in gross virion particle morphology. Thus, altering
intracellular copper concentration apparently leads to
less efficient virion formation (i.e., lower titer), rather
than a defect in virion morphology. NA activity is
known to be a determinant of particle morphology,
with increased neuraminidase activity observed on
filamentous virions [42]. As virion NA activity was in-
creased in exogenous copper treatment (Fig. 4a), we
might also have expected a shift in the observed
sphere-to-filament ratio. However, fewer distinct fila-
mentous particles were visible budded from cells
treated with CuCl,, although the difference in fre-
quency was not significant. As influenza A/WSN/33
(HIN1) virus infection in cultured cells does not
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produce significant numbers of filamentous particles,
further investigation of the possible role of copper in mat-
uration of filamentous influenza A virions will require
analyses of filamentous-producing virus, such as those
harboring mutations in matrix proteins M1 [30, 42] or M2
[43].

To study how intracellular copper transport might
regulate influenza virion proteins, viral nucleoprotein
(NP) and copper transporter ATP7A were analyzed by
immunofluorescence. Early in infection, NP can be
found in the cell nucleus, later translocating to the
cytoplasm with vRNP during virion assembly stages [7].
In concordance with intact virion assembly (Fig. 4b),
infected cells showed little difference in punctate NP
distribution in the cytoplasm at 12 h.p.i. under no treat-
ment, exogenous CuCl, or TTM treatments (Fig. 5a).
As previously observed in other cell types [36], ATP7A
is a membrane-associated transporter protein that lo-
calized to a vesicular cytoplasmic compartment that
partly overlapped with trans-Golgi protein TGN46
(Fig. 2¢), a pattern maintained after TTM treatment or
exogenous CuCl, treatment (Fig. 5b). While ATP7A did
not fully co-localize with trans-Golgi marker TGN46,
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Fig. 5 Localization of influenza nucleoprotein and copper transporter ATP7A in infected cells treated with exogenous copper of chelator. (a)
A549 cells were untreated (Mock) or treated 24 hours with 50 uM CuCl, or 10 uM TTM before infection with influenza A/WSN/33 (HINT1) virus
(MOI = 1). Cells were fixed 12 h.p.i. for immunofluorescence microscopy to analyzing subcellular localization of NP. DAPI, blue; NP, green. Scale
bar, 10 um. (b) Immunofluorescence microscopy analyzing subcellular localization of ATP7A after CuCl, or TTM at 12 h.p.i. DAPI, blue; TGN46,
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influenza A virus infection altered localization of
ATP7A. ATP7A appeared in a dispersed vesicular pat-
tern in the cytoplasm in infected cells treated with ex-
ogenous copper, but in a more concentrated pattern
reminiscent of nuclear-proximal Golgi under TTM
treatment (Fig. 5b). These results suggest that influenza
A virus may disrupt copper-responsive trafficking of
ATP7A in the cell secretory pathway. It is important to
note that other viral proteins traffic through the cyto-
plasm during virion assembly. M2 functions to prevent
acidification of Golgi lumen, which could prematurely
trigger hemagglutinin (HA) conformational rearrange-
ment [44, 45]. Copper is trafficked through the Golgi in
a number of conditions, and HA glycoprotein process-
ing or NA maturation could be affected by altered cop-
per related conditions, in addition to potential effects
on M2 as noted previously [27]. How intracellular cop-
per distribution, and localization of copper transporter
proteins including ATP7A might affect trafficking and
maturation of viral proteins, and ultimately virus repli-
cation, is under further investigation.

Cellular compartments where viral life cycle and cop-
per transport overlap are summarized in Fig. 6. Entry of
influenza particles into the cell, mediated by the HA,
NA, and M2 proteins, involves interactions at the cell
surface and fusion and uncoating from the endosome.
These processes have the potential be affected as endo-
cytosis can be affected by copper concentration [46], and
ion concentrations are important for influenza’s entry
steps [47]. Compartmentalized copper has been found to
inhibit ion transport activity of viral M2 protein [27];
thus, intracellular copper distribution could also affect
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uncoating of entering virions. Viral RNA is synthesized
in the cell nucleus, and viral proteins are synthesized in
the cytosol. We found that the restriction of copper ions
by knockdown of either CTR1 or ATP7A grossly affects
viral RNA and protein syntheses in the nucleus and
cytoplasm, respectively (Fig. 3). Intracellular copper dis-
tribution is tightly regulated by CTR1, importing copper
into the cell, affecting the biological activity of chaper-
ones such as ATOX1 that in turn regulate functions of
cytoplasmic and nuclear host proteins, as well as ATP7A
(Fig. 6). Disruption of the trans-Golgi copper importer
ATP7A that regulates compartmentalized copper distri-
bution may lead to accumulation of copper in the cyto-
plasm or disruption in other compartments (Fig. 6).
However, increased expression of other copper trans-
porters, for example ATP7B, may be induced when
copper homeostasis is disrupted [48, 49], resulting in
compensatory redistribution of intracellular copper.
Thus, disruption of copper transport in infected cells
may influence copper homeostasis, and the virus life
cycle in a compartment-specific manner,

We expected the down-regulation of CTR1 to result in
an intracellular environment similar to chelator (TTM)
treatment, i.e. lower available copper. However, knock-
down of CTR1 or ATP7A (Fig. 2 and Fig. 3) had a more
dramatic effect on viral replication than the chelator
(Fig. 1). CTR1 inhibition results in a mild reduction in
available copper, and ATP7A knockdown results in cop-
per accumulation in the cells (Table 1). Disruption of
these proteins likely changes in copper availability and
possibly redox potential in subcellular compartments.
ATP7A transports copper ions from the cytosol to
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Fig. 6 Model of copper-mediated regulation of the influenza virus life cycle. Extracellular copper [Cu®*] shares topological space with virion
binding to host cell, and viral entry steps within the endosome. CTR1 imports extracellular copper to the cytoplasm. Intracellular copper [Cu'"]
is associated with the ATOX1 chaperone and other metalloproteins. From there, copper is actively transported into the secretory pathway by
ATP7A. ATP7A plays a role determining copper concentration in the cytosol and in ER, Golgi, and other membrane bound compartments,
where the viral glycoproteins HA and NA (o) are synthesized and mature. New viral RNA are synthesized in the nucleus, where ATOX1 may transport

intracellular [Cu'"]. In complex with matrix proteins (M1 and M2, 0), genomic viral RNA progeny are exported from the nucleus to associate with M1,
M2, HA, NA and other proteins to assemble budding virions at the plasma membrane, a site that is topologically in the cytosol
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compartments including the Golgi network and vesicles,
serving a biosynthetic role for the secretory pathway and
copper export role to maintain cellular copper balance
[48, 49]. It can be reasoned that in infected cells,
ATP7A-mediated transport of Cu (I) is required for ef-
ficient viral RNA and viral protein syntheses (Fig. 3).
We expected the effect of ATP7A knockdown would
resemble that of increased exogenous CuCl,, leading to
increased cytoplasmic copper but disrupted copper
homeostasis in other cellular compartments that de-
pend on ATP7A for copper import (Fig. 6). In parallel,
maturation of viral glycoproteins and disulfide shuffling
[50] occurs during through the Golgi network, a com-
partment dependent on ATP7A import of copper.
Thus, initially we had expected an ATP7A-dependent
viral replication defect might be at an entry or exit step.
However, the results suggest ATP7A regulates synthesis
of viral RNA and protein macromolecules, nuclear and
cytosolic steps in the virus life cycle that are highly
dependent on host factors [7].

Conclusions

Viral processes are intimately entwined with host func-
tions. Copper metabolism is important in a number of
host functions, with diet and therapeutics under inves-
tigation for several genetic and developmental defects
in rodent models [14, 51]. Here we show that cellular
copper homeostasis is linked to the influenza A virus
life cycle. This study showed that host proteins that
transport copper into the cell (CTR1) and into the
secretory pathway (ATP7A) are required for influenza
A/WSN/33 (HIN1) RNA and protein syntheses. These
data suggest that copper has specific roles in viral repli-
cation in the cytoplasm as well as in viral protein inter-
actions with the secretory pathway. Further research
into this relationship will help to define additional as-
pects of influenza processes, and may offer additional
avenues for anti-influenza therapy development.

Abbreviations

esiRNA: Endoribonuclease-prepared siRNA; h.p.i.. hours post infection;

HA: Hemagglutinin; MOI: Multiplicity of infection; NA: Neuraminidase;

NP: Nucleoprotein; ORF: Open reading frame; PBS: Phosphate buffered saline;
gRT-PCR: quantitative real-time polymerase chain reaction; RNAi: RNA
interference; siRNA: small interfering RNA; TEM: Transmission electron
microscopy; TTM: tetrathiomolybdate; VPOL: Viral polymerase;

VRNA: (influenza genomic) viral RNA; vRNP: viral ribonucleoprotein

Acknowledgements

The authors thank Jerry Kudenov (UAA) for helpful discussions, and Adolfo
Garcia-Sastre (ISMMS) for A/WSN/33 virus. We appreciate the work of the
Emory University Robert P. Apkarian Integrated Electron Microscopy Core for
processing of EM samples. We also thank Dr. Martina Ralle (Oregon Health &
Science University) for ICP-MS analyses.

Funding

Research reported in this publication was supported by a seed grant (to E.B)
from an Institutional Development Award (IDeA) from the National Institute
of General Medical Sciences of the NIH, grant P20GM103395 (Alaska INBRE-3);

Page 11 of 12

National Science Foundation MCB-1411890 (to J.L.B); and National Institute
of Allergy and Infectious Disease Centers of Excellence in Influenza Research
and Surveillance (CEIRS) contracts HHSN272201400008C (E.B.) and
HHSN272201400004C (J.S.). We also appreciate support for undergraduate
research from the University of Alaska Anchorage Office of Undergraduate
Research & Scholarship and UAA WWAMI Della Keats Health Sciences Summer
Program. The content is solely the responsibility of the authors and does not
necessarily reflect the official views of the NIH.

Availability of data and materials
The datasets supporting the conclusions of this article are included within
the article.

Authors’ contributions

JCR performed the experiments and wrote the manuscript. AG, ML, and AR
performed experiments and helped optimize experimental conditions. PC,
HY, and JS performed the TEM and assisted with interpretations and follow
up direction. JLB and EB conceived the project, guided the work, and wrote
the manuscript. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Consent for publication
Not applicable.

Ethics approval and consent to participate
Not applicable.

Author details

'Department of Biological Sciences, University of Alaska Anchorage,
Anchorage, AK, USA. “Department of Microbiology and Immunology, Emory
University School of Medicine, Atlanta, Georgia, USA. *Present address:
Institute Albert Bonniot — INSERM U1209, Université Grenoble Alpes,
Grenoble, France.

Received: 3 June 2016 Accepted: 13 December 2016
Published online: 23 January 2017

References

1. Appiah GD, Blanton L, D'Mello T, Kniss K, Smith S, Mustaquim D, et al. Influenza
activity - United States, 201415 season and composition of the 2015-16
influenza vaccine. MMWR Morb Mortal WKly Rep. 2015,64(21):583-90.

2. Watanabe T, Watanabe S, Maher EA, Neumann G, Kawaoka Y. Pandemic
potential of avian influenza A (H7N9) viruses. Trends Microbiol. 2014;22(11):
623-31.

3. Clement T, Kutish GF, Nezworski J, Scaria J, Nelson E, Christopher-Hennings
J, Diel DG. Complete Genome Sequence of a Highly Pathogenic Avian
Influenza Virus (H5N2) Associated with an Outbreak in Commercial
Chickens, lowa, USA, 2015. Genome Announcements. 2015;3(3):¢00613-15.
doi:10.1128/genomeA.00613-15.

4. Burnham AJ, Armstrong J, Lowen AC, Webster RG, Govorkova EA.
Competitive fitness of influenza B viruses with neuraminidase inhibitor-
resistant substitutions in a coinfection model of the human airway
epithelium. J Virol. 2015,89(8):4575-87.

5. Olmstead AD, Knecht W, Lazarov |, Dixit SB, Jean F. Human subtilase SKI-1/
STP is a master regulator of the HCV Lifecycle and a potential host cell
target for developing indirect-acting antiviral agents. PLoS Pathog. 2012;
8(1):21002468.

6. Konig R, Stertz S, Zhou Y, Inoue A, Hoffmann HH, Bhattacharyya S, et al.
Human host factors required for influenza virus replication. Nature. 2010;
463(7282):813-7.

7. Bortz E, Westera L, Maamary J, Steel J, Albrecht RA, Manicassamy B, et al.
Host- and strain-specific regulation of influenza virus polymerase activity by
interacting cellular proteins. MBio. 2011;2(4).¢00151-11.

8. Gabriel G, Herwig A, Klenk HD. Interaction of polymerase subunit PB2 and
NP with importin alphal is a determinant of host range of influenza A virus.
PLoS Pathog. 20084(2):e11.

9. Gorai T, Goto H, Noda T, Watanabe T, Kozuka-Hata H, Oyama M, et al.
F1Fo-ATPase, F-type proton-translocating ATPase, at the plasma


http://dx.doi.org/10.1128/genomeA.00613-15

Rupp et al. Virology Journal (2017) 14:11

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

membrane is critical for efficient influenza virus budding. Proc Natl Acad Sci U S A.
2012;109(12):4615-20.

Husain M, Cheung CY. Histone deacetylase 6 inhibits influenza A virus
release by downregulating the trafficking of viral components to the
plasma membrane via its substrate, acetylated microtubules. J Virol. 2014;
88(19):11229-39.

Gnir K, Zmora P, Blazejewska P, Winkler M, Lins A, Nehlmeier |, et al.
Tetherin Sensitivity of Influenza A Viruses Is Strain Specific: Role of
Hemagglutinin and Neuraminidase. J Virol. 2015;89(18):9178-88.

Stafford SL, Bokil NJ, Achard MES, Kapetanovic R, Schembri MA, McEwan AG,
Sweet MJ. Metal ions in macrophage antimicrobial pathways: emerging roles for
zinc and copper. Biosci Reports. 2013;33(4):200049. doi:10.1042/BSR20130014.
Burkhead JL, Lutsenko S. The Role of Copper as a Modifier of Lipid
Metabolism. In: Baez PRV, editor. Lipid Metabolism. InTech; 2013. p. 39-60.
Tallino S, Duffy M, Ralle M, Cortés MP, Latorre M, Burkhead JL. Nutrigenomics
analysis reveals that copper deficiency and dietary sucrose up-regulate
inflammation, fibrosis and lipogenic pathways in a mature rat model of
nonalcoholic fatty liver disease. J Nutr Biochem. 2015;26(10):996-1006.
Friedman S, Kaufman S. 3,4-dihydroxyphenylethylamine beta-hydroxylase.
Physical properties, copper content, and role of copper in the catalytic
acttivity. J Biol Chem. 1965;240(12):4763-73.

Nelson KT, Prohaska JR. Copper deficiency in rodents alters dopamine beta-
mono-oxygenase activity, mRNA and protein level. Br J Nutr. 2009;102(1):18-28.
Méki JM, Sormunen R, Lippo S, Kaarteenaho-Wiik R, Soininen R, Myllyharju J.
Lysyl oxidase is essential for normal development and function of the
respiratory system and for the integrity of elastic and collagen fibers in
various tissues. Am J Pathol. 2005;167(4):927-36.

Zimnicka AM, Tang H, Guo Q, Kuhr FK, Oh MJ, Wan J, et al. Upregulated
copper transporters in hypoxia-induced pulmonary hypertension. PLoS One.
2014,9(3):e90544.

Nevitt T, Ohrvik H, Thiele DJ. Charting the travels of copper in eukaryotes
from yeast to mammals. Biochim Biophys Acta. 2012;1823(9):1580-93.

Kuo YM, Zhou B, Cosco D, Gitschier J. The copper transporter CTRT provides
an essential function in mammalian embryonic development. Proc Natl
Acad Sci U S A. 2001;98(12):6836-41.

Wee NKY, Weinstein DC, Fraser ST, Assinder SJ. The mammalian copper
transporters CTR1 and CTR2 and their roles in development and disease. Int
J Biochem Cell Biol. 2013;45(5):960-3.

TUmer Z. An overview and update of ATP7A mutations leading to Menkes
disease and occipital horn syndrome. Hum Mutat. 2013;34(3):417-29.
Veldhuis NA, Valova VA, Gaeth AP, Palstra N, Hannan KM, Michell BJ, et al.
Phosphorylation regulates copper-responsive trafficking of the Menkes copper
transporting P-type ATPase. Int J Biochem Cell Biol. 2009;41(12):2403-12.

Horie M, Ogawa H, Yoshida Y, Yamada K, Hara A, Ozawa K, et al. Inactivation
and morphological changes of avian influenza virus by copper ions. Arch
Virol. 2008;153(8):1467-72.

Imai K, Ogawa H, Bui VN, Inoue H, Fukuda J, Ohba M, et al. Inactivation of
high and low pathogenic avian influenza virus H5 subtypes by copper ions
incorporated in zeolite-textile materials. Antiviral Res. 2012,93(2):225-33.

Pyo CW, Shin N, Jung KI, Choi JH, Choi SY. Alteration of copper-zinc
superoxide dismutase 1 expression by influenza A virus is correlated with
virus replication. Biochem Biophys Res Commun. 2014;450(1):711-6.

Gandhi CS, Shuck K, Lear JD, Dieckmann GR, DeGrado WF, Lamb RA, et al.
Cu(ll) inhibition of the proton translocation machinery of the influenza A
virus M2 protein. J Biol Chem. 1999,274(9):5474-82.

Turnlund JR, Jacob RA, Keen CL, Strain JJ, Kelley DS, Domek JM, et al. Long-
term high copper intake: effects on indexes of copper status, antioxidant
status, and immune function in young men. Am J Clin Nutr. 2004;79(6):
1037-44.

Miyamoto D, Kusagaya Y, Endo N, Sometani A, Takeo S, Suzuki T, et al.
Thujaplicin-copper chelates inhibit replication of human influenza viruses.
Antiviral Res. 1998;39(2):89-100.

Bourmakina SV, Garcia-Sastre A. Reverse genetics studies on the filamentous
morphology of influenza A virus. J Gen Virol. 2003;84(Pt 3):517-27.

Yamada Y, Prosser RA. Copper chelation and exogenous copper affect
circadian clock phase resetting in the suprachiasmatic nucleus in vitro.
Neuroscience. 2014;256:252-61.

Lowndes SA, Sheldon HV, Cai S, Taylor JM, Harris AL. Copper chelator ATN-224
inhibits endothelial function by multiple mechanisms. Microvasc Res. 2009;
77(3):314-26.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

Page 12 of 12

Zhu J, Davoli T, Perriera JM, Chin CR, Gaiha GD, John SP, et al.
Comprehensive identification of host modulators of HIV-1 replication using
multiple orthologous RNAI reagents. Cell Rep. 2014;9(2):752-66.

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using
real-time quantitative PCR and the 2(—Delta Delta C(T)) Method. Methods.
2001;25(4):402-8.

Zhang L, Lichtmannegger J, Summer KH, Webb S, Pickering 1J, George GN.
Tracing copper-thiomolybdate complexes in a prospective treatment for
Wilson's disease. Biochemistry. 2009;48(5):891-7.

Petris MJ, Mercer JF, Culvenor JG, Lockhart P, Gleeson PA, Camakaris J.
Ligand-regulated transport of the Menkes copper P-type ATPase efflux
pump from the Golgi apparatus to the plasma membrane: a novel
mechanism of regulated trafficking. EMBO J. 1996;15(22):6084-95.

Basler CF, Garca-Sastre A, Palese P. Mutation of neuraminidase cysteine
residues yields temperature-sensitive influenza viruses. J Virol. 1999;
73(10):8095-103.

Saito T, Taylor G, Webster RG. Steps in maturation of influenza A virus
neuraminidase. J Virol. 1995;69(8):5011-7.

Garten W, Braden C, Arendt A, Peitsch C, Baron J, Lu Y, et al. Influenza virus
activating host proteases: Identification, localization and inhibitors as
potential therapeutics. Eur J Cell Biol. 2015,94(7-9):375-83.

Chen W, Zhong Y, Qin Y, Sun S, Li Z. The evolutionary pattern of
glycosylation sites in influenza virus (H5N1) hemagglutinin and
neuraminidase. PLoS One. 2012;7(11):e49224.

Ohkura T, Momose F, Ichikawa R, Takeuchi K, Morikawa Y. Influenza A virus
hemagglutinin and neuraminidase mutually accelerate their apical targeting
through clustering of lipid rafts. J Virol. 2014;88(17):10039-55.
Seladi-Schulman J, Campbell PJ, Suppiah S, Steel J, Lowen AC.
Filament-producing mutants of influenza A/Puerto Rico/8/1934 (H1N1)
virus have higher neuraminidase activities than the spherical wild-type.
PLoS One. 2014;9(11):e112462.

Roberts KL, Leser GP, Ma C, Lamb RA. The amphipathic helix of influenza A
virus M2 protein is required for filamentous bud formation and scission of
filamentous and spherical particles. J Virol. 2013;87(18):9973-82.

Sugrue RJ, Bahadur G, Zambon MC, Hall-Smith M, Douglas AR, Hay AJ.
Specific structural alteration of the influenza haemagglutinin by
amantadine. EMBO J. 1990,9(11):3469-76.

Ciampor F, Thompson CA, Grambas S, Hay AJ. Regulation of pH by the M2
protein of influenza A viruses. Virus Res. 1992;22(3):247-58.

Guo Y, Smith K, Lee J, Thiele DJ, Petris MJ. Identification of methionine-rich
clusters that regulate copper-stimulated endocytosis of the human Ctr1
copper transporter. J Biol Chem. 2004;279(17):17428-33.

Stauffer S, Feng Y, Nebioglu F, Heilig R, Picotti P, Helenius A. Stepwise
priming by acidic pH and a high K+ concentration is required for efficient
uncoating of influenza A virus cores after penetration. J Virol. 2014,88(22):
13029-46.

Lutsenko S, Gupta A, Burkhead JL, Zuzel V. Cellular multitasking: the dual
role of human Cu-ATPases in cofactor delivery and intracellular copper
balance. Arch Biochem Biophys. 2008:476(1):22-32.

Mercer JFB, Barnes N, Stevenson J, Strausak D, Llanos RM. Copper-induced
trafficking of the Cu-ATPases: a key mechanism for copper homeostasis.
Biometals. 2003;16(1):175-84.

Narindrasorasak S, Yao P, Sarkar B. Protein disulfide isomerase, a
multifunctional protein chaperone, shows copper-binding activity. Biochem
Biophys Res Commun. 2003;311(2):405-14.

Wilmarth PA, Short KK, Fiehn O, Lutsenko S, David LL, Burkhead JL. A
systems approach implicates nuclear receptor targeting in the Atp7b(-/-)
mouse model of Wilson's disease. Metallomics. 2012:4(7):660-8.


http://dx.doi.org/10.1042/BSR20130014

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Cultured cells and virus
	Copper and chelator treatments
	RNAi knockdowns
	Viral RNA quantification
	Viral minigenome assay
	Viral protein quantification
	Viral growth kinetics and neuraminidase activity
	Immunofluorescence microscopy
	Transmission electron microscopy

	Results and discussion
	Conclusions
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors’ contributions
	Competing interests
	Consent for publication
	Ethics approval and consent to participate
	Author details
	References

