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The influenza A virus PB1-F2 protein, encoded by an alterna-
tive reading frame in the PB1 polymerase gene, displays a high
sequence polymorphism and is reported to contribute to viral
pathogenesis in a sequence-specific manner. To gain insights
into the functions of PB1-F2, the molecular structure of several
PB1-F2 variants produced in Escherichia coli was investigated in
different environments. Circular dichroism spectroscopy shows
that all variants have a random coil secondary structure in aque-
ous solution. When incubated in trifluoroethanol polar solvent,
all PB1-F2 variants adopt an a-helix-rich structure, whereas
incubated in acetonitrile, a solvent of medium polarity mimicking
the membrane environment, they display 3-sheet secondary struc-
tures. Incubated with asolectin liposomes and SDS micelles,
PB1-F2 variants also acquire a 3-sheet structure. Dynamic light
scattering revealed that the presence of 3-sheets is correlated with
an oligomerization/aggregation of PB1-F2. Electron microscopy
showed that PB1-F2 forms amorphous aggregates in acetonitrile.
In contrast, at low concentrations of SDS, PB1-F2 variants exhib-
ited various abilities to form fibers that were evidenced as amyloid
fibers in a thioflavin T assay. Using a recombinant virus and its
PB1-F2 knock-out mutant, we show that PB1-F2 also forms amy-
loid structures in infected cells. Functional membrane permeabili-
zation assays revealed that the PB1-F2 variants can perforate mem-
branes at nanomolar concentrations but with activities found to be
sequence-dependent and not obviously correlated with their dif-
ferential ability to form amyloid fibers. All of these observations
suggest that PB1-F2 could be involved in physiological processes
through different pathways, permeabilization of cellular mem-
branes, and amyloid fiber formation.

Influenza A virus (IAV)? is a major pathogen of humans and
animals responsible for three main pandemics of the last cen-
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tury: 1957, 1968, and the most severe in 1918 with 20 —40 mil-
lion deaths reported (1). Every year, influenza epidemics cause
considerable illness and death. Since 2003, one of the greatest
worldwide pandemic threats remains the highly pathogenic
H5N1 avian viruses that display a high lethality rate (60% of the
438 cases resulted in death) (2, 3). Since its identification in
April 2009, a novel swine origin influenza A virus HIN1 is cur-
rently causing a pandemic as declared by the WHO in June 2009
(around 1% of the 300,000 cases resulted in death) (4). IAV
belongs to the Orthomyxoviridae viral family, and its genome is
composed of eight negative-strand RNA gene segments encod-
ing 11 proteins (5). The virulence of IAV is complex and can be
influenced by each of the eight viral segments and notably the
HA, NA, and PB1 segments (6).

PB1-F2, the 11th discovered IAV protein, is translated from
an alternative reading frame in the PB1 gene (+1 reading frame
of PBI, PBI-Frame 2) (7). PB1-F2 is expressed by many [AV
isolates from a wide range of hosts and in nearly all avian and
human strains (8 —10). Recent studies have described the influ-
ence of PB1-F2 on viral pathogenesis in mouse models (11-14).
Loss of PB1-F2 expression results in attenuation of the virus
and in a more rapid clearance of the virus from the lungs of
infected mice. Insertion of a single N66S mutation present in
the PB1-F2 of the 1918 pandemic strain is sufficient to increase
virulence of a low pathogenic IAV in mice (12). Moreover, a
mouse model of secondary Streptococcus pneumoniae pneu-
monia following A/PR/834 virus infection shows greater weight
loss of infected mice, more severe pneumonia, and a higher
lethality with the virus expressing PB1-F2 compared with the
PB1-F2 knock-out virus (13, 14). In addition, contemporary
HINT1 strains that no longer express PB1-F2 seem to be less
virulent. PB1-F2 is considered as one of the factors that contrib-
ute to IAV virulence (15).

Compared with the other IAV proteins, PB1-F2 shows sev-
eral distinct features. PB1-F2 is expressed differently among
infected cells and independently of the expression level of other
viral proteins. PB1-F2 has a short half-life and is rapidly
degraded (7). PB1-F2 is generally described as a proapoptotic
factor that could facilitate evasion of host defenses (with NS1),
allowing the virus to escape from the immune system by induc-
ing apoptosis in macrophages and monocytes (1, 7, 16, 17).
Thus, PB1-F2 is thought to compromise the ability of the host
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to mobilize adaptive immune responses (18). Another specific
feature is the mitochondrial tropism of PB1-F2, which is only
partial because PB1-F2 can also be present in the nucleus and
cytoplasm of infected cells, depending on the cell type (7, 19).
The carboxyl-terminal domain of the protein, containing the
mitochondrial targeting signal, is capable by itself to interfere
with mitochondrial function and cellular viability (20, 21).
Studies of the interaction of a synthetic form of PB1-F2 with
membrane showed that PB1-F2 was able to create pores of vari-
able size in planar lipid membranes, suggesting that PB1-F2
could oligomerize to permeabilize membranes (22). PB1-F2
was also shown to interact with two proteins implicated in the
formation of the mitochondrial permeability transition pore
complex, ANT-3 (adenine nucleotide translocator 3), and
VDAC-1 (voltage-dependent ion channel 1) (17).

Although new insights have been gained in understanding
the function of PB1-F2, very little structural information is
available. Bruns and co-workers (23, 24) produced a full-length
synthetic PB1-F2 and performed a study by CD and "H NMR
(25). The stability of the structured regions of PB1-F2 was
shown to be dependent on the hydrophobicity of the solvent:
random coil in aqueous solution and a-helical structure upon
the addition of trifluoroethanol (TFE). This a-helical structure
present in the positively charged C-terminal domain of PB1-F2
was described as not a true amphipathic helix and is more com-
pact than previously predicted. In an effort to obtain deeper
insight into the structure-function of PB1-F2 and to better
understand its role in the virus cycle, we produced and com-
pared PB1-F2 originating from seven IAV isolates, including
the highly pathogenic strain H5N1, the 1918 Brevig Mission
strain, and two apathogenic avian strains, in biochemical and
biophysical assays. We showed that PB1-F2 can be classified in
the newly described group of intrinsically disordered proteins,
capable of conformation changes switching from a random to
an a-helical or B-sheet secondary structure. PB1-F2 is able to
oligomerize to form amyloid fibers upon different environmen-
tal conditions. The presence of amyloid PB1-F2 structures was
also evidenced in infected cells. Moreover, functional tests
showed that the seven variants of PB1-F2 efficiently permeabi-
lized membranes.

EXPERIMENTAL PROCEDURES

Constructions and Protein Expression—PBI1-F2 genes were
cloned in the Escherichia coli expression vector pET-22b+
(Novagen) between the Ndel and Xhol restriction sites, leading
to the expression of C-terminal His, fusion proteins. Genes
coding for PBI1-F2 A/WSN/33 (HIN1), A/HK/156/1997
(H5N1), and A/Swan/FR/06299/2006 (H5N1) strains were
amplified with gene-specific primers. cONAs for PB1-F2 A/PR/
8/1934(HIN1), A/Udorn/1972 (H3N2), and A/Tu/Mass/3740/
1965 (H6N?2) strains were obtained by reverse transcription
using U12 universal primer (26) from total RNA of infected
Madin-Darby canine kidney cells with the different viruses and
extracted with the RNeasy minikit (Qiagen) according to the
manufacturer’s instructions. PBI-F2 A/BrevigMission/1/1918
(HIN1) strain was artificially synthesized (GeneCust) and
amplified with gene-specific primers. The sequence of each
cloned gene was confirmed by nucleotide sequencing. All prim-
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ers and sequences are available upon request. Competent
BL-21 Rosetta cells (Stratagene) transformed with the different
pET22-PB1-F2-HisTag plasmids were cultured to an A4y, of 0.6
in L medium. To express PB1-F2, the transformed cells were
incubated for 4 h at 37 °C in 1 mm isopropyl 1-thio-B-p-galac-
topyranoside with agitation.

Protein Purification—Following incubation in isopropyl
1-thio-B-Dp-galactopyranoside, the transformed cells were pel-
leted by centrifugation for 15 min at 5000 X g. All of the recom-
binant PB1-F2-HisTag proteins accumulated in insoluble cyto-
plasmic inclusion bodies. After cell lysis by sonication in 50 mm
Tris-HCI, pH 7.5, 10 mm EDTA buffer containing 0.1% Triton
X-100, the crude lysate was centrifuged for 30 min at 10,000 X
gat 4 °C. The pellets, containing the inclusion bodies were sol-
ubilized overnight under agitation at 4 °C with 20 mm Tris-HCI,
pH 8, 0.5 M NaCl, 5 mm imidazole, 8 M urea buffer (solubiliza-
tion buffer). The lysate was clarified by centrifugation for 30
min at 10,000 X gat4 °C, and the supernatant was collected and
loaded on a Hitrap-IMAC column using the AKTA Purifier-
100 FPLC chromatographic system (GE Healthcare). The col-
umn was equilibrated with solubilization buffer. After sample
injection to the column, the flow-through fraction was recov-
ered, the column was washed with low imidazole buffer, and a
10-min linear gradient of 5-800 mm imidazole in the same
buffer was applied to elute the column-bound proteins at a flow
rate of 1 ml/min. One-ml fractions were collected during the
gradient application. Column fractions were analyzed by 12.5%
SDS-PAGE and Coomassie Blue staining. The PB1-F2-HisTag-
containing fractions were pooled and further purified by size
exclusion chromatography on a Sepharose S200 column equil-
ibrated with 20 mm Tris-HCI, pH 8, 0.5 M NaCl, 8 M urea buffer.
The S200-obtained fractions were subjected to 12.5% SDS-
PAGE analysis. Urea was removed from the pool of S200 PB1-
F2-HisTag-containing fractions on a G25 desalting column
equilibrated with 10 mM ammonium acetate, pH 5, buffer. 5-10
mg of purified PB1-F2 were obtained per liter of bacterial cul-
ture. The resulting purified proteins were subjected to 12.5%
SDS-PAGE analysis (0.1% SDS), and proteins were detected by
Coomassie Blue staining. Prosieve color protein markers
(Lonza) were used. Matrix-assisted laser desorption ionization
mass spectrometry analysis was performed to confirm the
molecular weight and integrity of the recombinant PB1-F2 pro-
teins. PB1-F2-HisTag proteins were freeze-dried to be further
used at the desired concentration and in different buffers.

Circular Dichroism Spectroscopy—CD measurements were
performed on a JASCO J-810 spectropolarimeter equipped
with a thermostatic cell holder, using a quartz cell of 1.0-mm
path length. Spectra were collected over the wavelength range
of 180 -250 nm with a bandwidth of 1.0 nm and corrected for
the contribution of the buffer. CD spectra of the PB1-F2 vari-
ants were recorded at 20 °C and at a final concentration of 50
M. Each spectrum was an average of 16 scans. For estimation
of secondary structure content, CD spectra curves obtained in
TFE, acetonitrile, SDS, and asolectin were analyzed and quan-
tified using the DICROPROT 2000 software (27).

Size Measurements by Dynamic Light Scattering (DLS)—The
size measurements with the Zetasizer Nano serie (Malvern),
based on the principle of dynamic light scattering, were made at
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20 °C using a helium-neon laser wavelength of 633 nm and
detection angle of 173°. The results were presented as size dis-
tribution calculated from the Malvern software.

Thioflavin T Fluorescence Measurements—Thioflavin T
(ThT) binding assays were performed by adding freshly pre-
pared 10 um stock solution of ThT in 10 mMm sodium acetate
buffer, pH 5, to PB1-F2-HisTag samples at equimolar ratios.
Fluorescence measurements were performed on a Jasco
FP-6200 spectrofluorimeter at 20 °C. PB1-F2 protein samples at
a final concentration ranging from 0.25 to 5 uM were preincu-
bated at room temperature for 40 min before measurements.
Fluorescence intensities were measured using an excitation
wavelength of 435 nm and emission wavelength of 485 nm at a
0.2-cm path length after 5 min of incubation with ThT (28).

Liposome Preparation—An appropriate amount of soybean
asolectin (Fluka) in chloroform solution was evaporated to dry-
ness under a stream of nitrogen, and traces of solvent were
removed by evacuation under a SpeedVac. The lipid residues
were hydrated in sodium acetate, pH 5.0, buffer containing 80
mM calcein and gently vortexed and sonicated for a few min-
utes. Then liposomes were freeze-thawed three times in liquid
nitrogen. Dye-loaded liposomes were separated from free cal-
cein by passage through a Sephadex G-25 column using a
sodium acetate elution buffer, pH 5.0. The liposome suspension
obtained was finally extruded through a polycarbonate mem-
brane with a pore diameter of 100 nm (Osmonics) to obtain
calibrated liposomes. The size of asolectin vesicles was checked
with DLS. Prepared liposome solution of typically 2.5 mg/ml
were stored at 4 °C and were stable for several days. Liposomes
used in a leakage assay analyzed by electron microscopy and
used for CD analyses were prepared by the same method with-
out the addition of calcein.

Assay of Liposome Permeabilization—The ability of the dif-
ferent PB1-F2 variants to permeabilize liposomes was checked
by monitoring the fluorescence decrease of the encapsulated
calcein when complexed with Co®" contained in the buffer by
quenching reaction. After the addition of peptide solution at
the desired peptide/lipid ratio, the mixtures were excited at 492
nm, and their emission of fluorescence was recorded at 520 nm
using a TECAN microplate reader. The WSN PB1-F2 fibers
used in the assay presented in the supplemental material were
obtained after incubation in the presence of 0.01% SDS at room
temperature for 30 min (supplemental Fig. S2). The total
release of calcein was achieved with the addition of Triton
X-100 at a final concentration of 0.1% (v/v) to determine the
maximum of fluorescence intensity (100%).

Electron Microscopy—Electron micrographs were acquired
using a transmission electron microscope at a 80-kV excitation
voltage. Samples of PB1-F2 variants at a concentration of 50 um
in 10 mMm sodium acetate, pH 5, buffer were incubated in the
presence of 0.01% SDS at room temperature for 30 min. A 10-ul
sample was placed onto Formvar/carbon-coated 200-mesh
copper grids (Agar Scientific). To investigate the interaction
between lipid vesicles and PB1-F2 variants, asolectin liposomes
were prepared in 10 mm sodium acetate, pH 5, buffer at a final
concentration of 0.1 mg/ml in the presence or absence of a 50
uM concentration of the different PB1-F2 variants and incu-
bated at room temperature for 5 min. Based on the permeabi-
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lization data, these conditions are suitable to observe a signifi-
cant interaction between PB1-F2 and membranes. After the
incubation, 10 ul of the lipid-protein sample were adsorbed
onto Formvar/carbon-coated 200-mesh copper grids. The
grids were blotted and, after drying, negatively stained by float-
ing on 10-ul drops of 2% (w/v) uranyl acetate (Sigma).

Cell Culture and Viral Infections—293T cells in Dulbecco’s
minimum essential medium (Lonza) and Madin-Darby canine
kidney cells in Eagle’s minimum essential medium (Lonza),
supplemented with 10% fetal calf serum (Perbio), 2 mm L-glu-
tamine, 100 IU/ml penicillin, and 100 wg/ml streptomycin,
were grown as monolayers. The human leukemic monocyte
lymphoma (U937) cell line was maintained in RPMI 1640
medium (Lonza) supplemented with 10% fetal calf serum, 2 mm
L-glutamine, 100 IU/ml penicillin, and 100 ug/ml streptomy-
cin. All cultures were maintained at 37 °C in a 5% CO, incuba-
tor. For infection, growing cells were seeded at 8 X 105 cells/
plate and allowed to attach overnight before infection. Cells
were washed with fetal calf serum-free medium and incubated
with virus at a multiplicity of infection of 0.1 for 1 h at 37 °C.
Infected cells were covered with complete fetal calf serum-free
culture medium and incubated at 37 °C until collection.

Generation of Recombinant Knocked Out PBI-F2 Mutant
Influenza Virus—The 12-plasmid reverse genetic system was
used to generate recombinant viruses as described previously
(29). Briefly, 293T cells were transfected with eight plasmids
encoding the individual VRNA segments of influenza
A/WSN/33 (HIN1) virus from a truncated human polymerase
I promoter and four expression plasmids encoding the corre-
sponding subunits of the viral polymerase and the nucleocapsid
protein. The generated wild type (WT) and knocked out for
PB1-F2 expression (APB1-F2) viruses were amplified on
Madin-Darby canine kidney cells and titrated by plaque assays.
Generation of the PB1 plasmid knocked out for the expression
of PB1-F2 was achieved using the QuikChange mutagenesis kit
(Stratagene) at nucleotides coding for the four initiation codons
changing ATG to ACG, resulting in silent mutation in the PBI
open reading frame. The mutations introduced were confirmed
by reverse transcription-PCR and sequencing of the PB1 seg-
ment of the mutated generated viruses (supplemental Fig. S1).

Western Blot Analysis—U937 cells were infected with the
recombinant viruses WT and APB1-F2 and lysed at 12 h postin-
fection in a buffer containing 500 mm NaCl, 50 mm Tris-HCl,
pH 8, 2% Triton X-100, and protease inhibitors (Roche Applied
Science). Samples were loaded and separated on a 12.5% poly-
acrylamide gel. Gels were transferred onto Immobilon-P mem-
branes (Millipore). The lack of PB1-F2 expression in APB1-F2-
infected cells was confirmed by Western blot analysis using
rabbit polyclonal anti-PB1-F2 antibody (produced by immuni-
zation of rabbits with recombinant WSN PB1-F2). The relative
infectivity of each recombinant virus was confirmed by West-
ern blot analysis using a monoclonal anti-NS1 antibody (Santa
Cruz Biotechnology, Inc., Santa Cruz, CA). Proteins were visu-
alized using relevant peroxidase-labeled secondary antibodies
by chemiluminescence (Amersham Biosciences).

Surface Plasmon Resonanse (SPR)—A Biacore 3000 SPR bio-
sensor system equipped with control and evaluation software
purchased from Biacore (GE Healthcare) was used in the study.
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A. 1 90
HIN1/1918 MGQEQDTPWILSTGHISTQKREDGQQTPRLEHHNSTRLMDHCQKTMNQVVMPKQIVYWKQWLSLRSPTPVSLKTRVLKRWRLESKHEWTS
HIN1/WSN  MGQEQDTPWILSTGHISTQKGEDGQQTPKLEHRNSTRILMGHCQKTMNQVVMPKQIVYWKQWPSLRNPILVSLRPRVLKRWRLESKHEWTS
HIN1/PR8  MGQEQDTPWILSTGHISTQKREDGQQTPKLEHRNSTRLMGHCQKTMNQVVMPKQIVYWKQWLSLRNPILVFLKTRVLKRWRLFSKHE - -~
H3N2/UD72 MEQEQDTPWTQSTEHINIQKKGSGQQTQOKLGRPNLTQILMDHYLRIMSQVDMHKQTVSWKQWLSLKNPTQGSLKTRALKRWKS FNKQGWTD
H5N1/HK97 MEQEQDTPWTQSTEHINIQKKGGGQQTQRPEHPNSTLLMDHYLKITSRAGMHKQIVYWKQWLSLKNPTQDSLKTHVLKRWKLSSKREWIS
H5N1/FRO06 MGQGQDTPWTQSTEHTNIQKRGSGQQTORLEHPNSTRL.MDHYLRIMSPVVMHKQIVYWKQWLSLKNPTQGS LKTRVLKRWKLENKQEWIN
H6N2/MA65 MERGQDTPWTQSTEHINIQKRGNGQQOTOKLERPNLTQILMDHYLRIMNQVDMHKQTVSWKQWLSLKNPTQESLKTRVLKRWKLSNKQGWTS
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FIGURE 1. A, multialignment of the seven PB1-F2 variants included in this study. Strains are abbreviated as follows. 1918, A/Brevig Mission/1/1918 (H1N1); WSN,
A/WSN/1933 (H1N1); PR8, A/PR/8/1934 (H1N1); UD72, A/Udorn/1972 (H3N2); HK97, A/HK/156/1997 (H5N1); FR06, A/Swan/FR/06299/2006 (H5N1); MA65,
A/Tu/Mass/3740/1965 (H6N2). Conserved residues for the seven sequences are indicated on the bottom line (blue, charged residues; red, hydrophobic resi-
dues). B, secondary structure predictions (blue boxes, a-helix; red boxes, B-turn) were obtained with the software GOR-IV (available on the World Wide Web).
C, the left panel shows SDS-PAGE analysis and Coomassie Blue staining of purified PB1-F2 proteins. The relative molecular weights (shown in thousands) were
determined by reference to marker proteins. D, far-UV CD spectra for WSN PB1-F2 recorded in 10 mm sodium acetate, pH 5, buffer. E, the right panel shows the
evolution in time (24 h) of the mean R, of WSN PB1-F2 (50 um) in 10 mm sodium acetate, pH 5, buffer measured by DLS at 20 °C.

PB1-F2 in cell homogenates was detected using rabbit hybri-
doma monoclonal anti-PB1-F2 antibodies. For this, an anti-
rabbit phosphatase antibody was first immobilized on a CM5
chip using amine-coupling chemistry. The surface of the chip
was activated for 7 min with a mixture of 0.05 M N-hydroxysuc-
cinimide and 0.2 M 1-ethyl-3-(3-dimethylaminopropyl)-carbo-
diimide, in Hepes-buffered saline buffer, pH 7.4. Anti-rabbit
phosphatase antibody diluted in 10 mm sodium acetate buffer,
pH 5, was then covalently linked to the surface, giving up to
7000 resonance units. Ethanolamine (1 M, pH 8.5) was injected
for 7 min to block the remaining activated groups. Monoclonal
anti-PB1-F2 antibody was captured to the surface. Afterward, a
linear calibration curve was obtained with recombinant WSN
PB1-F2 in a concentration range from 10 nm to 1 uMm (5 mm
sodium acetate buffer, pH 5). These binding interactions were
performed at an injection flow of 10 ul/min until stabilization
of the immobilization level (2 min) was achieved. Report points
were recorded before and after each injection, and the relative
response units were determined. Regeneration of the anti-rab-
bit antibody was achieved by a 2-min injection of glycine buffer
(pH 2.2). The same experimental parameters were used to
probe cell lysates. The sensorgram observed with infected cell
lysates was corrected by subtracting the response observed with
non-infected cells or cells infected by the virus invalided for the
PB1-F2 gene (reference surface) and usually normalized to a
base line of 0 resonance units. Concentration of PB1-F2 in
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infected cells was determined relative to the calibration curve.
All measurements were performed in triplicate at 20 °C.
Thioflavin S Staining—At 12 h postinfection, U937 cells were
resuspended, centrifuged at low speed, and fixed in 3.2%
paraformaldehyde for 10 min at room temperature. Fixed cells
were rinsed in phosphate-buffered saline and stained using a
0.01% solution of thioflavin S (ThS) in 40% EtOH for 3 min at
room temperature. Finally, stained cells were differentiated in
50% EtOH in phosphate-buffered saline for 10 min, rinsed in
phosphate-buffered saline, and observed using a Leica DMR
fluorescence microscope equipped with a Olympus DP71 cam-
era and using Cell-F software (Soft Imaging System, Olympus).

RESULTS

PBI-F2 Variants Present a Soluble Disordered Structure in
Solution—Fig. 1A shows a sequence alignment of seven PB1-F2
variants selected to represent its sequence variability among
[AVs. This alignment includes the sequences of three highly
pathogenic viruses, the HIN1 virus A/BrevigMission/1/1918
and two H5NT1 viruses (A/Swan/Fr/06299/06 and A/HK/156/
97). All variants are 90-amino acid-long proteins with the
exception of A/PR/8/34, which is 87 amino acids long. The
analysis revealed 41% amino acid identity in the PB1-F2 pro-
teins, including six conserved glutamine residues, 12 hydro-
phobic residues (five tryptophans), and nine charged residues.
Clusters of conserved amino acids were found over all of the
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FIGURE 2. Secondary structure formation of the seven PB1-F2 variants in different environments. Far-UV CD spectra were recorded in 10 mm sodium
acetate, pH 5, buffer complemented with solvants (50% TFE (A) or 80% acetonitrile (C)), detergent (0.01% SDS (D)), or 0.1 mg/ml asolectin liposomes (). B, the
secondary structural switch from random coil to B-sheet conformation while increasing acetonitrile percentage in the buffer for FRO6 PB1-F2.

sequences. Whereas the extreme N-terminal domain is nega-
tively charged, the other part of the molecule is positively
charged with conserved histidine, arginine, and lysine residues.

All of these variants were produced in the E. coli and found to
form bacterial inclusion bodies. Purification was carried out
after solubilization using a chaotropic agent by His tag chroma-
tography and gel filtration (Fig. 1C). To obtain the native
refolded form of the PB1-F2 variants, only dialysis performed in
acidic conditions (pH 5) prevents their aggregation. The sec-
ondary structure of the refolded PB1-F2 variants was then esti-
mated using CD spectroscopy. All of the recorded spectra
showed very similar shape characteristics of a random coil con-
formation with no evidence of stable secondary structures (Fig.
1D). Furthermore, DLS analyses were carried out to measure
the mean hydrodynamic radius (R;,) of the PB1-F2 in this con-
dition. As exemplified with the WSN variant in Fig. 1E, the R,,
values of the different PB1-F2s were found ranging from 3 to 10
nm as expected for a disorder protein of 11 kDa (30). These data
suggest that all of the PB1-F2 variants adopted a soluble disor-
dered structure in acidic solution.

The Conformational Diversity of the PB1-F2 Variants in Dif-
ferent Environments—In a polar environment, the C-terminal
domain of the PB1-F2 PR8 variant was shown to form an
amphipathic a-helix with positively charged residues on one

APRIL 23, 2010+VOLUME 285-NUMBER 17

side of the helix and hydrophobic residues on the other side
(25). The seven sequences used in our study were subjected to
GOR-1V (31) secondary structure prediction analysis (Fig. 1B).
Sequences of HK97 and PR8 PB1-F2 are predicted to form
a-helices on 33.3 and 29.9% of their length, respectively, in con-
trast to the five other PB1-F2 variants that only displayed scores
around 18%. All sequences are predicted to form [-sheets
around one-third of their sequences (31.03-37.78%) except for
HK97, which has a score of 18%. These observations suggest
that, due to its sequence variability, PB1-F2 variants present
alternative folding pathways. To investigate the conformational
diversity of PB1-F2, the effect of different solvents on the
PB1-F2 structure was then analyzed. First, CD spectra of the
seven variants were recorded in the presence of TFE or aceto-
nitrile. As previously reported in the presence of 50% TFE with
the PR8 PB1-F2 variant (25), the CD spectra were typical of
a-helical folding, with minima at 208 and 222 nm and a maxi-
mum at 192 nm (Fig. 2A4). Deconvolution of the data obtained at
a different TFE/water ratio showed that PB1-F2 was mainly
helical upon the addition of 20% TFE to reach a maximum
ranging from 35 to 50% a-helicity at 50% TFE. The propensity
to form a-helix in the presence of TFE appears to be a common
property of the seven PB1-F2 variants. In contrast, the spectra
obtained upon increasing concentrations of acetonitrile
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FIGURE 3. DLS size distributions of the mean R, of different PB1-F2 variants at a concentration of 50 um in 10 mm sodium acetate, pH 5, buffer alone (A) or
complemented with 50% TFE (B) or 80% acetonitrile (C). The inset in C shows aggregates formed by WSN PB1-F2 in acetonitrile by electron microscopy.
D, evolution of the R, of WSN and FRO6 PB1-F2 in the presence of 0.01% (red), 0.1% (green), or 1% (blue) SDS. Observation by electron microscopy of the fibers
(E) formed by WSN (/eft) and FRO6 (right) PB1-F2 variants in the presence of 0.01% SDS. Bars, 200 nm.

showed a transition from a random coil conformation to
B-sheets (exemplified in Fig. 2B for the FR06 variant) with the
characteristic signature of a minimum at 217 nm and a maxi-
mum at 195 nm. Fig. 2C shows that all variants form 3-sheets in
80% acetonitrile, indicating the presence of 20% (PR8 variant)
to 50% of B-sheet content (FR06 variant) upon deconvolution.

To further investigate the structure of PB1-F2 in membrane-
mimicking conditions, CD spectra were recorded in an ionic
detergent SDS solution or in the presence of asolectin lipo-
somes. In SDS solution (Fig. 2D), the spectra were indicative of
the presence of a mix of random coil conformations and
B-sheets. Deconvolution data showed variable percentages of
B-sheet content: 22% for PR8 variant to 75—80% for FR06 and
several other variants. For asolectin (Fig. 2E), the curves suggest
the presence of a mix of random and B-sheet structures. The
curves could reflect some distortion of the CD spectra due to

13238 JOURNAL OF BIOLOGICAL CHEMISTRY

light scattering on membrane vesicles. Taken together, the CD
data showed that the secondary structure of PB1-F2 is strongly
dependent on the environment. Although PB1-F2 is not struc-
tured in aqueous conditions, PB1-F2 forms a-helices in TFE or
B-sheets in acetonitrile as well as in membrane-mimicking
detergent or in the presence of liposomes. The intrinsic pro-
pensity of the PB1-F2 variants to form B-sheets appears to be
sequence-specific.

Dynamic Light Scattering Analysis Reveals the Formation of Oligo-
meric or Aggregated Structures in Different Environments—
To characterize the consequences of the acquisition of an
ordered secondary structure by the PB1-F2 variants on their
three-dimensional structure, we first carried out DLS experi-
ments in the environmental conditions described above. Fig. 3
shows representative results obtained with two PB1-F2 variants
(WSN and FRO06). As illustrated in Fig. 3B, incubation in 50%
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TFE allows detection of objects with a diameter of about 1 nm,
a size compatible with a monomeric and structured form of an
11-kDa protein. It should be noted that the HK97 variant is the
only one that precipitates in these conditions. In contrast, incu-
bation in acetonitrile results in the formation of oligomers/ag-
gregates with sizes ranging from 20 to 1000 nm (Fig. 3C). Incu-
bation with lower concentrations of acetonitrile allows the
detection of smaller oligomers/aggregates (data not shown).
Fig. 3D shows the behavior of the two PB1-F2 variants in the
presence of different concentrations of SDS. In 1% SDS, both
variants are more compact (R;; of ~1 nm). When the SDS con-
centration was lowered to 0.1%, PB1-F2 was found to form
small oligomers with R;; of <10 nm. Interestingly, the variants
were found to form oligomers/aggregates of variable and larger
sizesin 0.01% SDS. Whereas the FR06 PB1-F2 forms oligomers/
aggregates with an R;;, of ~1000 nm (like PR8, UD72, and
HK97), the WSN, 1918, and MA65 PB1-F2 form oligomers
from 2 to 8 wm. Electron microscopy of negatively stained prep-
arations indicates that PB1-F2 in 0.01% SDS forms fibers that
can vary in length from 100 nm to 1 wm and with a diameter of
around 10-15 nm (Fig. 3E).

To characterize the nature of the PB1-F2 fibers formed in the
presence of SDS, we incubated them in the presence of ThT,
which specifically binds to amyloid fibrils (28). In the assay, the
fluorescence signal emitted at 485 nm after an excitation at 435
nm reveals that the ThT binds to amyloid fibers. ThT was found
to bind all of the PB1-F2 fibers formed in the presence of 0.01%
SDS, thus revealing that all PB1-F2 variants form amyloid fibers
in these experimental conditions. Although the WSN and the
1918 variants provided a strong emission signal, the FR06 and
PR8 variants displayed a weak signal (Fig. 44). The magnitude
of the emission signal correlates well with the size of the fibers
observed by electron microscopy, WSN and 1918 forming the
longest fibers. The increase of fluorescence is concentration-
dependent, as exemplified by the 1918 variant (Fig. 4B). The
presence of fibers was detectable at a concentration as low as
0.25 uMm. It should be noted that amyloid fibers were not
detected when the PB1-F2s were incubated in aqueous solu-
tions and in TFE/water or acetonitrile/water mixtures. In 0.1
and 1% SDS solutions, no amyloid fibers were detected.

PBI1-F2 Proteins Permeabilize Liposomes in a Sequence-spe-
cific Manner—To determine if the conformational diversity of
the PB1-F2 variants correlates with their intrinsic ability to
form pores in membranes as was reported for amyloidogenic
proteins (32, 33), permeabilization tests were carried out on
synthetic membranes. PB1-F2 variants were incubated with
liposomes containing a fluorescent soluble probe. The release
of fluorescent calcein from perforated liposomes was revealed
by a quenching reaction using cobalt present in the buffer and
not inside the liposomes. Thus, a decrease of fluorescence cor-
responds to liposome lysis. Each PB1-F2 variant caused perme-
abilization of the liposomes in a time- and dose-dependent
manner (see Fig. 5A for the FR06 variant). All of the variants
were able to achieve a complete lysis at a concentration of 500
nM within a few seconds. However, at lower concentrations, the
kinetic of the probe release was different between each variant,
indicating that the sequence variability of PB1-F2 may affect its
ability to interact with membrane and induce the lysis (Fig. 5B).
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FIGURE 4. A, measure of the fluorescence increase of ThT after binding with
amyloid formed by the seven PB1-F2 variants at a final concentration of 5 um
in 10 mm sodium acetate pH5 buffer containing 0.01% SDS. B, ThT binding by
1918 PB1-F2 at concentrations ranging from 0.25 to 5 um. The control was
obtained with PB1-F2 at the same concentration in sodium acetate buffer
without SDS. AU, absorbance units.

No permeabilization was detected for any variant under a crit-
ical concentration of 5 nM. The physical interaction between
synthetic liposomes and PB1-F2 variants was investigated by
electron microscopy. The liposomes shown in Fig. 5C (left) had
initially a spherical appearance with an apparent diameter
range from 100 to 400 nm in sodium acetate buffer, pH 5. Incu-
bation of asolectin vesicle suspensions with soluble WSN or
FRO6 PB1-F2 leads to a spectacular liposome destruction (Fig.
5C, right). Both PB1-F2 variants assemble into fibrils with a high
tendency to associate with membrane fragments. As observed
with SDS, WSN PB1-F2 forms longer fibers than the FR06
PB1-F2 variant. The lysis activity of each variant was not found
to correlate well with their ability to form long or short amyloid
fibers.

To check whether the fibers were the active species causing
liposome leakage, we carried out a permeabilization assay with
preformed WSN PB1-F2 fibers. Interestingly, there was no pore
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FIGURE 5. Membrane permeabilization by PB1-F2 variants. Asolectin lipo-
somes were assayed for calcein release against nanomolar concentrations of
PB1-F2 variants. A, permeabilization of liposomes upon the addition of 12.5-
500 nm FRO6 PB1-F2 variant in 10 mm sodium acetate, pH 5. B, lysis activity of
all seven PB1-F2 variants at a concentration of 25 nmin 10 mm sodium acetate,
pH 5, buffer. C, images of liposomes in the presence of different PB1-F2 vari-
ants by electron microscopy. Left, untreated liposomes in sodium acetate
buffer, pH 5; upper right, WSN PB1-F2; lower right, FRO6 PB1-F2. Bar, 200 nm.
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formation with fibers. Supplemental Fig. S2 shows that no pore
formation activity was evidenced with preformed fibers. A weak
and similar increase of fluorescent signal was observed with
liposomes treated with PB1-F2 fibers and/or 0.01% SDS. In con-
trast, monomeric PB1-F2 significantly permeabilized lipo-
somes. This shows that prefibrillar aggregates and not the fibers
are the species that possess a pore-forming activity.

In Vivo PBI-F2 Oligomerization—To address the physiolog-
ical relevance of the PB1-F2 ability to form amyloidal fibers in
vitro, we first estimated the PB1-F2 concentration in infected
cells to determine if the PB1-F2 concentrations required for
oligomerization and fiber assembly are of the same order of
magnitude as the PB1-F2 intracellular concentration.

To this end, we produced a specific anti-PB1-F2 monoclonal
antibody (to be described elsewhere). Cells were infected with a
recombinant WT influenza virus A/WSN/1933 (H1N1) or with
a mutant that was knocked out for the PB1-F2 gene (APB1-F2).
The amount of PB1-F2 in infected cells was quantified by a
sensorchip (Biacore) coated with the anti-PB1-F2 antibody
(Fig. 6A). The PB1-F2-specific SPR signal was calculated by
subtracting the APB1-F2 SPR signal obtained from the WT
virus. By comparing this signal with those obtained using dilu-
tions of recombinant PB1-F2 (Fig. 6A, inset), we estimated the
intracellular concentration of PB1-F2 to be roughly 0.5-1 uMm, a
value of the same range as in the in vitro assays in which we
evidenced by the thioflavin assay amyloid fibers at a 0.25 um
concentration.

We next tried to evidence the presence of PB1-F2 amyloid
fibers/aggregates in influenza virus infected cells using ThS
staining (34, 35). ThS, like ThT, binds to amyloid fibers and was
chosen because it resulted in an overall reduction of back-
ground cell autofluorescence compared with ThT staining
(data not shown). Fig. 6B shows that in contrast to what was
observed in non-infected and APB1-F2-infected cells, WT-in-
fected cells exhibit an intense fluorescent staining, thus reveal-
ing the presence of amyloid B-sheet structures. The ThS stain-
ing appeared to be diffuse in the cytoplasm with intense spots
associated with membranes. This result demonstrates that
PBI1-F2 is associated or forms amyloid-like fibers in infected
cells.

DISCUSSION

In the present work, we have investigated both secondary
and oligomeric structures of seven PB1-F2 variants to gain
insight into their structural and functional relationships. We
show that PB1-F2 has distinct folding pathways leading to
the formation of either disordered conformations or a-heli-
ces or oligomeric 3-enriched structures, depending on physico-
chemical conditions (Fig. 7). As previously observed, our results
confirm the disordered structure of PB1-F2 in aqueous solu-
tions (acidic) as well as the formation of an a-helical secondary
structure in TFE (25). TFE is well known to induce a-helix
folding by stabilizing hydrogen bonds in peptides (36, 37)
even if they do not have an intrinsic propensity to adopt
a-helical structure. In contrast, all PB1-F2 variants exhibit
B-sheet secondary structures in the presence of acetonitrile.
Compared with TFE, acetonitrile is less polar, and thus it is a
weaker hydrogen bond donor (38). Moreover, the B-sheet
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FIGURE 6. PB1-F2 expression and aggregation in influenza virus-infected
cells. A, real-time kinetics of interaction between lysates obtained from U937-
infected cells with wild type A/WSN/1933 (H1N1) virus (WT), virus knocked
out for PB1-F2 expression (APB1-F2), or non-infected cells with chip-immobi-
lized monoclonal anti-PB1-F2 antibody. The sensorgrams are represen-
tative for three independent experiments. Inset, a calibration curve ob-
tained for interaction of purified WSN PB1-F2 with the immobilized anti-PB1-F2
antibody. B, ThS staining of nonstimulated (NS), WT, and APB1-F2 U937-
infected cells was observed by fluorescence microscopy after excitation
with UV light. Bar, 10 um.

structural conformational switch of PB1-F2 was also ob-
served with the addition of SDS. This mild detergent is com-
monly used for probing conformation of small proteins due
to its ability to induce and stabilize ordered conformations in
peptides having structure-forming potential (39 -41). Fur-
thermore, SDS micelles have been used extensively for the
structural investigations of membrane peptides because they
provide an anionic, membrane-mimicking environment
with a hydrophobic core and a polar head (42). Therefore, it
clearly appears that the microenvironment surrounding
PB1-F2 strongly affects its folding pathway. Finally, in the
presence of small unilamellar asolectin liposomes of net nega-
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FIGURE 7. Model for the PB1-F2 folding pathways. The scheme represents
the different folding pathways leading to the formation of either disorder
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the physical and chemical parameters of the environment. All PB1-F2 variants
exhibit random structures in aqueous (acidic pH) solutions. PB1-F2 variants
adopt an a-helical structure in TFE-containing solutions. Whereas ThT-nega-
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ants generate ThT positive amyloidic assemblies in the presence of 0.01%
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gomers are also observed in the presence of liposomes.
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tive charge, all PB1-F2 variants adopt a 3-sheet conformation
similar to those observed with acetonitrile and SDS.

PB1-F2 oligomerizes in all of the conditions that favor
B-sheet-enriched structure formation. In most cases, protein
fibers emerge from an equilibrium of folded protein states with
local unfolded or marginally stable structures that can be self-
assembled into 3-sheet oligomers, leading finally to the irre-
versible formation of insoluble fiber (43). In contrast, oligo-
meric structures were not observed in TFE. The a-helical
conformation evidenced with TFE may be considered as an end
conversion pathway because only the PB1-F2 monomeric
structured form was observed in this environmental condition.
Fluorinated alcohols, such as TFE, have been shown to favor
monomeric protein conformation by disrupting hydrophobic
interaction in aggregated amyloid preparations (44). Only
amorphous aggregates were observed upon the addition of ace-
tonitrile. Amyloid fibers were generated in 0.01% SDS solution.
Fibers were also observed in the presence of asolectin lipo-
somes, as visualized by electronic microscopy. PB1-F2 variants
form fibers of different lengths, from 100 nm to 1 wm. Because
PB1-F2 variants exhibit differential abilities to form B-sheets
and amyloid fibers, this process is likely to be sequence-specific.
The structural switch leading to an amyloid pathway was
observed for other viral proteins, such as the DNA binding
domain of papillomavirus E2 proteins and EBNA-1 Epstein-
Barr virus protein in vitro (45, 46).

We also checked whether the structural switch between the
unfolded state and oligomeric B-sheet-enriched structures may
constitute a critical element for the regulation of PB1-F2 activ-
ities. PB1-F2 was previously reported to form pores of variable
sizes in planar membranes (22). Otherwise, PB1-F2 was shown
to be cytotoxic when added to cell medium at a low concentra-
tion (7) and to promote loss of mitochondrial membrane po-
tential by inducing morphological alterations (7, 17). We show
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here that all of the variants used in this study permeabilize
asolectin liposomes very efficiently, even at 5 nM nanomolar
range concentrations. The fact that PB1-F2 adopts a B-sheet
structure in the presence of synthetic membranes suggests a
possible pore formation activity, as observed for many amyloid-
forming proteins (33). Furthermore, the net positive charge of
PB1-F2inacidic conditions may promote its incorporation into
negatively charged asolectin liposomes by electrostatic interac-
tion. Lysis assays showed that there is no direct correlation
between the length of fibers and PB1-F2 activity. Interestingly,
the addition of preformed fibers to liposomes did not lead to
liposome permeabilization. This suggests that a prefibrillar
protein but not amyloid may be the active lytic form. The
ordered prefibrillar aggregates may form nonspecific pores per-
turbing cell ionic homeostasis. Frequently, prefibrillar aggre-
gates display much higher toxicity than mature fibrils (47-49).
The fast leakage kinetics observed here (within a few seconds)
suggests the formation of B-amyloid pore structures rather
than the generation of long fiber aggregates. The high activity of
PB1-F2 on membranes (with pores formed at nanomolar con-
centrations) suggests that PB1-F2 within an infected cell may
contribute to perturbation of the intracellular ionic homeosta-
sis, leading ultimately to cell death.

Our results do not rule out the possibility that free or mem-
brane-bound PB1-F2 interacts with cellular and/or viral pro-
teins. Actually, PB1-F2 was shown to interact with the mito-
chondrial proteins VDAC-1 and ANT-3 and to enhance the
opening of the permeability transition pore complex (17). It has
also been recently proposed that PB1-F2 could be involved in
interactions with members of the Bcl-2 family known to regu-
late mitochondrially mediated apoptosis (50). On the other
hand, PB1-F2 was shown to regulate viral polymerase activity
by interaction with the PB1 protein in the nucleus (19). The
natively disordered state of PB1-F2 in aqueous solutions could
allow interactions with all of these proteins and lipids. Proteins
other than PB1-F2 have also been shown to require a high
degree of structural disorder to fulfill their functions and need
to undergo disorder-order transition during or prior to their
biological function (51). Such proteins are frequently involved
in some of the most important regulatory functions in the cell,
and the lack of intrinsic structure in many cases is relieved when
the protein binds to its target molecule (52).

A critical finding of our work is that PB1-F2 forms amyloid-
like fibers in infected cells. Although amyloidosis is mainly
implicated in neurodegenerative diseases, fibrillization of some
viral or cellular proteins has been evidenced in viral infections.
Recently, semen-derived amyloid fibrils were shown to drasti-
cally enhance human immunodeficiency virus infection (53).
This capability is not restricted to retroviruses and suggests a
possible role of amyloids in the transmission and pathogenesis
of other enveloped viruses (54). Viral proteins by themselves
can also initiate protein aggregation and regulate amyloid for-
mation (55). Recent work suggests that highly pathogenic
H5N1 influenza virus or other neurotropic influenza viruses
could initiate central nervous system disorders, including Par-
kinson and Alzheimer diseases (56). Our observation that
PB1-F2 is able to form amyloidal fibers in virus-infected cells
may be related to the nervous system disorders observed with
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influenza neurotropic viruses and opens the way for further
studies of the role of PB1-F2 in the pathogenesis of the influ-
enza virus.

Overall, our results provide new insights into structural
behavior of PB1-F2 able to switch from a disordered state to
a-helix and to B-sheet structures in membranes. We demon-
strate that PB1-F2 forms amyloid fibers in infected cells, an
observation that explains the pathogenicity associated with this
protein. These observations open the way for further studies to
elucidate the role of PB1-F2 in the influenza virus cycle.
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