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ABSTRACT

PB1-F2 protein is a factor of virulence of influenza A viruses which increases the mortality and
morbidity associated with infection. Most seasonal HIN1 Influenza A viruses express
nowadays a truncated version of PB1-F2. Here we show that truncation of PB1-F2 modified
supramolecular organization of the protein in a membrane-mimicking environment. In addition,
full-length PB1-F2(1-90) and C-terminal PB1-F2 domain (53-90), efficiently permeabilized
various anionic liposomes while N-terminal domain PB1-F2(1-52) only lysed cholesterol and
cardiolipin containing lipid bilayers. These findings suggest that the truncation of PB1-F2 may

impact the pathogenicity of a given virus strain.

KEYWORDS:

PB1-F2-membrane interaction; Influenza A viruses; Amyloid-like protein structures; Cholesterol;

Cardiolipin.

1. Introduction

Every year, seasonal Influenza A viruses (IAV) affect millions of people leading to illness
and death. Moreover, highly pathogenic influenza strains represent a constant global public

health concern [1,2]. PB1-F2 is an accessory IAV protein encoded by an alternative +1 open



reading frame of the PB1 viral segment. PB1-F2 was first described as a pro-apoptotic factor
causing cell death and having others unknown functions contributing to the virulence [3,4,5].
PB1-F2 activities were shown to be associated with compromising mitochondria function [6,7],
down-regulation the host immune response [3,7], enhancing PB1 activity[8] and rising risk of

secondary bacterial infections [9].

Most avian IAV strains express a full-length PB1-F2 protein of 90 amino acids-[4;10]
The three influenza viruses responsible of the main pandemics over the last century in 1918,
1957 and 1968 also expressed the full-length protein [5].-In contrast, the 2009 H1N1 pandemic
influenza virus did not encode functional PB1-F2 (only an 11 amino acid form) [11]. Indeed,
since 1949 most human H1N1 expressed C-terminal truncated forms of the PB1-F2 [5]. Isolates
of recent H7N9 strains express truncated forms of PB1-F2 [12] which suggests that avian virus

adaption to mammalian host lead to the deletion of PB1-F2 function.

Although non-structured in aqueous solutions, PB1-F2 adopts to a B-sheet conformation
and oligomerizes to amyloid-like structures in an anionic membrane-mimicking environment

[13,14,15]. We have shown that cytotoxicity caused by PB1-F2 is triggered by the protein

soluble amyloid structures [14]. PB1-F2 aggregates were detected in the context of IAV infected
cells [13,15,16] which additionally suggests that toxic PB1-F2 oligomers contribute to the virus
pathogenicity. Here, we compared the abilities of a 52-amino acid form of PB1-F2 to assemble
into amyloid-like structures in a membrane-mimicking environment and to compromise

membrane integrity.

2. Materials and Methods



2.1. PB1-F2 expression and purification

PB1-F2 protein of A/WSN/1933 (H1N1) influenza virus was used in this study. The gene

encoding full-length PB1-F2(1-90) protein was cloned into pET 22b+ expression vector

(Novagen), and the gene en-coding N-terminal part of PB1-F2 (1-52) was cloned into pET28 in
order to express His-tagged proteins. Induction transformed BL-21 Rosetta cells (Stratagene)
was performed by addition of 1 mM isopropyl 1-thio-B-D-galactopyranoside for 4 hours at
37°C. After cells were lysed and inclusion bodies containing the recombinant PB1-F2-His
proteins were solubilized in 8M urea buffer. Proteins from inclusion bodies were purified on a
5mL Hitrap-IMAC column using AKTA Purifier-100 FPLC chromatographic system (GE

Healthcare). Fractions collected containing PB1-F2-His proteins were further purified by size

exclusion chromatography on a 120mL HiLoad Superdex 200 column. This two-step purification
procedure allowed to obtain highly purified protein samples as illustrated in Supplementary Fig.

1A and B.

C-terminal domain of PB1-F2(53-90) was custom made by Proteogenix (France). Prior to
analysis lyophilized protein powder was dissolved in 10 mM sodium actete buffer and its

concentration was de-termined by measuring optical density at 280 nm using extinction

coefficient deduced from its composition of 28990 M™*cm™, 5500 M™*cm™ and 4833 M™cm™ for PB1-

F2(1-90), PB1-F2(1-52) and PB1-F2(53-90), respectively.

2.2.Reagents

Phosphatidylserine (PS) and Phosphatidylcholine (PC) were purchased from Avanti Polar

Lipids (AL, USA). Other reagents were purchased from Sigma-Aldrich (France).



2.3. Liposomes preparation and permeabilization assay

Liposomes of various lipid compositions were prepared as previously described 1. All
liposomes used in this study were extruded through a polycarbonate membrane filter

(MILLIPORE 0.1 pum) to obtain unilamellar vesicles of environ 100 nm diameter.

For the leakage measurements, 35 mM calcein (Calcein disodium salt, Fluka) was dropped inside
lipo-somes as explained previously 1,2. Calcein efflux measurements were performed on a Tecan
microplate reader using 96 plates. Measurements were performed in a 160 pl volume containing
0.01 mg/ml lipo-somes in the sodium acetate buffer pH 5. The ability of proteins to permeabilize
liposomes was monitored by continuous measuring of calcein fluorescence emission at 528 nm
upon excitation at 492 nm. The fluorescence intensity was normalized regarding the signal
intensity obtained by the addition of 0.1 % (v/v) Triton X100 to the liposome preparation. All

runs were done at least in triplicate and were found to be in close agreement.

2.4.Circular Dichroism Spectroscopy

Far-UV (180-260 nm) circular dichroism (CD) spectra were measured on a JASCO J-810
spectropolar-imeter using 1 mm path length quartz cell. Spectra were collected at a scanning rate
of 100 nm/min, with a band width of 1.0 nm and a resolution of 100 mdeg and corrected for the
contribution of the buffer. Each spectrum was an average of 8 scans. Measurements were done at

20°. CD spectra were analyzed and quantified using the DicroWeb software.

2.5.Tryptophan fluorescence measurements



Fluorescence measurements were performed with a FP-6200 spectrofluorimeter (JASCO,
Tokyo, Japon) connected with a thermostatted cell holder at 20 °C, using a 1-cm path length

quartz cell. PB1-F2 (2 uM) was incubated with 0.001% w/v SDS or LUVs in different

concentrations ranging from 0.01 to 0.5 mg/ml in 10 mM sodium-acetate buffer for 24 hrs before
measurements. The fluorescent spectra were acquired in the range of 290 to 450 nm when

excited at 280 nm, at a scanning rate 125 nm/min, and a bandwidth 5 nm.

2.6. DLS analysis

Dynamic Light Scattering (DLS) measurements were performed on a Zetasizer Nano

serie (Malvern, UK). The scattering intensity data were processed using the instrumental

software to obtain the hydro-dynamic diameter (RH) and the size distribution of particles in each

sample. RH of the particles was es-timated from the autocorrelation function, using the

Cumulants method. A total of 10 scans with an overall duration of 5 min were obtained for each

sample. All measurements were done in at 20 °C.

2.7.AFM

A commercial dimension 3100 AFM (Vecco Instruments, USA) was used for

topographical characteri-zation of the samples. All measurements were performed at the tapping

mode using rectangular silicon AFM tip.



3. Results and discussion

Full length PB1-F2(1-90) converts from random into amyloid-like structures in a diluted
solution of anionic detergent SDS (concentration of SDS below its CMC of 0.23 %wv)
[13,15,17]. To determine if PB1-F2 (1-52) and PB1-F2 (53-90) also convert into amyloid-like
structures, the proteins were dissolved in 10 mM sodium-acetate buffer, pH 5 containing 0.05
%viw SDS. All measurements were done at pH 5 since PB1-F2 precipitates at physiological pH
[13,14]. Firstly, we measured the proteins intrinsic fluorescent emission upon excitation of their
Trp residues at 292 nm. Among the five Trps of PB1-F2, four are located within its C-terminal

domain (Trp58, 61, 80 and 88), and one within the N- terminal domain (Trp9). The Amax of

fluorescence emission of Trp reflects the polarity of its environment. In hydrophilic solutions, the

Amax can reach 355 nm, while in hydrophobic environments, i.e. when the Trp is located within

the protein structured domains, the Amax shifts to 320 nm. In the absence of SDS, Amax Of all three

PB1-F2 constructs reached 356 nm (Fig. 1A), indicating that Trps are fully exposed to

hydrophilic buffer solvent. This was expected for unstructured proteins in an agueous solution. In
0.05 % ww. SDS solution, the Amax Of all three proteins blue shifted to 342 nm (Fig. 1A). This
significant shift of 14 nm, indicates that Trp residues became less exposed to the hydrophilic

solvent upon addition of SDS suggesting that proteins had folded into more ordered structures.

Moreover, full length PB1-F2 showed a decrease in Trp fluorescence intensity at Amax suggesting
that the gain of structure was accompanied by a partial protein precipitation. This was expected
since full length PB1-F2 was shown to form amyloid aggregates of different sizes in a diluted

SDS solution [13,15]. In contrast, the fluorescent intensity at Amax 0f PB1-F2(53-90) increased,



while the Trp fluorescence of PB1-F2(1-52) rested almost unchanged in the presence of SDS

compared to what was observed in the buffer alone. Thus, truncated PB1-F2 probably assembled
into small soluble structures in a diluted SDS solution.

To estimate the size of protein assemblies formed in a diluted SDS solution, DLS
measurements were performed. Proteins were incubated within a 0.005 ¢, SDS in 10 mM
sodium acetate buffer, pH 5, and their hydrodynamic diameters (RH) were continuously

measured within a few hours (Fig. 1B). Without SDS, the estimated RH of PB1-F2 is 1 - 10 nm

[13,14]. Such sizes are expected for a small non-structured protein of molecular mass of about 10
kDa. Upon the addition of SDS, oligomers were rapidly formed as R+ of all three proteins
instantly reached several hundred nm (Fig. 1B). At ~ 60 min of incubation RH of PB1-F2 (1-52)
and PB1-F2 (53-90) increased to 400 nm, while the RH of full-length PB1-F2 dramatically

increased to reach 2-3 um. Findings in Fig.1B strongly suggest that all three proteins self-

associated rapidly to oligomerized species upon addition of SDS. Within 60-minutes, full-length
PB1-F2 polymerized further to larger polymers in the micron size range. In contrast, truncated
PB1-F2 only formed small aggregates in membrane mimicking environment within this time

scale.

Next we investigated the amyloid feature of SDS-induced assemblies of PB1-F2. The
ThT fluorescent signal was measured continuously in PB1-F2 solutions upon addition of 0.005
% wil/v. SDS. We had previously reported that neither full length nor truncated PB1-F2 proteins
formed ThT positive structures in an aqueous solution, pH 5 [14]. In the presence of SDS, PB1-

F2 (1-52) and PB1-F2 (53-90) were found to display a similar slope and saturation time of ThT

signal increase (Fig. 1C). No lag phase, generally assigned to protein nucleation, was observed at

the beginning of the linear part of the graphs. However, late intensity saturation of ThT



fluorescent signal of full-length compared to those of truncated PB1-F2 was observed (10 min
for PB1-F2 (1-52) and PB1-F2 (53-90) and 30 min for the full-length PB1-F2) (Fig. 1C). In

addition, 3-fold higher slope of the polymerization rate was found for full-length PB1-F2 (33°)

compared to PB1-F2 (1-52) and PB1-F2 (53-90) (11°) (Fig. 1C). ThT binds to amyloid structures
of different sizes with similar affinities-[18] and thus its signal intensity cannot indicate the type
of amyloid structures formed. However, the slope of ThT signal increase determined by real time

measurement reflects the kinetics of the amyloid formation. Different slope obtained for full

length PB1-F2 polymerization compared to those observed for truncated proteins corresponds to
distinct Kinetics of protein polymerizations. This probably came from the formation of various
type of amyloid structures by three PB1-F2 forms, which is in agreement with previous

observations [13,15].

To visualize molecular assemblies formed in a diluted SDS solution, AFM analysis was

performed on full-length and truncated PB1-F2 preparations. The AFM images of full-length PB-
F2 revealed the presence of bundles of intertwined fibrils of several um in length and diameter

between 1.5 and 10 nm (Fig. 1D). Observed sizes are similar to those published for amyloid

fibers formed by other proteins [19,20]. However, the real size of PB1-F2 fibers in SDS solution
may be underestimated since AFM was done on samples dried under mild condition to facilitate
their adhesion to the substrate. Drying can dehydrate and deform amyloid filaments as reported

before [21,22]. AFM imaging of PB1-F2 (53-90) incubated with SDS showed two types of

aggregated structures: predominant small unfused particles, which can be assigned to oligomers,
and few long fibrils. Filaments formed by PB1-F2 (53-90) were of irregular structure and looked
more like connected oligomers than steady polymeric fiber (Fig. 1D). In contrast, AFM images

of ThT-positive entities formed by PB1-F2 (1-52) in the presence of SDS were of globular



spherical-shapes (Fig. 1D). No N-terminal PB1-F2 fibrils were observed. AFM visualization
confirmed that in membrane-mimicking environment only full-length PB1-F2 fibrillated into

long amyloid filaments.

The propensity of a protein to form amyloid structures is frequently correlated to its

toxicity, since amyloids disturb cell membrane integrity [23]. In the context of infection, PB1-F2

was shown to accumulate as soluble amyloid oligomers in the membrane vicinity [13,15,16].

Thus, we compared the lytic activities of full-length and truncated PB1-F2. PB1-F2 and notably
its C-terminus lyse anionic but not neutral lipid bilayers [14,24,25]. Importantly, N-terminal

domain of PB1-F2 was shown to have no lytic activity towards both neutral and negatively

charged membranes [14]. Hence, we wondered if specific lipids such as cholesterol or cardiolipin

may modulate PB1-F2 lytic activities.

Cholesterol is a critical structural component of lipid raft domains that plays functional

roles in many aspects of the influenza A virus life cycle. We prepared PC/cholesterol liposomes

(14:1 molar ratio) and add to the suspension PB1-F2 (1-90), PB1-F2 (1-52) or PB1-F2 (53-90) at
concentrations ranging from 2 nM to 1000 nM. For all PB1-F2 forms, the presence of cholesterol
significantly increased the dye released as compared to those observed with neutral PC
liposomes (Fig. 2). For instance, 1 uM of full-length PB1-F2 permeabilized 70 % of
PC/Cholesterol liposomes against only 20 % of PC liposomes. Positive effect of cholesterol on
PB1-F2 lysis activity may be explained by the negative charge of cholesterol which facilitates
electrostatic interactions between liposomes and positively charged PB1-F2 proteins.
Alternatively cholesterol may facilitate PB1-F2 membrane destabilization by modifying
membrane fluidity [26]. When cholesterol was added to negatively charged vesicles

(PC/PS/Cholesterol, 9:4:1 molar ratio), different effects were observed for the three protein

10



constructs: cholesterol partially inhibited lysis efficiency of PB1-F2 (52-90), but facilitated that
of PB1-F2 (1-52). Cholesterol had no significant effect on full-length PB1-F2 permeabilizing
activity. Similarly, no cholesterol effect was observed previously when full-length PB1-F2
interaction with planar lipid membranes was studied [24]. Surprisingly, the N-terminal part of
PB1-F2 completely lysed PC/PS/cholesterol liposomes at concentration of 1 uM. This suggests

that N-terminal part of PB1-F2 may destabilize membranes containing sterol rafts.

Next, membrane leakage was monitored with vesicles containing cardiolipin. The

cardiolipin is almost exclusively localized in the inner mitochondrial membrane where it is

involved in mitochondrial membrane dynamics and the mitochondrial apoptotic process [27]. P1-
F2 was shown to particularly interact with the inner mitochondrial membrane to perforate lipid
bilayers causing cytochrome c release [28]. The % dye released from liposomes containing
PC/cardiolipin (2:1, molar ratio) treated with PB1-F2, PB1-F2 (1-52) or PB1-F2 (53-90) were
similar to those found in pure PC liposomes (Fig. 2). In contrast, presence of cardiolipin in
negatively charged liposomes (PC/PS/cardiolipin, 1:1:1 molar ratio) significantly increased the

leakage effects of N-terminal domain and full-length PB1-F2 (Fig. 2). At concentration of 500

nM the full-length PB1-F2 completely destabilized PC/PS/Cardiolipin liposomes within 30 min.
Surprisingly, a partial inhibitory effect of cardiolipin was evidenced on lysis activity of PB1-
F2(53-90) in PC/PS/Cardiolipin (1:1:1, molar ratio) liposomes compared to PC/PS ones (1:1

molar ration).

Overall our results suggested that incubation in an anionic membrane-mimicking
environment resulted distinct kinetics of polymerization for full-length, N- and C-terminal

domains of PB1-F2 to fold into different supramolecular organizations. Full-length PB1-F2 (1-

90) and PB1-F2 (53-90) efficiently disrupted various anionic synthetic membrane, while PB1-F2

11



(1-52) only lysed cholesterol or cardiolipin containing membranes. Most PB1-F2 function as
apoptosis induction [6,8,25], infected cell necrosis [14], modulation of host cell response [29]
and increased lethality in mice [30,31] are associated with its C-terminal part. Our data support
that N-terminal domain of PB1-F2 shows no tendency to polymerize into amyloid fibers in an
anionic membrane-like environment, which contrast the full length protein. Nevertheless, PB1-
F2 (1-52) may efficiently damage membranes containing cholesterol and cardiolipin. However,
exactly how is the truncated small PB1-F2 form activity within infection context still has to be

studied.
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Figure Legends

Figure 1. Full-length, N- and C-terminal part of PB1-F2 can form amyloid-like structures. (A)

Tryptophan fluorescence of PB1-F2 proteins showing blue shift of Amax upon addition of SDS

(0.05%w/v) in 10 mM sodium acetate buffer, pH 5. (B) Size distribution of PB1-F2 proteins after
addition of 0.005 %wi/v SDS to the buffer solution followed by real-time DLS analysis. (C) ThT

fluorescence (at 482 nm) real-time recording during PB1-F2 oligomerization to amyloid-like

structures upon addition of SDS (0.005 %w/v). (D) AFM images of PB1-F2 structures formed in
0.005 %w/v SDS, 10 mM sodium acetate buffer, pH 5. Concentration of protein was 10 uM.

Note that long straight fibrils were only observed with full-length PB1-F2.

Figure 2. Cholesterol and cardiolipin effects on PB1-F2 membrane lytic activities. Calcein

release from liposomes of various lipid compositions was monitored upon addition of different

PB1-F2 forms in concentration ranging from 2 nM to 1 uM. Measurements were done in 10 mM

sodium-acetate buffer, pH 5 at room temperature. Error bars indicate the SEM for n = 3-4.
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Highlights

e Truncation of PB1-F2 protein of Influenza A viruses modifies its membrane lytic

activity.

e  Truncation of PB1-F2 modifies the protein supramolecular organization in a

membrane mimicking environment.

e PBI1-F2(1-52) can permeabilize liposomes containing cholesterol and cardiolipin
while full-length PB1-B2(1-90) efficiently damages anionic liposomes of various

lipid compositions.



