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Double-stranded RNA (dsRNA) virions constitute transcrip-
tionally competent machines that must translocate across cell
membranes to function within the cytoplasm. The entry mech-
anism of such non-enveloped viruses is not well described. Bir-
naviruses are unique among dsRNA viruses because they pos-
sess a single shell competent for entry. We hereby report how
infectious bursal disease virus, an avian birnavirus, can disrupt
cell membranes and enter into its target cells. One of its four
structural peptides, pep46 (a 46-amino acid amphiphilic pep-
tide) deforms synthetic membranes and induces pores visual-
ized by electron cryomicroscopy, having a diameter of less than
10 nm. Using both biological and synthetic membranes, the
pore-forming domain of pep46 was identified as its N terminus
moiety (pep22). The N and C termini of pep22 are shown to be
accessible during membrane destabilization and pore forma-
tion. NMR studies show that pep46 inserted into micelles dis-
plays a cis-trans proline isomerization at position 16 that we
propose to be associated to the pore formation process. Reverse
genetic experiments confirm that the amphiphilicity and pro-
line isomerization of pep46 are both essential to the viral cycle.
Furthermore, we show that virus infectivity and its membrane
activity (probably because of the release of pep46 from virions)
are controlled differently by calcium concentration, suggesting
that entry is performed in two steps, endocytosis followed by
endosome permeabilization. Our findings reveal a possible
entry pathway of infectious bursal disease virus: in endosomes
containing viruses, the lowering of the calcium concentration
promotes the release of pep46 that induces the formation of
pores in the endosomal membrane.
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Biological membranes represent a physical barrier that iso-
lates cellular components from the external environment.
Exchanges between cells and their surroundings are brought
about by structural changes of the lipid bilayer that lead either
to fusion events (vesicular trafficking) or to the formation of
pores (exchange through channels). Membrane-enveloped and
non-enveloped viruses represent a paradigm for the study of
membrane deformations (1). Enveloped viruses carry mem-
brane-anchored glycoproteins that mediate fusion between
viral and cellular membranes. The considerable number of
studies carried out on viral glycoproteins, in particular the large
number of x-ray crystal structure determinations (2-5) have
shed light on the membrane fusion mechanism. In contrast, the
entry pathway of non-enveloped viruses is not as well under-
stood. For positive-strand RNA (+sRNA) viruses such as polio-
virus, binding of the virus to its receptor results in large capsid
rearrangements. The hydrophobic N terminus of the VP1 pro-
tein moves to the particle surface while the myristoylated inter-
nal protein VP4 inserts into the target membrane (6, 7). Noda-
viruses, others +sRNA viruses, have a unique capsid protein (8)
associated to a peptide, the y peptide (44 residues). Both capsid
protein and peptide result from the self-cleavage of a capsid
protein precursor. The vy peptide has the capacity to permeabi-
lize biological membranes allowing genome translocation
through the membrane (9, 10). The recent determination of the
atomic structure of the y peptide membrane-active domain
demonstrates similarities with the fusion peptides of glycopro-
teins of enveloped viruses: both are formed by a kinked helix
(11). The vy peptide is located inside the capsid and is brought
toward the membrane during entry. For these viruses, all these
rearrangements are believed to result in the formation of a nar-
row channel that allows the genomic RNA to reach the cyto-
plasm. In contrast to +sRNA viruses, dsRNA viruses have to
maintain their genome hidden from the cellular defense mech-
anisms at all steps of the viral cycle. Consequently, a large
object, the capsid-protected genome, needs to cross the cell
membrane. Most dsRNA viruses possess several concentric
shells. During entry, the external capsid layer is generally lost
and its constitutive proteins, or their cleavage products, are
thought to induce a local destabilization of the cellular mem-
brane allowing virus translocation (12). Recently, it has been
shown that mammalian reovirus produce a myristoylated pep-
tide (w1N) that can induce size-selective pores in membranes
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(13). The release of this peptide associated to pore formation
(13) and structural rearrangements of the remaining domain of
pl (ul C) (14) are thought to lead to virus entry into the cell.
Birnaviruses only possess a single-layered capsid (15) that is
assumed to be competent for both virus translocation and
genome replication-transcription. For all dsRNA” viruses, the
mechanisms of membrane destabilization associated to entry
remain hypothetical. Totiviruses, another group of dsRNA
viruses that lack additional shells constitute a special case
because they are not able to enter into a cell and are therefore
only transmitted during cell division.

The capsid of birnaviruses is formed by 260 VP2 protein tri-
mers (15, 16) which obey T = 13laevo icosahedral symmetry
(17, 18). VP3, the second major viral protein, binds the RNA-
dependent RNA polymerase VP1 and the genomic dsRNA (19,
20). Birnaviruses present characteristic peptides associated to
the virus particle (21). Four peptides (pep46, pep7a, pep7b, and
pepll) being 46, 7, 7, or 11 amino acids in length, respectively,
are found in the case of infectious bursal disease virus (IBDV)
(22). These peptides are generated through the processing of
the viral polyprotein pVP2-VP4-VP3 (Fig. 1). VP4 is a protease
that cleaves its own N and C termini, thus releasing pVP2 and
VP3 within the infected cell (23). Subsequent serial cleavages at
the C terminus of pVP2 yield the mature VP2 capsid protein
and the four peptides.

In this study, we show that pep46 deforms biological mem-
branes, leading to the formation of pores. We determined by
NMR the atomic structure of this peptide. The membrane-ac-
tive domain is formed by two kinked a-helices linked by a pro-
line displaying cis-trans isomerization that controls peptide hy-
drophobicity. These results combined with reverse genetic
studies permit the proposition of a general model describing
the cell entry pathway of a non-enveloped virus.

EXPERIMENTAL PROCEDURES

Peptide Synthesis—The peptides were obtained by auto-
mated solid-phase synthesis using the 9-fluorenylmethoxy car-
bonyl strategy and purified by reversed-phase high-perform-
ance liquid chromatography using standard procedures. The
peptides were analyzed by mass spectrometry and confirmed to
have purity higher than 98%.

Peptide Activity—The hepatocarcinoma epithelial chicken
LMH cell line was grown in RPMI medium supplemented with
10% fetal calf serum, 2 mM glutamine, and 1 mum sodium pyru-
vate. The activity of the peptides was determined by studying
their effects on live cells. After incubation at 37 °C, LDH release
was measured using the cytotox 96 nonradioactive kit (Pro-
mega), as described by the manufacturer. The percentage of
LDH release was determined taking in account the OD values
found on untreated and Triton X-100-treated cells. All experi-
ments were carried out five times on duplicated samples; all
measurements gave similar results. Liposomes containing car-
bofluoresceine (CF) were prepared as described by Nandi et al.

5The abbreviations used are: dsRNA, double-stranded RNA; LDH, lactate
dehydrogenase; CF, carbofluoresceine; IBDV, infectious bursal disease
virus; DPC, dodecylphosphocholin; VLP, virus-like particles; r.m.s.d., root
mean-squared deviation.
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(24). The release of CF after addition of peptides or virus was
monitored by the increase of fluorescence at 520 nm, using a
492-nm excitation band in a thermostatted Perkin-Elmer
LS50B spectrofluorimeter. The value for 100% release was
obtained by addition of Triton X-100 at the end of the reaction.
All fluorescent experiments were carried out at least three
times and gave similar results.

Electron Cryomicroscopy—Microscopy was performed as
previously described (25). A drop of the studied sample was
adsorbed to air glow-discharged holey carbon films. The excess
of liquid was removed and the grid frozen in liquid nitrogen
cooled ethane. The grid was transferred into a Gatan 6226 cryo-
holder and observed with a Philips CM12 electron microscope
operated at 80 kV. The micrographs were recorded at a magni-
fication of 35,000 under standard low dose exposition
conditions.

Sample Preparation and NMR Spectroscopy—Pep46 was dis-
solved at pH 3.5 in an aqueous 40 mM dodecylphosphocholin
(DPC) solution at a final concentration of 1 mm. Two-dimen-
sional phase-sensitive 'H Clean-TOCSY with 70 ms spin lock,
and 100 ms and 200 ms mixing times NOESY experiments (26)
were recorded at 313 K and 333 K on an AVANCE Bruker
spectrometer operating at 600.14 MHz without sample spin-
ning with 2K real points in 2, with a spectral width of 6000 Hz
and 512 ¢1-increments. Pulsed-field gradients (27) were used
for water suppression. The data were processed using XWIN-
NMR software (Bruker). A /6 phase-shifted sine bell window
function was applied prior to Fourier transformation in both
dimensions (t1 and £2). The temperature was externally con-
trolled using a special temperature control system (BCU 05
Bruker).

NMR Structure Determination—NOE cross-peak volumes
measured on NOESY spectrum (NOESY, 200 ms mixing time,
333 K) were converted into distances, semiquantitatively, by
counting contour levels. Using the Tyr-2,6H geminal, and
Asp-Hp protons as calibration peak, NOE signals were classi-
fied into 5 categories with upper distance limits ranging from
2.5 to 5 A. Pseudo-atom corrections were added when neces-
sary. Calculations were performed using the standard proce-
dures in X-PLOR version 3.84 (28, 29). Quality of structures was
evaluated with PROCHECK (30).

Virus Rescue Experiments—To generate infectious IBDV
mutants from cDNA clones, a previously described strategy was
used (22). Cells at 90% confluence in P12 wells were infected
with the vaccinia virus MVA-T7 at a multiplicity of infection of
1. After a 1-h adsorption, the cells were rinsed with the RPMI
medium. In the mean time, pT7-A-HDR derivates and pT7-B-
HDR plasmids allowing the transcription of genome segments
A and B, respectively, were mixed (0.5 ug of each plasmid) with
3.5 ul of Lipofectamine 2000 (Invitrogen) in 350 ul of Opti-
MEM and were kept at room temperature for 30 min. The cells
were again rinsed in OptiMEM and incubated with the DNA-
Lipofectamine 2000 mixture at 37 °C for 5 h. Next, 1.5 ml of
complemented RPMI medium was added to each well. Recom-
binant mutant viruses were recovered 48-h post-transfection
after filtration through a 0.22- um-pore-size filter. At least three
independent transfection experiments were carried out to ana-
lyze each pT7-A-HDR derivative. The viruses were amplified
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FIGURE 1. Schematic representation of the IBDV polyprotein processing and effects of pep46 and derivates on cell morphology. A, IBDV polyprotein
and the four structural peptides pep46, pep7a, pep7b, and pep11 derived from the C-terminal domain of pVP2, are represented. Numbering refers to the amino
acid position in the polyprotein. Hydrophobic residues are red, and charged residues are blue. Strictly conserved residues are indicated in the consensus line.
The main characteristics of the pep46 domains are indicated. B, effect of pep46 and derivates on the morphology of LMH cells. After 10 min, drastic effects on
the morphology and the size of the cells are observed with pep46 and pep22 and to a lesser extent with pep15. Pep24 has no effect on cells. Major

morphological effects are indicated by white arrowheads.

on LSCC-BKS3 cells. IBDV-infected LSCC-BK3 cells were ana-
lyzed 3 or 5 days postinfection. Briefly, the cells were fixed with
2.5% PFA in phosphate-buffered saline for 30 min at room tem-
perature and permeabilized by incubation for 10 min in 0.1% Tri-
ton X-100. Fixed cells were incubated with a 1:250 dilution of an
anti-VP3 monoclonal antibody. Next, the cells were rinsed and
incubated with an anti-immunoglobin mouse fluorescein isothio-
cyanate conjugate in phosphate-buffered saline-0.05% Tween.
The cells were rinsed three times and subjected to FACScalibur
(Becton Dickinson) analysis using the Cell Quest Pro software.
VLP-GFP Cell Binding Assay—Fluorescent VLP were pro-
duced as described by Chevalier et al. (31). The VLP were incu-
bated on permissive and non-permissive cells at 4 °C for 30 min
in the presence and absence of calcium. The cells were rinsed
twice with OptiMEM (Invitrogen) containing the adequate
concentration of calcium and analyzed with the FACScalibur.

RESULTS AND DISCUSSION

The Membrane-active Domain of pep46—Fig. 1A shows
the schematic representation of the IBDV polyprotein mat-

20776 JOURNAL OF BIOLOGICAL CHEMISTRY

uration process. A sequence alignment between different
birnavirus pep46 homologues reveals only six conserved res-
idues, three of them proline. All sequences display identical
clusters of similar amino acids allowing the definition of
three domains: the central hydrophobic domain containing
most of the conserved residues (three prolines at positions
16, 23, and 27, a threonine at position 20 and the following
leucine) and the two flanking domains mainly constituted by
both hydrophobic and charged residues. Whereas the N-ter-
minal domain is positively charged, the C-terminal is some-
what negatively charged. The N-terminal domain is pre-
dicted as forming an amphipathic a-helix with positively
charged residues on one side of the helix and hydrophobic
residues on the other side (22). As far as the positions of
charged and hydrophobic residues are concerned, the
sequence similarity between pep46 of different IBDV strains
(data not shown) and different birnaviruses (Fig. 1A) is
higher in the N-terminal than in the C-terminal domain,
suggesting a critical role of this a-helix in the viral cycle. The
overall hydrophobicity of pep46 strongly suggests potential
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FIGURE 2. Membrane permeabilization activity of pep46 and derivates. A and B show the peptide activity on cells quantified by LDH release and expressed as a
percentage of the total cellular LDH. A, effect of time on LDH release. Peptides were incubated with cells at a concentration of 10 um. The amino acid sequence of
pep22P16A is identical to the one of pep22 except proline in position 16 that is substituted by an alanine. No release was observed with pep24. B, effect of concen-
tration on LDH release. The activities of pep15 and pep22P16A display the same concentration dependence. Again, no activity could be observed with
pep24. C and D show the release of the fluorescent probe from synthetic liposomes. The peptide activity was quantified by the fluorescent probe
leakage and expressed as a percentage of the total unquenched fluorescence (when liposomes were treated with Triton X-100). In A and B, results are
mean = S.D. of five distinct experiments. C, activities of pep22 and pep24 at a concentration of 1 um were compared. Triton X-100 indicates the time at which
Triton X-100 has been added to the samples to validate the quality of the liposomes containing the fluorescent probe. Again, no activity of pep24 was detected.
D, effect of peptide concentration and time. The activity of pep46 was measured and found concentration dependent in the nanomolar to micromolar range.
E, comparison of the effects of pep46 and pep22 on liposomes. F, effect of avidin binding at the N and C terminus of pep22.

interactions of this peptide with membranes. Fig. 1B shows
that cells incubated with pep46 undergo spectacular mor-
phological modifications characterized by significant
shrinkage and cytoplasm vacuolization. Video light micros-
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copy shows that pep46-treated cells first swell and then
undergo important membrane deformations that are associ-
ated to massive losses of cellular material (not shown). All
these changes result in round ghost cells that have lost their
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FIGURE 3. Visualization by cryomicroscopy of the structural effects induced by pep22. g, panels show the liposomes in the absence (left) and the
presence (right) of pep22. In both cases, liposomes having various diameters are observed. In general, they are unilamellar. The bilayered structure of
the membrane is clearly visible. b, when the membranes are observed at higher magnification, significant differences are observed in the presence of
pep22. While the position of the polar heads of the lipids gives rise to parallel lines over long distances when pep22 is absent (left), the positions of the
polar heads differ in the presence of pep22 (right). For this last case, the raw micrograph is presented (upper panel) as well as a filtered image for the low
(1/100 nm) and high (1/2 nm) spatial frequencies (lower panel). In this last case, the thickness of the membrane seems to vary and parallel lines alternate
with the fuzzy area. The arrows indicate a thinner membrane area (t). ¢, fusion events between the external and internal leaflets are observed giving rise
to an aqueous channel or pore. The membrane deformations (arrow 1) and the pores (2 and 3) are better observed on images that have been filtered

(lower panel). The diameter of the pores are less than 10 nm.

initial morphology (Fig. 1B). As already shown for mamma-
lian reoviruses (Agosto et al., 13), these observations can be
interpreted as arising from partial permeabilization of the
cellular membrane that leads to the establishment of a high
osmotic pressure, resulting in severe cell damage. To identify
the membrane-active domain of pep46, several peptides
derived from its primary sequence, were synthesized and
their effects analyzed on cells. Peptides made of the first 15
(pepl5), of the 22 N-terminal amino acids (pep22) and of the
last 24 C-terminal residues (pep24) were synthesized (Fig.
1B). Although attenuated, the effects of both pep22 and
pepl5 were similar to that of pep46 with a rounding of the
cells and a loss of cellular material. While pep22 was found to
be more efficient than pepl5, pep24 had no effect on cells.
All these observations demonstrate that pep46 and in par-
ticular its N-terminal moiety, pep22, destabilize cell
membranes.

The Permeabilizing Activity of pep46—The permeabilizing
activity of pep46 and its shorter derivates, pep22, pepl5, and
pep24 was quantified by measuring the release of a cytoplas-
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mic enzyme (LDH) induced by each peptide. Although the
results are only illustrated for an IBDV-permissive cell line
(LMH cells; Fig. 2), similar data were obtained for both per-
missive and non-permissive cells. The effects of the peptides
were analyzed for time (Fig. 2A4) and concentration (Fig. 2B)
dependence. Fig. 2A shows that the peptides permeabilize
membranes with characteristic kinetic constants and lag
periods. While a lag period cannot be evaluated in the case of
pep46, its existence is clearly visible for pep22 and pepl5.
Pepl5 displays a longer lag period than pep22. The existence
ofalag period indicates that the membrane permeabilization
is a multi-step event. No activity could be detected for pep24.
Fig. 2B shows that all peptides are characterized by a critical
concentration below which the peptides have no effect on
the LDH release. The critical concentration increases evenly
following the order of the series: pep46, pep22, and pepl5.
No effect could be detected for pep24 up to a concentration
of 20 uM. All these experiments demonstrate that pep46 and
particularly its N-terminal moiety permeabilize cell mem-
branes. To assess the efficiency of pep46, we compared its
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FIGURE 4. NMR structure of pep46 in DPC micelles. A, stereoview of the twelve pep46 accepted refined structures with the peptide bonds of Pro'6232427 jn

the trans conformation. The superposition is performed on the (3-22) backbone atoms of pep46. The ribbons corresponding to the (1-22) and (23-46) domains
are respectively colored in blue and dark green. The four a-helices are represented as orange cylinders. Proline 16 is colored in purple. The hydrophobic and
aromatic residues, Phe1 (red) and Phe3 (yellow) of pep46, show a very great flexibility, which could be important for the membrane interaction. B, structure of
one of the pep46 structures with all the prolines in the trans conformation, showing the distribution of the hydrophobic and hydrophilic residues along the four
helices (red cylinders). C, influence of the cis-trans isomerism of the peptide bond between Val'® and Pro’® on the relative orientation of the (3-15) and
(16-22) helices (blue cylinders). The structure should be compared with that represented in B. The superposition between the two structures was done
on the (3-15) backbone atoms. The second helix (16 -22), entirely hydrophobic, tends to be directed to the same side as the hydrophobic face of the first
amphipathic helix, and, more specifically toward the residues Phe' and Phe? located at the N-extremity of Pep46, when Pro'® adopts a cis conformation.
D, superposition on the (3-15) backbone atoms of the best pep46 structures calculated with the proline 16 in trans (red cylinders) and cis (blue cylinders)

conformation, showing the orientation distribution of the (16-22) helix toward the (3-15) helix.

activity to the one of the membrane-active domain (y1) of
the nodavirus y peptide. We found that y1 is 10 —20-fold less
efficient than pep22. While it can be seen on Fig. 2B that the
critical concentration of pep22 is about 3uMm, the one of y1
peptide is equal to 30 -50 um (data not shown).

The membrane permeabilization induced by pep46 could
depend on a perturbation of the metabolism that controls cel-
lular entry processes such as endocytosis. To test this hypoth-
esis, we analyzed the influence of a metabolic inhibitor. The
depletion of the cellular ATP pool did not influence the activity
of pep46 and its shorter derivates (not shown). Therefore,
pep46 and in particular, its N-terminal moiety (pep22), display
a membrane activity that is energy-independent. All these fea-
tures were observed on permissive and non-permissive cells,
demonstrating that pep46 or derivates interact with the lipid
bilayer, resulting in the formation of a pore, even in the absence
of a specific receptor.

To further characterize the pore formation mechanism, we
studied the activity of these peptides on synthetic membranes.
The peptides were incubated with liposomes containing a flu-
orescent probe, which due to quenching effects has a fluores-
cence signal strongly depending upon concentration. The
release of the probe from the liposomes leads to a lowering of
the probe concentration and thus to an increase of the fluores-
cence signal. With pep22, ata concentration of 1 um, the release
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of the probe from liposomes is achieved within a few seconds
(Fig. 2C). Up to a concentration of 2 mm, the release is inde-
pendent of the presence of calcium or a chelating molecule
(EDTA, data not shown). With this assay as with others, pep24
is found to be inactive on membranes. Fig. 2, D and E panels
illustrate the results obtained with both pep46 and pep22. The
release of the probe from the liposomes has kinetic character-
istics similar to those previously described on cultured cells: the
existence of a critical concentration and short lag period par-
ticularly visible at low concentrations. Because of the mem-
brane composition and cell organization, the fluorescence assay
on liposomes allows the detection of pores at concentrations
that are three orders of magnitude lower than the LDH release
assay.

Polarity in the Interaction of pep22 with Membranes—To
analyze the importance of the N and C termini of pep22 in
membrane destabilization, a reporter protein, fluorescent
streptavidin, was attached either at its N or C terminus. The
labeled pep22 were added to liposomes containing a fluores-
cent probe. Fig. 2F shows that the binding of avidin to either
the N or the C termini of pep22 inhibits, but does not block
the release of the probe from the liposomes treated with the
peptide. These results demonstrate that the addition of an
exogenous charged polypeptide at both termini does not
prevent the formation of pores in synthetic membranes.

JOURNAL OF BIOLOGICAL CHEMISTRY 20779

8TOZ ‘T unC uo anbiwouo.By 8Y2ieydey | ap feuoieN INISU| VN | 1 /61000 mmmy/:dny wouy pspeojumoq


http://www.jbc.org/

A Viral Peptide Deforms and Perforates Membrane

TABLE 1
NMR restraints and structural statistics

NMR derived distance restraints

Total 461

Intraresidue 206

Sequential (|i—j| = 1) 134

Medium-range (1 < |i—j | =< 4) 116

Long-range (ﬁ'*j| >5) 5
Distance violations

>0.2 0

R.m.s.d. (A) from experimental

Distance restraints (479%) 0.020 = 0.003

R.m.s.d. from idealized geometry
Bonds (A)
Angles (deg)
Improper angles (deg)

(715) 0.0041 * 0.0001
(1299) 0.69 * 0.02
(45) 0.47 * 0.02

Xplor potential energies

Eyor (keal/mol) 10.71 = 3.1
E, 4., (kcal/mol) —167.8 = 12.1
E, o1 (kcal/mol) —1665.3 = 24.2
Ramachandran analysis of residues
Favored region (%) 86.3
Additional allowed regions (%) 12.8
Generously allowed regions (%) 0.4
Disallowed regions (%) 0.4
Pairwise rms deviation (A) Backbone atoms  Heavy atoms
(3-15) 0.41 £0.18 1.49 = 0.44
(17-22) 0.36 + 0.17 0.92 =+ 0.30
(3-22) 0.77 £0.33 1.63 = 0.48
(18-27) 0.87 = 0.39 1.14 =+ 0.40
(27-33) 0.48 = 0.18 1.09 = 0.36
(35-40) 0.32 = 0.14 1.17 = 0.42

Both peptide termini are thus accessible during the pore
formation process and remain in the vicinity of the polar
heads of the membrane.

Visualization of the Pores by Electron Cryomicroscopy—The
deformations of synthetic membranes induced by pep46 and
shorter derivates were analyzed by electron cryomicroscopy.
Fig. 3a shows liposomes visualized in the absence (left) and
presence (right) of pep22. Pep46 has similar effects on lipo-
somes than pep22. At low magnification, both samples
appear similar. Although multi-lamellar vesicles are visible,
most of the liposomes are uni-lamellar and characterized by
heterogeneous diameter values. Polar head and aliphatic
chain domains of the lipid constituting the liposome bilayer
are easily discerned. At higher magnification, a significant
effect of pep22 on liposomes is observed (Fig. 3b). Whereas
in the absence of pep22, the polar heads constituting the
liposome bilayers form lines that are parallel over long dis-
tances (left), in the presence of pep22, the lines are parallel
over much smaller distances (right). In fact, in this latter
case, the bilayer thickness varies giving rise to areas charac-
terized by the presence of parallel lines that rapidly alternate
with fuzzy lines. In accordance with this observation, the
contrast of the membrane is lowered when pep22 is added to
the liposomes. The fuzzy domains often show fusion of the
external and internal leaflets of the bilayers (Fig. 3¢) demon-
strating the formation of an aqueous channel within the
membrane that will be defined as a pore. The diameter of the
pore is not constant; while it is smaller than the picture res-
olution (about 2 nm) in the left and middle panels, it is larger
in the right panel, but the diameter of the pores were always
found less than 10 nm. In all cases, the diameter of the pore
is smaller than the diameter of the IBDV virion (60 -70 nm).
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No significant effect of pep24 on liposomes could be
observed (not shown).

NMR Structure of pep46 in Dodecylphosphocholine (DPC)
Micelles—To further study the ability of the peptides to form
pores, the structure of pep46 in a detergent mimicking the
lipid bilayer environment was determined by NMR spectros-
copy. Medium range NOE demonstrate that in DPC, pep46 is
organized as four a-helices (amino acids 3 to 15 or (3-15)),
(16-22), (27-33), and (35—-40) (Fig. 4, A and B; Table 1). The
proline-rich domain is thus constituted by the second a-he-
lix and the following loop. Long range NOE are found
between Val'® and Ala®>® and between Ser'® and Ala*® show-
ing that this domain has a tertiary folding mainly maintained
by hydrophobic interactions. Importantly, characteristic
sequential NOE cross-peaks reveal that Pro'® and Pro*® are
present in both cis and trans conformations. The doubling of
the resonances of Ala'%, Val'®, Val'’, Val'® Phe??, Ala?®,
Ala?®, His®° confirms the cis/trans isomerization of several
peptidyl-prolyl bonds. The all-trans conformation of pep46
was initially calculated. The N-terminal moiety displays two
a-helices with well-defined orientations (Fig. 4A). This
structure is similar to that of the nodavirus membrane-active
domain of the vy peptide (11). In the case of IBDV, the elbow
between the two helices is generated by the presence of a
proline, Pro'®. The C-terminal moiety also shows two helices
but having various possible orientations. Fig. 4B shows the
best structure calculated for pep46. The (3—15) helix dis-
plays the characteristic features of an amphipathic a-helix
with the polar amino acids (Lys®, Asp®, Arg® Arg'!, and
Arg'?) located at one side and the hydrophobic residues (Ile®,
Ile’, 1le'°, and Ile'®) at the opposite side. The second helix
(16 -22) is mainly hydrophobic and is followed by a proline-
rich loop (23-27). The C-terminal moiety is constituted by
two short helices (27-33) and (35-40) is separated by a flex-
ible segment containing two glycines, Gly** and Gly®. The
(35—40) helix is also amphipathic, with the hydrophilic face
constituted by the amino acid side chain of Glu**, Asp®’, and
Tyr?%, and the hydrophobic one by the side chains of Val®®,
Leu?’, and Leu®®.

To emphasize the influence of the Pro'® cis conformation
on pep46 structure, we generated a model by simulated
annealing. Fig. 4, C and D show that the cis-isomerization of
Pro'® induces a reorientation of the second helix. In fact, the
hydrophobic side of the second helix (16 -22) turns toward
the hydrophobic side of the first helix (3—15) and the hydro-
phobic residues Phe' and Phe®. The traus to cis isomeriza-
tion of Pro® results in the spatial clustering of hydrophobic
residues of pep46 and thus may play an important role in
membrane permeabilization.

To confirm the importance of Pro'® in the membrane
destabilization process, a peptide corresponding to the 22
first N-terminal residues of pep46 with the Pro*® substituted
to an alanine (named pep22P16A) was synthesized and
assayed for its ability to form pores in liposomes. Fig. 2, A
and B shows that this peptide has a low permeabilization
activity in comparison to pep22. It has in fact an activity
similar to that of the 15 amino acid long peptide, pepl5.
These data show that the first 15 N-terminal amino acids are
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FIGURE 5. Effect of calcium on pore formation and virus infection. A, release of a fluorescent probe from synthetic liposomes induced by a virus preparation.
Standard virus preparation (IBDV) induces a small leak of the liposomes. When EDTA is added ata T mm concentration, the leakage of the fluorescent compound
is increased (IBDV+EDTA). When calcium at a concentration of 5 mm is present, the leakage of the fluorescent compound is inhibited. Subviral particles only
containing the capsid protein VP2 (SVP/VP2) do not have any effect on liposomes. EDTA does not severely damage the virus as observed by electron
microscopy and by the fact that EDTA treated virions recovered partial infectivity in the presence of calcium. B, effect of calcium concentration on virus
infectivity. Numbers of infected cells, expressed as a percentage of cells infected in a Tris-buffered isotonic solution (NaCl 0.9%), are presented for different
calcium concentrations. To efficiently infect a cell culture, the inoculum needs to contain 0.2 mm calcium. Altogether, this figure shows that calcium plays a
critical role in infection; it is required for an early step of the infection and needs to be depleted to promote pep46 release from the particles and destabilization
of the endosome membrane. C, fluorescence-activated cell sorter analysis of the binding of fluorescent virus-like particles (VLP) on permissive (LSCC-BK3) and
nonpermissive (DT40) avian lymphoid cell lines. On the left and middle panels, binding was measured in the presence (red lines) or in the absence (blues lines)
of calcium. The left panel shows that nonpermissive cells do not allow the binding of VLP independently of the calcium concentration. The middle panel shows
that permissive cells bind VLP in the presence of calcium. The right panel shows that VLP bound to permissive cells in the presence of calcium (red line) are

partially released by EDTA treatment (blue lines). The green lines in all panels indicate the fluorescence signal detected on cells that are not incubated with

fluorescent VLP.

sufficient to destabilize membranes; however, the activity is
increased when a proline, and its isomerization property, is
present at position 16. All these observations suggest that
pep46 plays a crucial role in cell entry. To be active, pep46
in the virus needs to be accessible to membranes during
entry.

The Activity of pep46 Present in the Virus Particle Is Con-
trolled by the Divalent Ion Concentration—Using the fluores-
cent probe release assay, we found that purified viruses induce a
weak leakage of the liposomes (see Fig. 5A4). The release of the
probe is greatly increased when calcium is chelated by addi-
tion of EDTA and reduced when calcium is added. Subviral
particles only constituted by the capsid protein VP2 (parti-
cles that do not contain pep46) do not induce liposome leak-
age. Neither pH variations nor protease treatments are capa-
ble of promoting pore formation by the virus particles (not
shown). These results demonstrate that the main effector of

JULY 13, 2007 - VOLUME 282+NUMBER 28

the activity of the virus on membranes is the calcium con-
centration. It is reasonable to assume that the membrane
activity of the virus is due to the release of pep46 from the
virions. We attribute the membrane activity of purified
IBDV preparations to the presence of partially disrupted
virions. Interestingly, it was previously demonstrated for
rotavirus, another dsRNA virus, that release of the external
capsid proteins (VP4 and VP7) that leads to the generation of
membrane-active peptides is also controlled by calcium con-
centration (24). It has been shown that the concentration of
calcium in endosomes is as low as 3—-30 um (32, 33), suggest-
ing that the peptide is released in the endosomes. All these
observations suggest that birna- and rotaviruses use similar
entry pathways.

To further investigate the role of calcium in cell entry,
infections were carried out at various calcium concentra-
tions. Fig. 5B shows indeed that infection is highly depend-
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E342 o Mmoo + Virus Rescue—To identify critical
G35A e e Ao - residues of pep46 in the viral cycle,
V36A oo e G N + we carried out a deletion-substitu-
D3TR oo e e A---—-—--- + tion mutagenesis analysis using a
ggi """""""""""""""""""" A-mmmmmee + reverse genetic system previously
LAOA e o IfA ______ _ described (22). Firstly, eight dele-
GA1A o Ae——ee + tion mutants with five consecutive
D42R e A-—mm + deleted residues were constructed
E43A oo e A--- + (Fig. 6). Secondly, all residues were
gjgi ““““““““““““““““““““““ R-- + substituted by an alanine (or an
A4BR e sz _ arginine when an alanine was
Crucial residues PG K I IR A P A LA I 6 LL oA present in the wild-type sequence)

to generate 46 single substitution

FIGURE 6. Rescue of viruses engineered with pep46 mutations. The amino acid sequence of pep46 is
indicated in the single letter code at the top of the figure. The hydrophobic residues are red, and charged
residues in blue. Deleted amino acids are indicated by asterisks, and substitutions are indicated for each plas-
mid in the single-letter code. Depending on the virus recovery results, the plasmids are indicated by + (recov-

ery) or — (nonrecovery).

ent on calcium concentration. Surprisingly, no infection
occurs when the calcium concentration in the cell culture
medium is less than 200 puM. Fluorescence-activated cell
sorter analysis carried out with permissive and non-permis-
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mutants. With the first group of
mutants for which the pep46 sec-
ondary structure is disrupted, no
virus could be rescued, demon-
strating that pep46 is essential for virus viability. In agree-
ment with this conclusion, as much as 17 single amino acid
substitutions block virus recovery for single amino acid
mutants. These critical substitutions are mainly present in
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the N- and C-terminal domains of pep46. Two of the four
positively charged residues of the N-terminal domain (Lys*
and Arg'") cannot be substituted. Conversely, single substi-
tutions of the negatively charged residues of the C-terminal
domain allow virus amplification. No virus was recovered
with most substitutions of the hydrophobic residues of the
N- and C-terminal domains. In the central proline-rich
domain, only two residues are critical for virus rescue: Pro*®
and Ala*®. Most of the substitutions of alanine by arginine
are critical to virus rescue, suggesting that such mutations
induce important structural destabilization. Interestingly,
the substitution of a hydrogen atom by a methyl group (glycine
to alanine at position 35) is deleterious for virus rescue, showing
that the flexibility between the two last a-helices is essential for
pep46 function.

In conclusion, the reverse genetic experiments indicate
that the two terminal domains of pep46 are critical to the
viral cycle. Pep46 may be involved in numerous virus func-
tions such as assembly (34), genome packaging. However, as
expected for a membrane-interacting peptide, the
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B. Isomerisation-Insertion
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FIGURE 7. Schematic model for membrane deformation and pore formation induced by a viral
amphipathic peptide. A, peptide adsorbed to the lipid polar head surface (colored in blue) by its hydro-
philic side (blue), presenting its hydrophobic side (colored in red) to the aqueous solvent. Prolines in the
trans conformation are indicated by black-filled circles. The lipid aliphatic chains are colored in red. The
circle and the kinked arrow indicate the domain that can change orientation with the proline isomeriza-
tions when adsorbed to the lipid polar heads. B, prolines change conformation from trans to cis (black
squares) and the peptide rotates and inserts its hydrophobic side into the bilayer, excluding lipid mole-
cules. The red star indicates instability in the membrane introduced by the peptide insertion. C, bilayer
rearranges leading to a thinning of the membrane as observed by microscopy. Peptide insertion results in
an ordering of the lipid aliphatic chains; the peptide forces the aliphatic chains of the target leaflet to
adopt a B-conformation. To compensate the membrane surface increase resulting from the peptide
insertion, the aliphatic chains of the opposite layer are disorganized and adopt an a-conformation. The
peptide “alpha-beta-zes” the membrane. D, when several alpha-beta-zed domains become adjacent,
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amphipathicity of pep46 has to be
preserved for virus viability. Pro'®
the proline belonging to the mem-
brane-active domain of pep46,
cannot be substituted, suggesting
that the bending induced by this
residue between the two first heli-
ces, and its isomerization proper-
ties are critical to the virus survey.
Reverse genetics also shows that
the C-terminal domain plays a role
in the viral cycle. Because the N
terminus of pep46 is sufficient to
induce pores in liposomes, the C
terminus appears involved in
other function such as the associ-
ation of pep46 to the virions.
Conclusions: a Model for the
Entry of Birnaviruses—Altogether,
these observations suggest that
pep46 is involved in a multi-step
entry mechanism. In the presence
of calcium, the virus recognizes its
target cell and is endocytosed.
Next, we propose that the low cal-
cium concentration of the endo-
some allows the release of pep46
from the virus particle and the
deformation of the membranes.
The final step of the membrane
destabilization is the formation of
pores. The model shown in Fig. 7 is
a tentative explanation of the pore
formation process that takes into
account the biophysical properties
of the peptide and the observed
structure of the membranes. The
amphipathic nature of the N-ter-
minal domain of pep46 at first permits interactions with the
polar heads of the lipids constituting the membrane and
exposing hydrophobic residues to the solvent (Fig. 7A4). We
propose that isomerization of Pro'® increases the exposed
hydrophobicity and leads to a rotation of the peptide at the
membrane surface. The peptide inserts into the lipids and
segregates the aliphatic chains creating instability (Fig. 7B).
The lipid segregation within a leaflet and the resulting ali-
phatic chain interdigitation between leaflets lead to mem-
brane thickness variation as observed by electron cryomi-
croscopy (Fig. 7C). The peptide insertion orders the aliphatic
chains of the target leaflet while it disorders the ones of the
opposite leaflet. In other words, according to the Luzzati
nomenclature (35), the peptide insertion has a tendency to
favor a B lipid conformation in the insertion leaflet and an «
conformation in the opposite one. In others words, the pep-
tide “alpha-beta-zes” the membrane around its insertion
position. We do not know how many peptides are required for
the formation of one pore but the existence of a lag time in this
process indeed suggests that several peptides are involved.
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When two or more “alpha-beta-zed” membrane domains come
close together (Fig. 7D), the instability of the membrane leads to
the formation of a pore (Fig. 7E). The fact that both termini of
pep22 are accessible suggests that the peptide remains close to
the polar heads of the lipids. The diameter of the pore (less than
10 nm) is smaller than that of the virus (70 nm), suggesting that
exchange of small molecules between endosomal ghosts and
the cytoplasm is sufficient to allow the initial transcription of
the genome and then translation. At this moment, the becom-
ing of the destabilized membrane is not understood. It may stay
around the viral particle or be further degraded through phys-
ical (osmotic pressure) or biochemical (degradation enzymes)
processes.

Finally, this entry model elaborated on a double-stranded
RNA virus, a birnavirus, applies to single-strand RNA
viruses such as noda- and tetra-viruses (9). All these viruses
possess at least one structural peptide of about 40 residues
able to destabilize membranes. In agreement with the struc-
tural homologies observed for their capsid proteins, single-
and double-stranded RNA viruses display almost identical
membrane destabilization properties. This observation sug-
gests, as already proposed (15) that single-strand RNA
viruses and birnaviruses have a common evolution lineage.
Because the replication of double-stranded RNA viruses
require the translocation of a large particle through mem-
branes, birnaviruses appeared to have developed high pore
formation efficiency by encoding a membrane active peptide
containing a proline and its associated cis-trans
isomerization.
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