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ABSTRACT

Viroporins are small integral membrane proteins functional in viral assembly and egress by promoting
permeabilization. Blocking of viroporin function therefore constitutes a target for antiviral development.
Classical swine fever virus (CSFV) protein p7 has been recently regarded as a class II viroporin. Here, we
sought to establish the determinants of the CSFV p7 permeabilizing activity in a minimal model system.
Assessment of an overlapping peptide library mapped the porating domain to the C-terminal hydropho-
bic stretch (residues 39-67). Pore-opening dependence on pH or sensitivity to channel blockers observed
for the full protein required the inclusion of a preceding polar sequence (residues 33-38). Effects of lipid
composition and structural data further support that the resulting peptide (residues 33-67), may com-
prise a bona fide surrogate to assay p7 activity in model membranes. Our observations imply that CSFV
p7 relies on genus-specific structures—-mechanisms to perform its viroporin function.

Channel blocker
Pore-forming protein

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The Flaviviridae family comprises of positive-strand RNA viruses,
classically classified into three genera: Flavivirus, Pestivirus, and
Hepacivirus (Lindenbach et al., 2007). These genera include highly
diverse viruses with increasing relevance as both human and ani-
mal pathogens. Pestiviruses and hepaciviruses show a high similar-
ity in genome structure and replication mechanisms, and to a lesser
extent similarity to flaviviruses (Lindenbach et al., 2007). All viruses
belonging to this family translate their RNA into a single polypro-
tein precursor, which is subsequently cleaved by a combination of
host and viral proteases to render structural and non-structural
proteins. Specific to the Pestivirus and Hepacivirus genera is the
existence of an a-helix-turn-o-helix integral membrane hairpin
that connects the structural proteins encoded in the N-terminal
portion of the polyprotein with the C-terminal non-structural pro-
teins. After full proteolytic processing of the precursor, the released
product, termed p7 (Fig. 1A), remains associated to membranes as
an integral membrane protein of approximately 60-70 amino acids
(Harada et al., 2000; Lin et al., 1994).

Abbreviations: BVDV, bovine viral diarrhea virus; CD, circular dichroism; Chol,
cholesterol; CL, cardiolipin; CSFV, classical swine fever virus; HCV, hepatitis C virus;
PC, phosphatidylcholine; PE, phospahtidylethanolamine; PS, phosphatidylserine; PI,
phosphatidylinositol; SM, sphingomyelin.
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In the last decade an intense research effort has focused on the
p7 protein derived from hepatitis C virus (HCV) (reviewed in
Steinmann and Pietschmann 2010). This protein is required for
production of infectious viruses, but dispensable for viral entry or
RNA replication (Steinmann et al, 2007a; Steinmann and
Pietschmann, 2010). Moreover, HCV p7 is a viroporin, whose
membrane-permeabilizing activity has been proven essential for
viral propagation (Jones et al., 2007; Nieva et al., 2012; Wozniak
et al,, 2010). Consistent with this idea, several compounds have
been shown to block HCV p7 pores and inhibit virus production
(Foster et al., 2011; Griffin et al., 2003; Steinmann et al., 2007b).

Similarly to hepaciviruses, p7 plays an essential role in the life
cycle of pestiviruses and contributes to their pathogenicity (Gladue
et al., 2012; Griffin et al., 2004; Luscombe et al., 2010). It has been
argued that the pestivirus p7 constitutes a general model for the
HCV p7 viroporin, therefore making it useful in the characterization
of anti-HCV compounds (Griffin et al., 2004; Luscombe et al., 2010).
Here, we have aimed at establishing the determinants of the pesti-
virus p7 pore-forming activity in a liposome-based model system.
Accordingly, we first sought to establish the minimal CSFV p7 se-
quence required for a pH-dependent pore-forming activity that
could be inhibited by channel blockers. Establishment of a shorter
active sequence, more amenable for synthesis and purification than
the full-length protein, subsequently allowed determining the lipid
dependence of the process, and the structural characterization
of the pore-forming domain. Together, our data disclose the
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Fig. 1. CSFV p7 sequence and pore-forming activity. (A) Direct translation of pestivirus ssSRNA genome gives rise to a single, large polyprotein, which is processed into
individual viral proteins. Membrane-integral p7 originates from processing by the host signal peptidase (Top). The hydropathy plot below CSFV p7 sequence is based on the
Eisenberg scale. Plotted values represent means for a sliding window of 11 amino acids. (B) Membrane permeabilization induced by p7 (ANTS/DPX assay). The protein
dissolved in DMSO was injected (indicated by the arrow) into stirring solutions of PC:PE:PI (5:3:2 mol ratio) liposomes at a protein-to-lipid ratio of 1:100 (mol:mol). Leakage
of vesicular internal aqueous contents was monitored as a function of time. Lipid concentration was 100 uM. The effect of lowering the pH from 7.4 to 4.0 is illustrated in the
left and central panels. In the latter the levels of permeabilization after 200 s was plotted as a function of the assayed pH values. Addition of peptide solvent alone did not have
any effect on vesicle stability (not shown). The right panel shows the effect of adding amantadine (5 mM) or verapamil (100 uM) on pore-forming activity (red and blue
curves, respectively) at pH 5.0. The black curve corresponds to the control without inhibitor. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

determinants of the p7 permeabilizing activity, and suggest a new
potential means for isolation of antivirals targeting p7.

2. Materials and methods

The p7 protein and derived peptides displayed in Table 1 were
produced and assayed as previously described (Gladue et al., 2012).
Phosphatidylcholine (PC), phospahtidylethanolamine (PE), phos-
phatidylinositol (PI), phosphatidylserine (PS), sphingomyelin
(SM), cardiolipin (CL) and cholesterol (Chol) were purchased from
Avanti Polar Lipids (Birmingham, AL, USA). Dodecylphosphocho-
line (DPC) was from Anatrace (Maumee, OH, USA). The
8-aminonaphtalene-1,3,6-trisulfonic acid sodium salt (ANTS) and
p-xylenebis(pyridinium)bromide (DPX) were obtained from
Molecular Probes (Junction City, OR, USA).

Large unilamellar vesicle (LUV) production, ANTS/DPX leakage
assays, and circular dichroism (CD) measurements, were essen-
tially conducted as previously reported (Sanchez-Martinez et al.,
2008). The leakage assay protocol was adapted as described
(Gladue et al., 2012).

Penetration into lipid monolayers was measured to estimate
the capacity of p7 peptides for inserting into membranes that mi-
mic different target organelles. In brief, changes in surface pressure
were monitored as a function of time in a fixed-area circular trough

(UTrough S system, Kibron, Helsinki) measuring 2 cm in diameter
and with a volume of 1 ml. The aqueous phase consisted of 1 ml
of 5 mM Hepes, 100 mM NacCl (pH 7.4). Lipids, dissolved in chloro-
form, were spread over the surface and the desired initial surface
pressure (7o) was attained by changing the amount of lipid applied
to the air-water interface. Peptides were injected into the sub-
phase with a Hamilton microsyringe (Fig. S1).

Table 1
Peptide sequences used in this study.
Name Sequence® CSFV p7
numbering®

p7 LQLGQGEVVLIGNLITHTDIEVVVYFLLLYLVMRDEPIKK ~ 1-67
WILLLFHAMTNNPVKTITVALLMVSGV
p7-1  LQLGQGEVVLIGNLITHTDIE 1-21

P7-2  THTDIEVVVYFLLLWLVMRDEPIKK-KK 16-40-KK
P7-3  MRDEPIKKWILLLFHAMTNNPVK 33-55
p7-4  KK-KKWILLLFHAMTNNPVKTITVALLMVSGV KK-39-67

P7-N  LQLGQGEVVLIGNLITHTDIEVVVYFLLLYLVMRDEPIKK ~ 1-32
p7-C MRDEPIKKWILLLFHAMTNNPVKTITVALLMVSGV 33-67

@ Sequences and numbering based on Brescia strain. Underlined residues corre-
spond to the polar turn proposed to connect the two transmembrane domains.
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3. Results

3.1. Membrane permeabilizing activity of the full-length CSFV p7
protein

Fig. 1A displays the CSFV p7 sequence and the hydrophobicity
distribution within. The presence of two mainly hydrophobic re-
gions (residues 1-32 and 41-67), intervened by polar residues
(33-40) suggests that p7 can form an integral hairpin in mem-
branes (Monne et al., 1999). Furthermore, consistent with a viropo-
rin-like function, a synthetic p7 protein was capable of establishing
permeabilizing pores upon addition to a suspension of liposomes
that emulate the endoplasmic reticulum (ER) membrane
(Fig. 1B). Underscoring the functional relevance of the process,
liposome permeabilization was elicited at low pH, the leakage level
increasing from virtually 0% to 70% upon lowering the pH value
from 7.4 to 4.0 (Fig. 1B left-hand and central panels). Moreover,
the process was inhibited by addition of the generic channel block-
ers amantadine and verapamil (Fig. 1B, right-hand panel). Thus,
this assay provides a suitable means to establish sequence deter-
minants and lipid dependence of pore formation by p7.

3.2. Pore-forming activity dependence on sequence

A library of overlapping synthetic peptides was produced to
map the minimal p7 sequence required for pore formation (Table 1
and Fig 2A). To ensure membrane-spanning capacity, the minimal
length of these peptides was primarily set to 20 residues. Then, the
actual sequence range was established attending to the presence of
polar p7 residues with tendency to form turns in membranes
(Monne et al., 1999) (Fig. 2A). Thus, the polar sequences overlap-
ping peptides p7-1/p7-2 and p7-2/p7-3 were 'STHTDIE?! and
33MRDEPIKK*, respectively. The sequence overlapping peptides
p7-3 and p7-4 was longer (residues 39-55). In this case, p7-4
boundaries were selected to span the hydrophobic C-terminal sec-
tion of p7. The resulting sequence was long enough to transverse
the membrane, although interrupted by the turn-promoting
4SMTNNPVK>> polar sequence. Finally, to keep the solubility of
the synthetic peptides comparable, a Lys-tag were also added to
p7-2 and p7-4 as described (Madan et al., 2007).

We have previously reported mutagenesis results indicating
that the conserved polar residues within the connection between
the potential CSFV p7 transmembrane domains were required for
virus production, but not for RNA replication or polyprotein pro-
cessing (Gladue et al., 2012). Thus, we added to the analysis p7-
C, designed to include the turn-promoting residues and the C-ter-
minal transmembrane domain, and an overlapping p7-N, based on
the N-terminal section of the protein (Table 1).

Liposome permeabilization levels induced by the different p7-
derived peptides are compared in Fig. 2B. Given the activation at
low pH observed for the full-length protein and the potential rele-
vance of such effect (Fig. 1), the peptide-library was assayed at pH
5.0. Addition of p7-4 permeabilized the liposomes efficiently,
whereas the rest of the peptides were largely inactive. This obser-
vation underpins the C-terminal transmembrane section as the p7
pore-forming domain. Data displayed in this figure further indi-
cates that p7-C was also an effective pore-forming peptide, while
p7-N was devoid of activity.

To determine the involvement of the conserved >*MRDEPIKK*®
turn in pore-forming activity, we further compared in the liposo-
mal system pore-forming activities of p7-C and p7-4 (Fig. 3). Of
note, the latter peptide was devoid of the turn-promoting residues,
but bore comparable solubility due to the Lys-tag (Table 1). The
p7-4 peptide showed higher pore-forming activity as a function
of the peptide dose (panel A, right). However, as compared to

p7-C, p7-4 activity was not dependent on pH (panel B) or inhibited
by addition of the channel blockers amantadine (panel C) or verap-
amil (panel D). Inhibition of p7-C activity by the latter compounds
was actually observed within the same range of concentrations
that blocked pore formation by the full-length protein (Fig. 1).

These data would be consistent with pore-forming activity
residing at the C-terminal transmembrane section, and with the
N-terminal turn residues playing a role at regulating the process.
According to this view, p7-C would recreate more precisely than
p7-4 the viroporin activity of the full p7 protein.

3.3. Pore-forming activity dependence on lipid

We used p7-C as a minimal version of the full protein to deter-
mine the lipid dependence of pore-forming activity. Data displayed
in Fig. 4 compare p7-C insertion induced permeabilization of mem-
branes that emulate different target organelles. Fig. 4A shows re-
sults of p7-C-induced permeabilization of ER-like liposomes upon
lowering the pH (left panel), and its insertion into monolayers at
pH 5.0 and 7.4 (center and right panels). The lipid monolayer tech-
nique provides information at the molecular level on peptide inter-
actions with lipid membranes (for a comprehensive review on this
method and its application to peptides see: Maget-Dana 1999). In
the penetration experiments, p7 peptide insertion into a mono-
layer of constant area was monitored by following the increase
of surface pressure as a function of time (Fig. S1). Induction of high
final pressure values, and/or capacity for increasing the surface
pressure of highly compressed monolayers (i.e., insertion at high
initial pressure values) is consistent with efficient peptide inser-
tion into membranes.

Kinetic traces in the center panel of Fig. 3A disclosed p7-C
capacity for increasing the surface pressure of an ER-like lipid
monolayer initially compressed at ca. 20 mN/m (7g), the process
being more efficient at pH 5.0 than at pH 7.4. The right-hand panel
discloses the critical pressures (7.-s) for membrane insertion (i.e.,
the surface pressure at which the peptide was excluded from the
lipid monolayer (Fig. S1)). At both pHs, p7-C was capable of pene-
trating into ER-like monolayers above surface pressures of un-
stressed natural membranes (m. > 30mN/m, Marsh 2007).
However, as compared to pH 5.0 (filled symbols), the lower slope
observed at pH 7.4 (empty symbols) for the increase in pressure
as a function of 7y, suggests that reduced amounts of peptide asso-
ciated with the monolayer under this condition.

The analogous HCV p7 protein has been localized primarily to
the ER, but also to the plasma membrane and mitochondria (Carrere-
Kremer et al., 2002; Griffin et al., 2005, 2004; Hagshenas et al.,
2007), which has led the proposal that the p7 product may modify
the functions of distinct organelles (Steinmann and Pietschmann,
2010). Thus, we next analyzed the dependence of p7-C pore-form-
ing activity and insertion on the composition of additional target
membranes (Table 2). Data displayed in Fig. 4B-top confirmed a
pH-dependent permeabilization of membranes emulating the Gol-
gi compartment, but not of those emulating the plasma membrane.
Membranes emulating mitochondria were also permeabilized after
peptide addition, but the pH effect was less pronounced, and an
optimum pH of 6.0 was observed. The source and/or relevance of
this difference with respect to the Golgi-like membranes are pres-
ently unknown. The corresponding m.-s (Fig. 4B, bottom) denoted
more effective insertion into Golgi or mitochondria membranes
at pH 5.0. Notably, the peptide could also insert above 30 mN/m
into monolayers made of the plasma membrane lipids at both
pH’s, i.e., under conditions not leading to pore formation. This
observation suggests that pore-formation by p7-C inserted into
membranes is dependent on the lipid composition, and optimal
in membranes emulating secretory compartments.
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The critical pressures for insertion (7t.-s) are indicated in the panels. (B) Interactions of p7-C with membranes emulating the lipid composition of the Golgi apparatus, plasma
membrane and mitochondria (Table 2). Measuring conditions for membrane permeabilization (top) and insertion into lipid monolayers (bottom) as described in the previous

panel.

Table 2

Lipid mixtures used in vesicle and monolayer assays.

PC PE PI PS SPM CL Chol

ER* 50 30 20 - - - -
Golgi 50 20 10 - 20 - -
Plasma membrane 20 125 - 5 125 - 50
Mitochondria 40 35 10 - 15 -

2 Mole percentages based on those reported by van Meer et al. (2008).

3.4. Secondary structure determination

Sequence features and functional results so far suggest that the
p7-C peptide may embody a transmembrane helical pore, puta-
tively intervened by a short turn. To test this possibility further,
we measured p7-C secondary structure in diverse non-polar media
and membrane mimics, and compared it with that adopted by the
reverting helix represented by p7-N (Fig. 5A). The structural com-
ponents of both peptides were obtained after deconvolution of CD
spectra using the CDPro software package (Sreerama and Woody,
2000). p7-N and p7-C peptides adopted main a-helical conforma-
tions in 50% 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP). In this

medium p7-C was slightly more helical than p7-N, albeit not sig-
nificantly (top-left). Comparatively higher amounts of p7-C helical
conformers were also observed in the presence of SDS micelles
(top-right), or when dispersed in the membrane-mimic DPC at
neutral pH (bottom-left). However, in DPC at pH 5.0 the fraction
of p7-N helices decreased significantly, while B-sheet and non-
periodic conformers of this peptide increased. In sharp contrast, a
subtle increase of p7-C helical structures could be observed under
these conditions. Thus, in the presence of DPC phospholipid and
acidic pH, the CD data were compatible with stability of the helical
structure adopted by the p7-C sequence, while a certain degree of
p7-N disorganization seemed to take place. Nonetheless, turn and
unordered structures accounted for approximately 30% of the p7-C
conformers in DPC under both conditions, consistent with the pre-
dicted turn formation in membranes by residues >*MRDEPIKK*°
and “*MTNNPVK>® (Fig. 2A).

Together, the previous CD results are consistent with adoption
of a main helical conformation by the C-terminal hydrophobic
domain of CSFV p7 in the membrane milieu under conditions of
optimal pore-forming activity, while non-periodic structures
would contribute significantly more to the conformation adopted
by the N-terminal sequence. These data support a model for the
CSFV p7 channel in membranes in which the C-terminal bipartite
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(amantadine and verapamil).

helix forms the actual permeating pore (Fig 5B-left). This pore
could be recreated in the liposomal system by p7-C, a peptide de-
void of the N-terminal hydrophobic domain (Fig 5B-center). In the
absence of the 3> MRDEPI®® turn, pores could be efficiently formed
by p7-4, but were not dependent on pH or inhibited by amanta-
dine or verapamil (Fig. 5B-right).

4. Discussion

In essence, our findings here and the previous report (Gladue
et al., 2012) support similar viroporin activities for the p7 products
of the members of the Flaviviridae family. However, despite the fact
that hepacivirus and pestivirus p7 proteins share a similar class I1A
viroporin architecture in membranes (Nieva et al., 2012), the low
sequence similarity (Fig. S1A) and the experimental evidence pre-
sented here indicate that determinants of the pore-forming func-
tion in both proteins might be different.

Our approach in this work identifies the CSFV p7 C-terminal
hydrophobic sequence as a pore-forming bipartite helix (Figs. 2,
3 and 5). According to our results, this domain inserted into mem-
branes of the secretory pathway would display pore-forming activ-
ity in the ER and Golgi (Fig. 4). In addition, boosting of the process
at acidic pH supports a putative role in alkalinizing the lumen of
the Golgi apparatus, in line with the proposed function for other
viroporins (Nieva et al., 2012; Wozniak et al., 2010). Structural
and biochemical evidence suggests a comparable overall organiza-
tion for the HCV p7 protein, consisting of two transmembrane

segments connected by a short interhelical loop (Carrere-Kremer
et al., 2002; Cook et al., 2013; Cook and Opella, 2011; Patargias
et al., 2006). However in contrast to our observations, in the hepa-
civiral p7 protein the N-terminal section has been shown to em-
body the pore-forming domain (Chew et al., 2009; Montserret
et al.,, 2010; Steinmann and Pietschmann, 2010). Thus, as inferred
from computational models (Luik et al., 2009; Patargias et al.,
2006; StGelais et al., 2009) and recently reported high-resolution
NMR structural data (OuYang et al., 2013), in the prevailing struc-
tural model for the HCV p7 pore in lipid bilayers the N-terminal do-
mains form the channel interior, while the reverting chains face
the lipid.

Moreover, determinants of amantadine sensitivity seem to be
different in both proteins. In the case of HCV p7, mutagenesis iden-
tifies a poly-Leu sequence within the reverting C-terminal helix as
a main determinant of amantadine sensitivity (StGelais et al.,
2009). Consistent with this observation, the binding site has been
recently mapped to a hydrophobic pocket between the pore-form-
ing and reverting helices (OuYang et al., 2013). Thus, our finding
that the connecting turn determines sensitivity to amantadine in
the absence of the reverting helix (Fig. 3) suggests that membrane
pores are formed and regulated by different structures-mecha-
nisms in the case of the CSFV p7.

Consistently with the pore-forming activity, the CD results sus-
tain the stability of the p7-C helical conformation in a membrane
milieu at low pH, while the conformation adopted by the preceding
N-terminal sequence included a majority of flexible conformers
(Fig. 5A). Thus, the organization inferred for CSFV-p7 (S2B-left) is
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opposite to the organization postulated for the analogous HCV p7
inserted into membranes, which consists of a predominantly heli-
cal domain at the N-terminus, and a (short)helix-loop motif at the
C-terminus (Montserret et al., 2010; OuYang et al., 2013) (Fig. S2 B-
right).

Finally our data has implications for the development of antiv-
irals targeting the flavivirus p7 viroporin function. As previously
suggested for HCV p7 (Gervais et al., 2011; StGelais et al., 2007),
reconstitution of CSFV p7 viroporin function in a liposomal system
may be useful for identifying and characterizing new potential
antiviral compounds. However, the poor yield of synthesis, owing
to the length and hydrophobicity of the sequence, restricts the po-
tential application of the complete protein to systematic experi-
mentation. It has been argued that peptides representing a single
transmembrane domain may retain the capacity to assemble ion
channels and pores in membranes, and often comprise bona fide
surrogates of the full protein sequences (Shai, 1995). Our identifi-
cation of a shorter version of CSFV p7, more amenable to synthesis,
but otherwise retaining its pH-dependent pore-forming activity in
a liposomal system, may help in establishing the methodological
basis for future antiviral high-throughput screenings.

Overall our observations also imply the existence of essentially
different determinants of pore-forming activity in hepaciviruses
and pestiviruses. Thus, our experimental data support common
inhibition of viroporin function by generic channel blockers such
as adamantane or verapamil, but cautions that development of
more specific (and likely more potent) inhibitory ligands requires
the use of genus-specific sequences-structures.
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