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Abstract

Non-enveloped viruses that are endocytosed employ numerous mechanisms to disrupt endosomal
membranes for escape into the cellular cytoplasm. These include the use of amphipathic helices or
sheets, hydrophobic loops, myristoylated peptides, and proteins with phospholipase activity. Some
mechanisms result in immediate deterioration of the endosome, while others form pores in the
membrane causing osmolysis to disrupt the endosome and allow viral escape. We describe an
additional mechanism by a non-enveloped virus to disrupt endosomal membranes. Porcine
Circovirus 2 (PCV2), possesses a forty-one amino acid arginine rich motif (ARM) at the N-
terminus of its capsid protein that appears to be in the interior of the virus like particle (VLP).
Using /n-vitro membrane disruption assays we demonstrate that PCV2 VLP, unassembled capsid,
and ARM peptide possess the ability to disrupt endosomal like membranes, whereas VLP lacking
the ARM sequence do not possess this capability. Membrane disruption by VLP is insensitive to
pH, but unassembled capsid protein and ARM peptide exhibit diminished activity at low pH. Our
liposome disruption assays, circular dichroism and intrinsic tryptophan fluorescence assays allow
us to propose a model for PCV2-endosomal membrane interaction wherein the ARM peptide
externalizes from the capsid, its C-terminus (amino acids 28-40) anchors into the membrane, and
the arginine rich N-terminus (amino acids 1-27) drives membrane disruption. To our knowledge,
this is the first example of a non-enveloped virus using the arginines of an ARM to disrupt
membranes. Also, this is the first example of such study for the Circoviridae family of viruses.
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Introduction

Porcine circovirus 2 (PCV2), a prototypical representative of the Circoviridae family of
viruses, is a small, non-enveloped, circular single stranded DNA (ssDNA) virus [1]. Itis a
major porcine pathogen that is ubiquitous and persistent in affecting the swine industries all
over the world. PCV2 infection is associated with porcine circovirus associated disease
(PCVAD) that causes enlarged lymph nodes, weight loss, jaundice, diarrhea, dermatitis,
congenital tremors, congenital hypomyelination, nephropathy, respiratory and reproductive
problems, and immunosuppression. PCVAD is responsible for a high mortality rate in swine
[2]. The PCV2 genome (1766-1768 nucleotides) experiences mutation rates in the order of
1.2x10-3 substitutions per site per year, which is highest among DNA viruses [3]. The
genome encodes for three larger open reading frames (ORF1 — ORF3) and multiple smaller
reading frames [4, 5]. The larger ORFs encode for the replicase (ORF1) [6], the capsid
protein (ORF2) [7], and a protein that might be responsible for the pathogenic nature of
PCV2 by inducing apoptosis of infected cells (ORF3) [7]. PCV2 is able to replicate
autonomously -without aid from other viruses. Consequently its small genome size
designate PCV2 as the smallest pathogenic and autonomously replicating virus, and make
PCV2 an excellent model system for understanding the minimum amount of genetic
information necessary to produce an infectious and pathogenic virus [8-10]. Additional
factors that make PCV2 an important subject of study are its ability to infect nearly every
tissue within its host, its ability to infect and induce its pathogenic phenotype in multiple
species of the animal kingdom, and its ability to rapidly mutate [11].

Cellular studies have shown that PCV?2 attaches to cells v7athe heparan sulfate and
chondroitin sulfate B (dermatan sulfate) glycosaminoglycans [12], and gains entry into
porcine monocytic [13] and dendritic cells [14] via clathrin mediated endocytosis. PCV2
gains entry into epithelial cell lines PK15, SK and ST cells v/a caveolae-, clathrin and
dynamin independent small GTPase regulated pathways [15]. Endocytosed macromolecules
are either recycled to the surface of the cell or degraded by the cell as endosomes acidify to
lysosome in what is referred to as the endosome-lysosome system [16]. Thus, PCV2 must
escape from endosomes and enter the cells for infection to proceed.

Non-enveloped viruses utilize a variety of mechanisms for membrane disruption. Flock
House Virus (FHV) and Nuadaurelia capensis w virus (NwV) have been shown to possess
amphipathic helices at the C-termini of their capsid proteins that possess the ability to
disrupt membranes. The C-termini are located inside the capsid, but autocatalytic cleavage at
the C-termini generates amphipathic peptides (referred to as -y peptide) that can become
exposed to the exterior viaa process referred to as viral breathing [17]. The FHV y peptide
requires acidification to become active, whereas the NwV -y peptide is active at neutral pH
[18, 19]. Binding of poliovirus to its receptor causes the capsid to undergo a conformational
change to externalize the myristoylated amino acid of the VP4 capsid protein [20, 21] and
the amphipathic helix at N-terminus of the VVP1 capsid protein [22]. Both peptides insert into
and disrupt the membrane [22]. The N-terminus of the minute virus of mice and B19
parvovirus capsid proteins possess phospholipase activity, and the low pH of endosomes
potentiates this activity to disrupt the endosomal membrane [23, 24]. The N-terminus of the
Reovirus 1 capsid protein is hydrophobic and myristoylated [25]. Autocatalytic cleavage at
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the N-terminus of pl generates 1N and u1C fragments. The p1N fragment is situated
beneath the “protector” protein o3. In the endosomes of infected cells, the cellular
cathepsins digest o3 and release p1N which then proceeds to disrupt endosomal membrane
[25-27]. Rotavirus gains cellular entry using hydrophobic loops in the VP5* fragment of the
trimeric VP4 spike protein. Cellular trypsin digestion of VP4 generates VP8* and VP5*.
Within the endosome, the hydrophobic loops of VP5* become exposed to disrupt the
endosomal membrane for cellular entry [28, 29].

PCV2 does not possess any of the characteristics described above and little to nothing is
known about how PCV2 may escape from the endosome. Sequence analysis of the PCV2
capsid protein does not identify amphipathic helices, or a myristoylated N-terminus;
moreover, hydrophobic loops are not observed in the PCV2 virus like particle (VLP)
structures [9, 30]. However, PCV2 possesses an arginine rich motif (ARM) at the N-
terminus of the capsid protein that parallels the sequence properties of arginine-rich cell
penetrating peptides (CPP) [31]. Arginine-rich CPP are positively charged peptides with few
anionic or hydrophobic residues. These short peptides possess the ability to traverse plasma
and endosomal membranes [31]. Indeed, such CPPs have successfully been used to transport
120 kDa proteins into the cellular cytoplasm [32, 33].

The 2.3 A crystal structure of the PCV2 VLP visualized the capsid protein to adopt the
canonical viral jelly roll, and identified the location of the ARM N-terminus (starting from
amino acid 42) to the interior of the capsid (Fig. 1) [9, 30]. However, antigenic studies by
multiple independent groups identified naturally occurring neutralizing antibodies that bind
to the ARM region (amino acid 25-39) [34, 35]. Khayat ef a/. interpreted this observation to
suggest that the ARM externalizes via viral breathing to sample the exterior of the capsid,
and can thus be recognized by antibodies for viral neutralization [9]. Given the possibility
that the ARM externalizes from the interior of the VLP, its sequence similarity to the well-
documented arginine-rich CPP, and the requirement of PCV2 to escape from endosomes for
delivery of the ssSDNA genome into the nucleus for viral replication, we asked if PCV2 VLP
possessed the ability to interact with endosomal-like membranes and if this interaction was
driven by the ARM using an /n vitro liposome disruption assay. The size of liposome and
composition of lipids were chosen to closely mimic the composition of endosomal
membranes. Liposome disruption assays involve loading liposomes with fluorophore at self-
quenching concentrations. Such fluorophore exhibits minimal florescence when
unperturbed, however fluorescence increases as the fluorophore is released from the
liposome into the solution due to membrane disruption or leakage. Here we report that the
PCV2 VLP possess the ability to rapidly release fluorophore from liposomes at pH 7 (early
endosome) and pH 5 (endosome-lysosome) [16]. We further demonstrate that the
unassembled capsid protein and the N-terminus ARM peptide also possess the ability to
release fluorophore from liposomes at pH 7 and 5. The ARM peptide alone is poor in
releasing fluorophore at pH 5, suggesting that the assembled capsid structure potentiates the
ARM'’s ability to disrupt membrane at pH 5. We also demonstrate that VVLP lacking the
ARM are incompetent in disrupting liposomes to release fluorophore. Taken together, our
data suggests that the N-terminal ARM appears to be responsible for membrane disruption
and fluorophore release. Further, our circular dichroism (CD) and intrinsic fluorescence
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studies point to the fact that the ARM region is intrinsically disordered with very little
secondary structure and that the C-terminus (amino acids 28-40) of the peptide becomes
buried inside the membrane whereas the N-terminus (amino acids 1-27) causes membrane
disruption. While this manuscript was under preparation, a publication by Wu et al., further
identifies the first 16 amino acids of the ARM peptide to exhibit cell penetrating properties
(CPP) and corroborates with our results from liposome disruption assays [36]. To our
knowledge this is the first example of a non-enveloped virus capable of disrupting
membranes via the arginines of an ARM.

The PCV2 N-terminus ARM disrupts membranes

The ability of PCV2 VLP to disrupt membranes was examined using the liposome
disruption assay at pH 7 and 5 to mimic the endosome-lysosome system [16]. We used a
DOPC:DOPG ratio of 3:1 to generate 200 nm liposomes to mimic endosome. Such lipid
content and ratio are routinely used to mimic the endosomal membrane [44]. The size of
liposomes was confirmed with dynamic light scattering (DLS) measurements, wherein, the
liposomes were reported to be homogenous (180-200 nm in diameter) (Fig. S1a, S1b). The
size of the liposomes (200 nm) is similar to the size of endosomes observed via cellular
cryo-electron tomography [45]. In all the liposome disruption assays, the ratio of lipid to
protein (VLP, CP” ARM peptide, C-terminal peptide and CPA4RM) was estimated to be
1:408 for 0.5 uM; 1:272 for 0.75 UM and 1:204 for 1 uM concentrations (Fig. S2, Table 1).

Our liposome disruption assays exhibit that increasing concentrations of VLP at pH 7 and 5
releases increasing amount of fluorophore (Fig. 2a). Fluorophore release is biphasic, with a
rapid release within the first two minutes of the reaction at both pH values. This rapid
release is more pronounced at pH 7 than at pH 5. Following the initial rapid release, the
fluorophore release is approximately linear with respect to time for the remaining 48
minutes at pH 7. At pH 5, an additional increase of fluorophore release can be seen between
15 and 25 minutes followed by a release that is also linear with respect to time for the
remainder of 48 minutes. We are uncertain to the cause of this rapid release. At 1 uM VLP
concentration, the total amount of fluorophore release at pH 5 is comparable to that at pH 7
(Fig. 2a). The VLPs are also found to bind to the liposomal membranes as evidenced by the
liposome-VLP pelleting assays (Fig. 2f; lanes 1, 2, 7, 8). VLPs bind to the liposome at both
pH 7 and 5, though the binding is weaker when compared to unassembled full-length capsid
protein or ARM peptide -see below.

To determine if components of the VLP also possessed membrane-disrupting capability, we
examined the ability of full-length capsid protein (CP!, possessing both ARM and C-
terminus) to release fluorophore from liposomes. Liposome disruption assays with CP7
indicate that the unassembled capsid protein also possess the ability to disrupt membranes
and release fluorophore (Fig. 2b). Similar to that of the VLP, a rapid release of fluorophore
occurs within the first two minutes at pH 7 but appears to approach an asymptote for the
remainder of 48 minutes. CP7 releases fluorophore at pH 5 with a much lower efficiency
(Fig. 2b). The asymptote suggests that the CP” may remain bound to the liposomes, such
that it interacts with and releases fluorophore from a single liposome. To test this possibility,

J Mol Biol. Author manuscript; available in PMC 2020 August 09.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Dhindwal et al.

Page 5

we performed liposome pelleting assays on CP”at pH 7 and 5. Nearly all CP7 pellets with
liposomes at pH 7 and 5 (Fig. 2f, lanes 3, 4, 9, 10).

We used a 41 amino acid peptide of the ARM sequence to test the ability of ARM for
membrane disruption. Increasing concentrations of the peptide at pH 7 releases a greater
fraction of the fluorophore (Fig. 2c). A rapid release of fluorophore can be observed within
the first 2 minutes followed by an asymptote reached within the first 10 minutes of the
reaction (Fig. 2c). Remarkably, the fluorophore release kinetic profile of CP” and ARM
peptide at pH 7 are very similar. The ARM peptide pellets with liposomes at pH 7 (Fig. 2f,
lane 7, 11). The ARM peptide poorly releases fluorophore at pH 5.0 (Fig. 2¢) and exhibits a
diminished ability to bind liposomes at the lower pH (Fig. 2f, lane 5, 6, 11, 12). We note that
the staining used for this assay may not be sensitive enough to detect liposome-ARM
interaction -approximately 5 ng of sample can be detected by the stain according its
manufacturer (Expedeon).

To test the ability of the N-terminal ARM in membrane disruption by VLP, we assembled
capsid proteins lacking ARM (CP4ARM) jn vitro into VLPAARM (Fig. S3a, S3b) and tested
its ability to release fluorophore from liposomes. VLPA4”M does not demonstrate any
ability to release fluorophore at pH 7 or 5 (Fig. 2d). This loss of function provides further
evidence that the ARM is indeed responsible for membrane disruption.

Further, we wanted to test the ability of the C-terminus to disrupt the membranes. The
crystal structure and cryo-EM image reconstructions of PCV2 VLP visualize the C-terminus
to radially protrude from the capsid while having limited interaction with the remaining
portion of the capsid [4, 9, 46]. We thought that the position of the C-terminus and its
limited interaction with the remaining capsid may allow it to possibly interact with and
disrupt membranes. Our liposome disruption assays indicate that the C-terminus does not
possess the ability to release fluorophore from liposomes at pH 7 or pH 5 (Fig. 2e).

PCV2 VLP, CPfl_ and ARM peptide do not fuse membranes

Cell penetrating peptides like HIV-Tat, penetratin, and oligoarginines are believed to use a
membrane fusion mechanism when releasing fluorophore from liposomes. In this
mechanism the peptides drive membrane fusion, and their presence causes pore formation in
the stressed membrane at the hemifusion stalk. The pores allow for the fluorophore to escape
[44]. Membrane fusion can be prevented by incorporating poly(ethylene glycol)-lipid
conjugates into the liposomes to prevent fusion by keeping two liposomes spatially
separated [47].

To test if membrane fusion occurred when VLP, CP” and ARM peptide were incubated with
liposomes, we generated liposomes composed by of DOPC:DOPG:DOPG-PEG2000 in ratio
of 75:20:5. The results from these assays also demonstrate robust fluorophore release, and
exhibit similar kinetic profiles to those of the DOPC:DOPG liposomes. (Fig. 2a, b and c).
This suggests that fluorophore release for VLP, CP” and ARM peptide do not follow the
membrane fusion mechanism described for HIV-Tat, penetratin, and oligoarginines [44].
Indeed, peptides that fuse membranes release less than 3% of the fluorophore, whereas our
assays demonstrate nearly complete release of fluorophore (Fig. 2a—c). We are uncertain
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why additional fluorophore is released from the DOPC:DOPG:DOPG-PEG2000 liposomes
when compared to the DOPC:DOPG liposomes.

The ARM peptide undergoes pH induced conformational change

To assess if the interaction between the ARM peptide and liposome membrane affect the
secondary structure composition of the peptide, we determined the CD spectra of the ARM
and ARM-liposome mixture 10 minutes after the reactants were mixed (/.. after the
asymptote has been reached in our liposome disruption assays) (Fig. 3a). Analysis of the
spectra with the BestSel server suggests that the antiparallel g-sheet content of 2 yM ARM
peptide at pH 7 decreases while the a-helical content increases (Table 2). These differences
are small and unlikely to be significant. To determine if a structural change in the ARM
peptide was responsible for the lack of membrane disruption activity seen at pH 5, we
collected CD spectra of ARM in the absence and presence of liposomes at pH 5. The
addition of liposomes does not alter the secondary structure composition of the ARM
peptide, as the p-sheet content of the peptide is 42% and 43% in the absence and presence of
liposomes (Fig. 3b, Table 2). However, the greater B-sheet composition of the ARM peptide
at lower pH indicates that the peptide may become more ordered at lower pH.

The Trp of the ARM inserts into the hydrophobic region of liposomal membrane

To further localize the amino acids involved in the binding of ARM peptide to the liposome,
we performed tryptophan fluorescence spectroscopy to check the possibility of Trp binding
to the liposomal membranes. There are 2 Trp amino acids in the ARM peptide, at position
28 and 38. A change in the intrinsic fluorescence of these amino acids in the presence of
liposomes is indicative of a change in their environment. Trp fluorescence of the ARM
peptide at 2 pM concentration was monitored prior to and after addition of increasing
DOPC:DOPG (3:1) liposome concentrations. As shown in Fig. 4, Anax shifted to smaller
wavelengths with an increase in fluorescence intensity upon the addition of liposomes. In the
absence of liposomes, peptide at 2 uM concentration exhibited A s« at 355 nm that is
observed for Trp in polar environment, whereas a blue shift in the A 35 occurs with the
addition of liposomes. In the presence of 200 uM liposome-lipid concentration, the A pax IS
at 335 nm. This change in emission is indicative of a change in the environment of Trp from
hydrophilic to hydrophobic [48], and could be due to burying or insertion of Trp amino acids
into the liposomal membranes.

PCV2 disrupts membranes possessing cholesterol

The ability of PCV2 VLP to disrupt membranes at neutral pH suggests that the infectious
virion may be able to disrupt plasma membranes or early endosomes. To test this possibility,
we generated CH:DOPC:DOPG (50:44:6) membranes to partially mimic plasma
membranes. Plasma membranes are composed of CH:DOPC:DOPE:SM:DOPS
(50:20:11:13:6), where CH, DOPC, DOPE and SM carry a net charge of zero and DOPS
carries a negative net charge [16, 49, 50]. Our results show that the PCV2 VLPs, CP7and
ARM peptide are capable of disrupting the liposomal membranes to release the fluorescent
dye at pH 7 (Fig. 5 a, b and c). Thus, implying that VLP might also be active at early
endosome or at the plasma membrane which are at pH 7.
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Discussion

Members of the Circoviridae family (genre Circovirus and Cycloviridae) are small (~20 nm)
icosahedral (7=1) non-enveloped viruses that infect or have been isolated from vertebrate
and invertebrate members of the animal kingdom [51, 52]. The capsid proteins of these
viruses share limited sequence conservation; however, all members of this family possess an
N-terminus highly rich in arginines. For the case of PCV2, 18 of the 41 amino acids in N-
terminus are arginines. The N-terminus is consequently referred to as an arginine rich motif
(ARM). Sequence analysis of the PCV2 capsid protein with the cNLS mapper predicts the
presence of bipartite nuclear localization signals (NLS) in the ARM -there are two stretches
of NLS (NLSa and NLSb) parted by a short stretch of six amino acids [53] (Fig. 1). Both
NLS are required by PCV1 (an apathogenic strain of PCV) for proper nuclear localization
[54], and this is anticipated to be true for PCV2. Structural and neutralization studies of
PCV2 VLP indicate that while the ARM is located to the interior of the capsid, it may
externalize via a “breathing” mechanism [9]. Some ARM peptides are also cell penetrating
peptides (CPP) and have been utilized to deliver cargo into the cell, and act as antimicrobial
agents by penetrating membranes [55, 56]. Therefore, we asked if in addition to the nuclear
localization signal, does the ARM of PCV2 also play a role in disrupting membranes?

Non-enveloped viruses have developed a number of mechanisms to disrupt membranes for
completing their life-cycles [18]. These include the insertion of amphipathic a-helices or -
sheets into the membrane, use of phospholipase activity to hydrolyze the ester bonds of
phospholipids, insertion of myristoylated peptides into membrane, and insertion of
hydrophaobic loops into the membranes [18]. PCV2 has been shown to be endocytosed into
monocytic and dendritic cells [13, 14]. The mechanism by which PCV2 escapes from
endosomes to acquire cellular entry remains to be described. To the best of our knowledge,
we are providing the first report describing the mechanism by which members of the
Circovirigae can disrupt membranes for endosomal escape. Our biochemical and biophysical
studies of virus like particles (VLP) and their components demonstrate that the arginines of
the PCV2 ARM are responsible for membrane disruption. These studies provide an
additional mechanism that non-enveloped viruses may utilize for endosomal escape.

Our liposome disruption assays demonstrate that the VLP, unassembled PCV2 capsid
protein (CP™ and ARM peptide are capable of disrupting membranes (Fig. 2). VLP
demonstrate higher efficiency in fluorophore release than the CP” or ARM peptide. The
VLP are found to be efficient in fluorophore release at both pH 7 and 5 (Fig. 2a). The
fluorophore release profile of the VLP is reminiscent of burst kinetics observed for enzymes
[57]. The initial rapid release of fluorophore release can result from free VLP interacting
with liposome to rapidly release fluorophore (similar to pre-steady state kinetics where a
free enzyme interacts with its substrate), this is followed by a slower and steady release of
fluorophore that may be dominated by the slow release of the VLP (k,z from the liposomes
(similar to steady state kinetics where the product is slowly released from the enzyme). The
ability of the VLP to associate with the liposomes is demonstrated by the pelleting assays -
we note that this association is much weaker than that of CP” and ARM peptide (Fig. 2f,
lanes 1-12). In contrast, the CP” and ARM peptide only demonstrate the rapid fluorophore
release. The absence of the second phase of fluorophore release (as observed for the VVLP)
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suggests that both CP” and ARM peptide may be very slow to dissociate from, or become
embedded into, the liposome. Indeed, the liposome pelleting assays demonstrate a greater
amount of CP” and ARM peptide to pellet with liposomes (Fig. 2f, lanes 1-12). It is also
possible that the differences in profiles is due to the high local concentration of ARMs
present in a VLP, working together to disrupt the membrane.

The efficiency to release fluorophore is dramatically different between the VVLP, CP" and
ARM peptide at pH 5 (Fig. 2 a, b and c). The ability of VLP to release fluorophore at the
lower pH is comparable to that at neutral pH; however, both CP and ARM peptide exhibit a
diminished efficiency to release fluorophore at the lower pH. An explanation for this could
be the protonation of the four His amino acids in the ARM (Fig. 1). Some or all the His
amino acids may insert themselves into the membrane when they are not protonated at pH 7,
but unable to do so when protonated at pH 5. Indeed, it has been demonstrated that
unprotonated His amino acids of CPP can insert into membranes, whereas the protonated
His amino acids are unable to insert into membranes [59-61]. The local environment of the
ARM is likely to be different in the context of the VVLP, CP7 or peptide, and this
environment is likely to affect its physicochemical properties. The ability of VLP to release
fluorophore at both pH values suggest that the change in pH is not significantly affecting the
physicochemical properties of the ARM; however, the diminished ability of CP” and peptide
to release fluorophore at pH 5 is indicative that the properties of the ARM are different at the
two pH values. The observation that CP” but not peptide pellets with liposomes at pH 5 (Fig.
2f) could be explained by the larger size of the CP7 ARM. The additional amino acids (42—
233) present in the CP may provide additional sites for binding liposomes. This interaction
locates the CP”7 ARM in proximity of the liposomal membrane and thus increases the
probability of the ARM to interact with and disrupt the membrane (Fig. 2b, c); however, the
observed lack of association between the peptide and liposome suggests that peptide is less
likely to appropriately interact with and disrupt the membrane at pH 5 (Fig. 2f).

In a recent published paper, Yu et al. were able to demonstrate CPP capability for a peptide
consisting of the first 17 amino acids of the PCV2 capsid protein ARM [36]. The authors
identified the NLSa region of the peptide to be responsible for this capability [36].
Secondary structure predictions with JPred, and de novo tertiary structure prediction with
PEP-FOLD 3 and QUARK suggest that the ARM peptide is composed of two-to-three a-
helices [62—-64]. However, our results from CD spectroscopy do not identify the peptide to
possess any a-helical secondary structures (Fig. 3a). Rather, the spectra demonstrate that
only 35% of the peptide (around 13-14 amino acids) have the propensity to form secondary
structure (B-sheets) (Table 2). This is in agreement with predictions made by Rosario et al.
using intrinsically disordered protein (IDP) servers. These studies suggest the first 18 amino
acids to be an intrinsically disordered region (IDR) [51]. IDR are low complexity sequences
high in arginine and lysine and possess the ability to evolve faster than structured regions
[65-67]. By combining our CD spectroscopy results with the IDR predictions generated by
Rosario et al., we interpret the arginine rich NLSa region to be intrinsically disordered and
the NLSb region possessing large aromatic amino acids (2 Trp and 1 Tyr) to have greater
propensity to contribute towards the observed p-sheet content (Fig. 1, Fig. 3, Table 2). The
blue shift of the Trp fluorescence (present in NLSb) is indicative of Trp becoming buried
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into a hydrophobic environment (Fig. 4). Thus, we conclude that the Trp amino acid(s) in
NLSb become buried in the membrane while the arginines of NLSa are responsible for
membrane disruption. The guanidinium group of arginine can hydrogen-bond (H-bond) to
multiple lipid head groups concurrently. This capability allows the arginine to penetrate the
membrane bilayer as it drags the head groups along with it and forces local thinning of the
bilayer. As the arginine penetrates deeper into the bilayer, the guanidium group begins to
form H-bonds with lipid groups in the second layer of the bilayer. The thinning of the
membrane coupled to the H-bonding with head groups from both bilayers results in
transmembrane pore formation [44].

The above studied characteristics of the ARM peptide can be extended to the membrane
disruption capability of the VLP via multiple independent experiments that have
demonstrated the NLSb to possess epitopes that interact with neutralizing antibodies [34,
35]. These experiments demonstrate that despite the structural evidences identifying the
location of the ARM to be inside of the capsid, the ARM must externalize from amino acid
1 to 36 to interact with the antibodies. Combining the results from our study with the studies
done by others, we propose the following sequence of events to occur following
internalization of PCV2 into the endosome: amino acids 1-38 of the N-terminus ARM
externalize from inside the capsid via viral breathing, the externalized NLSb region of the
ARM interacts with the endosomal membrane by burying its Trp amino acid(s) into the
membrane and anchors the VLP to the membrane, then the arginine rich NLSa with its cell
penetrating or liposome disruption property disrupts the endosomal membrane to release the
viral capsid into the cytoplasm. Our results that exhibit VVLP to possess membrane disrupting
capability at pH 7 in the presence of cholesterol (Fig. 5) suggest that PCV2 may also be
capable of interacting with the plasma membrane or escaping from early-endosomes.

Materials and methods

Reagents

Mini extruder, lipids DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine), DOPG (1,2-
dioleoyl-sn-glycero-3-phospho-(1’-rac-glycerol) (sodium salt) were purchased from Avanti
Polar lipids in the powdered form. Sulforhodamine B dye was purchased from Santa Cruz
Biotechnology. Cholesterol was purchased from Sigma Aldrich. Triton-x 100 was purchased
from Fischer Scientific. Chloroform was acquired from Electron Microscopy Sciences.
Formvar coated grids, stabilized with evaporated carbon film were purchased from Ted Pella
(Prod No. 281217). Peptides N-term ARM PCV2 (residues 1-41) and C-term PCV2
(residues 223-233) were custom synthesized by Peptide2.0 Inc. ESF 921 media was
purchased from Expression Systems. General laboratory reagents were purchased from
VWR Life Science Amresco.

PCV2 VLP expression and purification

All PCV2 capsid protein constructs used in this manuscript are based on GenBank
ACA51584.1. The services of GenScript (https://www.genscript.com) were utilized to
generate the Baculovirus for expression of the PCV2 capsid protein in 7richoplusia ni (Ti ni)
insect cells. Insect cells were grown in ESF921 medium at 27 °C with shaking at 120rpm till
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the cell count reached 2x106 cells/ml. Cell growth was monitored by staining with Trypan
blue, digitized using a camera connected to a light microscope, and counted manually using
a hemocytometer and Fiji software [37]. Cells were then infected with Baculovirus at a
multiplicity of infection (MOI) of 0.1. Cells were grown at 27 °C with shaking at 120 rpm
till their viability dropped to 50% (usually takes 5 days). Infected cells were then harvested
by centrifuging at 3,000g for 20 minutes. The cells were suspended in the lysis buffer
composed of 20 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) pH 7.5,
250 mM NacCl (sodium chloride), 2 mM MgCl, (magnesium chloride), 1 mM TCEP (tris(2-
carboxyethyl)phosphine hydrochloride) and 1% (v/v) NP-40 (nonylphenyl polyethylene
glycol). Suspended cells were incubated on a revolver at 4 °C for 30 minutes and centrifuged
for 720g at 4 °C to separate the cytoplasmic content from nuclear content. The nuclei pellet
was suspended in nuclear lysis buffer, 20 mM HEPES pH 7.5, 500 mM NaCl, 2 mM MgCI2,
0.2 mM TCEP, 2 mM deoxycholate in the presence of salt activated nuclease (Sigma-
Aldrich, SRE0015-5KU) and lysed using a sonicator. The nuclei lysate was centrifuged at
28,0009 for 30 minutes at 4 °C. The supernatant was separated and loaded on a 30% sucrose
cushion and centrifuged at 184,000¢g (Beckman Coulter rotor 50.2Ti), at 11°C for 2.5 hours.
The pellet obtained above was suspended in 2ml of nuclear lysis buffer and loaded onto a
discontinuous gradient of 20%, 30%, 40%, 50%, 60% and 70% sucrose and centrifuged at
160,000g (Beckman Coulter rotor SW 40Ti), at 4 °C for 18 hours. The fraction containing
the VLP was visually identified using light scattering and SDS-PAGE. The fraction
containing VLP was dialyzed overnight in 20 mM HEPES pH 7.0, 250 mM NaCl, 0.2 mM
TCEP and 2 mM EDTA (ethylenediaminetetraacetate). Dialyzed sample was concentrated
using a 100kDa MWCO ultrafiltration device (Pall Corporation) and stored at 4 °C. Sample
were processed with SDS-PAGE, stained with InstantBlue (expedeon) and analyzed for
concentration against a standard of similar molecular weight protein with known
concentration.

SUMO-PCV?2 expression and purification

The services of Biomatik (https://www.biomatik.com/) was utilized to codon optimize,
synthesize and clone a fusion of His6-SUMO (GenBank: ABN58899.1), a SUMO-protease
specific cleavage site and full-length PCV2 capsid protein gene (CP™ into the pET 28a
plasmid. The fusion protein SUMO-CP? was expressed in One Shot™ BL21 Star™ (DE3)
Escherichia coli cells in terrific broth (TB) media, induced by 100 pM IPTG and the cells
were harvested after 16 hours of expression at 20°C. The cell pellet was suspended in lysis
buffer constituting 20 mM CAPS (N-cyclohexyl-3-aminopropanesulfonic acid) pH 10.5; 5
OmM NacCl, 0.2 mM PMSF (phenylmethane sulfony! fluoride), 2 mM B-ME (2-
mercaptoethanol) in the presence of DNAse and RNAseH. Cells were lysed using an ultra-
sonicator and centrifuged at 16,000g for 30 min at 4 °C. Supernatant was injected and
allowed to pass through the anion exchange column (HiTrap Q FF) followed by cation
exchange column (HiTrap SP HP by GE Healthcare) and flow-through was collected.
HiTrap QFF column was removed and SUMO-CP was eluted from the HiTrap SP HP
column using a linear gradient from 0 to 1M NaCl. Fractions were collected and processed
with SDS-PAGE, stained with Commassie blue and assessed for purity. Fractions with
SUMO-CP were pooled and concentrated with a 30 kDa MWCO Pall ultrafiltration device.
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The concentration of the protein was determined using the method of Gill and von Hippel
[38]. Protein samples were aliquot into 50 pl, flash frozen in N»(/), and stored in —80 °C.

SUMO-specific protease expression and purification

The SUMO-specific protease (dtUD1) construct was a kind gift from the laboratory of Dr.
Patrick J. Loll [39]. The protein was expressed in E. coli and purified using the protocol
provided in the publication [39].

PCV2 for liposome disruption assay

Prior to liposome disruption assay, SUMO-CP was digested to remove SUMO tag and
release CP7. For this, SUMO-CP# was diluted accordingly and digested with SUMO-
specific protease in the presence of DTT (dithiothreitol). The reaction mixture was kept at
room temperature for 30 minutes. Sample was run on the SDS-PAGE to analyze the
complete digestion.

SUMO-AARM PCV2 expression and purification

The services of GenScript (https://www.genscript.com/) was utilized to codon optimize,
synthesize and clone a fusion of His6-SUMO (GenBank: ABN58899.1), a SUMO-protease
specific cleavage site and PCV2 capsid protein with first 41 amino acids deleted (CPAARM)
into pET 28a plasmid. The fusion protein was expressed in One Shot™ BL21 Star™ (DE3)
E. coli cells in terrific broth (TB) media, induced by 100 uM IPTG and grown for 16 hours
at 20 °C before the cells were harvested. The cell pellet was suspended in lysis buffer
consisting of 20 mM CAPS pH 10.5; 5 0mM NacCl; 0.2 mM PMSF; 0.5 mM TCEP in the
presence of DNAse and RNAseH. Cells were lysed using an ultra-sonicator, followed by
centrifugation at 17,000¢ for 60 minutes at 4 °C. The supernatant was collected and passed
through the pre-equilibrated Ni-NTA resin packed into a gravity flow column. Column was
washed with 10CV (column volume) of 20 mM CAPS pH 10.5, 1 M NaCl, 0.2 mM TCEP,
50 mM Imidazole pH 11. Protein was eluted and fractionated with 5CV of 20 mM CAPS pH
10.5, 50 mM NaCl, 0.2 mM TCEP and 1 M imidazole pH 11. Fractions were processed with
SDS-PAGE, stained with Coomassie blue, and assessed for purity. Samples with SUMO-
AARM PCV2 were pooled and concentrated. To the concentrated protein, arginine and NaCl
were added to a final concentration of 0.25 M and 0.2 M respectively.

Assembly of CPAARM jnto VILPAARM

A final concentration of 1mg/ml of CPAARM protein was used for VLPAARM assembly.
Protein was incubated with SUMO protease to release the free AARM PCV2 (CPAARM),
The digestion mixture was kept overnight and run on SDS-PAGE to analyze for complete
digestion. The digested mixture was mixed with VLP assembly buffer in 1:1 ratio (vol/vol).
The VLP assembly buffer is composed of 12% PEG 3350; 0.6 M Ammonium Citrate pH
5.0; 5.0% iso-propanol. The reaction mixture was kept at 4°C for 72 hours. Following the
incubation, 0.3 M HEPPS buffer (3-[4-(2-Hydroxyethyl)piperazin-1-yl]propane-1-sulfonic
acid) pH 9.0, 0.6 M NaCl, 0.25 M guanidine hydrochloride, 5 mM B-ME were added to the
solution to adjust the volume to 500 pl. Reaction was allowed to sit at 4 °C for 24 hours
followed by centrifuging the sample at 10,000g for 10 minutes at 4°C. The supernatant was
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loaded onto size exclusion column (Sephacryl S-500 from GE healthcare) pre-equilibrated
with 50 mM HEPPS pH 9.0, 0.6 M NaCl, 7 mM B-ME. Fractions with assembled VLPs
were concentrated and visualized using negative stained electron microscopy with a JEOL
JEM-1230 electron microscope operating at 80kV. Images were recorded on a Gatan
US-4000 CCD detector 4k x 4k using the Leginon software (Fig. S1) [40].

Liposome preparation

Lipids DOPC and DOPG were suspended separately in chloroform at a concentration of 25
mg/ml. DOPC and DOPG lipid solutions were then mixed in the ratio of 3:1 with total lipid
concentration of 8mg/ml. The mixture was gently dried in a glass tube to a thin layer using a
gentle stream of N»(g). The dried lipid mixture was kept under vacuum for ~3 hours to
evaporate traces of residual chloroform. The 8 mg of lipid mixture was rehydrated in 600 pl
of buffer 50 mM HEPES pH 7.0 and 50 mM NaCl with 17 mg of dissolved Sulforhodamine
B dye for around 1 hour. The hydrated lipid dispersion was given five freeze-thaw cycles
using No(/) followed by 21 times extrusion through 0.2 pm polycarbonate membrane. The
resultant liposomes were desalted and fractionated in 1 ml aliquots at 4 °C using a HiPrep
G25 desalting column connected to an Akta Pure (GE Healthcare Life Sciences) using 50
mM HEPES pH 7.0 and 50 mM NaCl. All the assays were done within 24 hours of liposome
preparation. Similar protocol was followed for preparation of liposomes with cholesterol
(CH) in the ratio of CH:DOPC:DOPG (50:44:6).

Liposome Lipid concentration measurement

The lipid concentration was determined to attain a ratio of liposome to CP, ARM peptide
and VLP. The lipid content of the liposomes obtained after desalting the extruded liposomes
was measured using Stewart assay [41]. This is a colorimetric method based on the
formation of a complex between ammonium ferrothiocyanate and phospholipids. The
method is sensitive over the range of 0.01-0.1 mg of phospholipids. The lipid sample used
to prepare the test liposomes (8 mg of DOPC:DOPG in 3:1) was used for preparing the
standard curve. The sample was diluted in chloroform to prepare aliquots of concentration in
the range of 0.01-0.1 mg. For each aliquot, a spectrum scan was run from 200 to 800 nm to
find the wavelength that gives maximum absorbance peak (Fig. S2a). For our samples, the
maximum absorbance was obtained at 474 nm. A standard curve was plotted at this
wavelength and used to quantify the concentration of the test sample (Fig. S2b). Because
this method is unable to quantify phosphatidylglycerol, the amount of DOPG present in the
liposomes was extrapolated according to the concentration of DOPC and the knowledge that
the DOPC:DOPG ratio is 3:1.

Dynamic light scattering

The size of the prepared liposomes was analyzed using dynamic light scattering with the
DynaPro® Platereader 11 (Wyatt Technology Corporation). Prepared liposomes were diluted
to the same concentration as used in disruption assays and readings were taken in 96-well
black clear flat bottom microplate from Corning. Measurements were taken at constant
temperature of 25 °C, 10 acquisitions of 5 sec each were taken for each sample. Dynamics
software v7 (supplied by the manufacturer) was used to analyze the data. Each experiment
was repeated three times.
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Liposome disruption assays

Liposome disruption assays were carried out in black 96-well, flat bottom microplates from
Greiner Bio-one, at 25 °C using a SpectraMax M5 multi-mode microplate reader (Molecular
Devices). The pH-based assays were performed at pH 7 (buffer 50 mM HEPES pH 7 and 50
mM NacCl), and at pH 5 (buffer 50 mM Ammonium citrate pH 5 and 50 mM NaCl). The
assays were carried out in kinetic mode of the spectrophotometer at wavelength excitation
(A gy and emission (A g;;) maxima of 565 nm and 586 nm respectively. The assays were
initiated by adding 10l of liposomes to 90yl of buffer containing 0.5 uM, 0.75 uM or 1 uM
final concentrations of VLP, CP” VLP lacking the ARM VLPAARM and the C-term peptide.
Thus, each well contained a total volume of 100 pl. The liposome disruption for the ARM
peptide contained 0.75 uM, 1 uM or 2 uM of the peptide. The plate was shaken for three
seconds before the run and readings were taken every second for 50 minutes. With each
experiment, a control well was set with 10 pl liposome (or 204 uM as calculated by lipid
concentration measurement) and 90 pl buffer. At the end of the experiment, 1 ul of 0.5% of
triton-x 100 was added to all the wells and end-point readings were taken.

For every sample, percentage of dye release was calculated with respect to the control as:

I1-1
Fraction dye release = -9
I -1
max 0

where, /is the emission intensity of the sample; /yis the emission intensity of the control
and /nay is the emission intensity at the end of the experiment after adding Triton X-100. All
the experiments were carried out at pH 7 and 5 and done in triplicates. Fraction of total dye
release was plotted against time (in seconds) using ORIGIN software (OriginLab
Corporation).

Liposome pelleting assay

Reactions identical to the disruption assays were performed at pH 7 and 5 for 1 pM VLP,
CP7 and 2 uM ARM peptide. After one hour of incubation, the reactions were centrifuged
at 15,000 x g for 15 minutes at room temperature using a temperature-controlled centrifuge.
The pellets were washed in 20 mM HEPES pH 7.0 and 50 mM NacCl for two times. Washing
involved removal of supernatant and suspending the pellet in the fresh buffer followed by
centrifugation. The pellets were suspended in the same volume as the initial supernatant.
Samples (20 pl) were then run on polyacrylamide gel made with a 16% acrylamide and 6 M
urea tricine, visualized by three step staining protocol involving first treating the gel with
fixing solution (50% methanol, 10% acetic acid and 100 mM ammonium acetate), then
staining the gel (10% acetic acid, 0.025% Coomassie blue) followed by de-staining of the
gel with 10% acetic acid [42]. The gel was then quantified with a Li-Cor Odyssey CLx. The
assay was repeated three times using freshly prepared liposomes each time.

Intrinsic Tryptophan fluorescence spectroscopy

Fluorescence emission spectra were recorded using the SpectraMax M5 multi-mode
microplate reader (Molecular Devices). For the assays, a 100 pl reaction was set up with 2
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UM peptide and increasing concentrations of liposomes (75, 100 and 200 uM: as calculated
by lipid concentration measurement) in buffer (50 mM HEPES and 50 mM NacCl, and at pH
7). Fluorescence spectra for Trp emission were recorded at excitation wavelength of 280 nm
and emission wavelength from 300 nm to 450 nm with step size of 2nm bandwidth.
Background correction for each spectrum was performed by subtracting the liposome profile
from the peptide/liposome fluorescence profile. The fluorescence intensity was plotted
against wavelength using ORIGIN software (OriginLab Corporation).

Circular Dichroism

Circular dichroism (CD) experiments were carried out using Jasco J-1500 Circular
Dichroism Spectrophotometer with a 10mm path-length cuvette at 20 °C. The ARM peptide
and liposomes were independently dialyzed extensively against 10 mM phosphate buffer at
pH 7 and 5. The presence of two tryptophan amino acids in the peptide allowed us to
estimate the concentration of dialyzed peptide using UV absorbance at 280 nm. A final
concentration of 1 UM and 2 uM peptide were used and far-UV CD spectra were recorded in
the range of 190-260 nm. Readings were also taken in the presence of 200 UM liposomes to
see the effect of liposomes on the secondary structure of peptide at pH 7 and 5. Baseline
corrections were performed for the peptide by using the dialysis buffer, and the dialyzed
liposome. The analysis of measured CD spectra were done by BestSel server [43].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation:

PCV2 Porcine circovirus 2
VLP Virus like protein

ARM Arginine rich motif
CPP cell penetrating peptide
CPfl full length capsid protein
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Highlights
. Non-enveloped viruses employ several mechanisms to disrupt membranes to
infect cells
. Porcine circovirus 2 uses an Arginine rich motif (ARM) to accomplish this
task

. The ARM peptide is predominantly disordered
. The Arginines of the ARM are responsible for membrane disruption

This is the first example of a non-enveloped virus using the Arginines of an ARM to
disrupt membranes
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Figure 1.
a): Space filling representation of the PCV2 VLP crystal structure. A portion of the capsid

has been computationally removed to visualize the interior. Blue spheres represent the first
three observable amino acids at the N-terminus of PDB entry:3R0OR, and the red spheres
represent the last eight observable amino acid at the C-terminus. b): Schematic
representation of the capsid protein sequence highlighting N-terminus arginine rich motif
(ARM), and C-terminus. The sequence of the ARM and C-terminus peptide used in this
study is shown below. The ARM sequence has been further classified on the basis of nuclear
localization signal. The experimentally predicted secondary structure of ARM region is also
represented. The brown color coil shows intrinsically disordered region and green arrows
represent beta-sheet formation (see material and method section for the details).
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Figure 2.

Liposome disruption and fluorophore release by PCVV2 VLP and components of the capsid
protein. The fraction of fluorophore release as compared to the liposome disruption by
addition of 1% triton x-100 is represented. Red and blue shades represent fluorescence
traces of fluorophore release from 200 nm DOPC:DOPG (75:25) liposomes at pH 7 and 5
respectively. a) VLP, b) capsid protein (CP™, c) ARM peptide, d) VLP ARM ) C-terminus
peptide. Black curve in panel b and c represent fluorescence traces of fluorophore release
from DOPC:DOPG:DOPG-PEG2000 (75:20:5) by capsid protein (CP™) and ARM peptide,
respectively. f) SDS-PAGE of the liposome pelleting assay to assess the association of ARM
peptide, Lane 1 and 2: VLP supernatant at pH 7 and 5, Lane 3 and 4: CP7 supernatant at pH
7 and 5, Lane 5 and 6: ARM peptide supernatant at pH 7 and 5, Lane 7 and 8: VLP with
liposome at pH 7 and 5, Lane 9 and 10: CP7 with liposome at pH 7 and 5, Lane 11 and 12:
ARM peptide with liposome at pH 7 and 5.
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Figure 3: Circular dichroism spectra of ARM peptide changes in the presence of liposomes, and
under acidic pH.

The circular dichroism (CD) spectra of ARM peptide were determined at pH 7 and 5. a) CD
spectra at pH 7 (O) 1 uM peptide, (O) 2 uM peptide, (A) 2 uM peptide and liposomes. b)
CD spectra at pH 5 (O) 1 uM peptide, (O) 2 uM peptide, (A) 2 pM peptide and liposomes.
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Figure 4: Liposomes blue shift the intrinsic tryptophan fluorescence of ARM.
Tryptophan fluorescence excitation at Agx = 5280 nm and emission at Aem = 300-450 nm

for 2 UM peptide in the absence of liposome (O); presence of 75 uM liposome-lipid; (Q);
presence of 100 pM liposome-lipid (<>); and 200 uM liposome-lipid (®). Liposome-lipid
refers to the concentration of lipid present in the liposomes.
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Figure 5.

Liposome disruption assay with 200 nm CH:DOPC:DOPG (50:44:6) liposomes. The
fraction of fluorophore release as compared to the liposome disruption by addition of 1%
triton x-100 is represented for a) PCV2 virus like particles; b) CP” and c) ARM peptide is

depicted below.

J Mol Biol. Author manuscript; available in PMC 2020 August 09.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Dhindwal et al.

Calculated phospholipid concentrations used in liposome disruption assays and their ratio with respect to the

Table 1:

concentration of protein (VLP / CPfl / ARM peptide).

Conc. of protein (uUM)

Conc. of liposome (UM)

Ration: lipid/protein

0.50 204.00 1:408
0.75 204.00 1:272
1.00 204.00 1:204
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Secondary structure composition of ARM peptide in the presence of liposomes, and under

acidic conditions.

Table 2:

The secondary structure was calculated using the BestSel server.

Concentration (MM) | pH | Liposome | a-helix | Antiparallel B-sheet (%) Parall(eol/[g—sheet Turn (%) | Other (%)
1.0 7 NO 0.0 32.0 0.0 11.2 56.8
2.0 7 NO 0.0 35.0 0.0 14.5 50.5
20 7 YES 3.2 295 0.0 149 52.4
1.0 5 NO 0.0 434 0.0 13.2 43.4
2.0 5 NO 0.0 42.0 0.0 135 445
2.0 5 YES 0.0 434 00 14.0 43.4
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