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Abstract

Viroporins like influenza A virus M2, hepatitis C virus p7, HIV-1 Vpu and picornavirus 2B
associate with host membranes, and create hydrophilic corridors, which are critical for viral
entry, replication and egress. The 6K proteins from alphaviruses are conjectured to be viro-
porins, essential during egress of progeny viruses from host membranes, although the ana-
logue in Chikungunya Virus (CHIKV) remains relatively uncharacterized. Using a
combination of electrophysiology, confocal and electron microscopy, and molecular dynam-
ics simulations we show for the first time that CHIKV 6K is an ion channel forming protein
that primarily associates with endoplasmic reticulum (ER) membranes. The ion channel
activity of 6K can be inhibited by amantadine, an antiviral developed against the M2 protein
of Influenza A virus; and CHIKV infection of cultured cells can be effectively inhibited in pres-
ence of this drug. Our study provides crucial mechanistic insights into the functionality of 6K
during CHIKV-host interaction and suggests that 6K is a potential therapeutic drug target,
with amantadine and its derivatives being strong candidates for further development.

Author summary

Chikungunya fever is a severe crippling illness caused by the arthropod-borne virus
CHIKYV. Originally from the African subcontinent, the virus has now spread worldwide
and is responsible for substantial morbidity and economic loss. The existing treatment
against CHIKYV is primarily symptomatic, and it is imperative that specific therapeutics be
devised. The present study provides detailed insight into the functionality of 6K, an ion
channel forming protein of CHIKV. Amantadine, a known antiviral against influenza
virus, also inhibits CHIKV replication in cell culture and drastically alters the morphology
of virus particles. This work highlights striking parallels among functionalities of virus-
encoded membrane-interacting proteins, which may be exploited for developing broad-
spectrum antivirals.
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Introduction

Chikungunya fever is a severe and debilitating illness caused by the mosquito-borne arbovirus,
Chikungunya Virus (CHIKV) [1-4]. Infections are generally non-fatal, but this virus has been
much in the limelight lately, due to its rapid spread and outbreaks worldwide [2-4]. Although,
India is endemic for CHIKV; outbreaks do occur, the latest one reported in New Delhi in 2016
[4]. Currently, there are no specific therapeutics against CHIKV infections, the treatment
being primarily symptomatic [1].

CHIKYV, like other alphaviruses, is an enveloped RNA virus with particle diameter ranging
between 65-70 nm [5]. The viral genome is organized into structural and non-structural pro-
tein-encoding regions [5]. The structural protein cassette is composed of glycoproteins
(E1-E2-E3), capsid protein (C), and 6K, which was recently shown to have a transframe variant
(TF) [6, 7]. 240 copies each of glycoproteins E1 and E2; as well as the capsid protein, are
arranged in accordance with T = 4 symmetry [8]. Although the roles of capsid and envelope
proteins in the life cycle of CHIKV are fairly well studied [9-14], reports pertaining to the
direct functional characterization of 6K are rare, making it the least understood amongst all
CHIKYV structural proteins. A recent report suggests that 6K is a prime target for mounting
CTL- mediated immune response in the host, indicating its significance as a therapeutic target
[15]. One contributing factor for the lack of direct biochemical characterization of CHIKV 6K
is its extreme intrinsic hydrophobicity, as well as cytotoxicity [7, 16], which makes the produc-
tion of sufficient quantity of functionally active, recombinant protein fairly challenging. In
fact, the majority of the studies on 6K from other alphaviruses—demonstrating the biochemi-
cal properties and role in viral life cycle—have been carried out by analysis of mutated virus
[17-23] or by RNA expression at the cellular level [7, 24], with only a few studies characteriz-
ing recombinant 6K [16, 25]. Further, the molecular details of membrane association by 6K
and the exact role of this activity in promoting virus budding remains unknown.

Recently, a transframe (TF) variant of 6K was identified, which is generated from the 6K
gene as a result of a (-1) ribosomal frameshift. TF has the same N-terminal domain as 6K, but
a different C-terminus [6, 7]. 6K and TF are produced during infections by most alphaviruses,
and both are thought to be essential for virus budding, although only TF appears to be pack-
aged within virions while 6K is probably retained at the membranes of infected cells [6, 7].
Additionally, studies with SINV have highlighted the role of palmitoylation for the localization
of TF to the plasma membrane [26].

The membrane permeabilization activity of alphavirus 6K places it in the category of viro-
porins. Nucleation of aqueous passageways by viroporins allows movement of ions and small
molecules, which in turn, facilitates virus entry, replication, and egress. Some well-characterized
members of the viroporin family include M2 of influenza A virus, Vpu of HIV, p7 of HCV, and
2B of picornaviruses [27]. The role of viroporins in sustaining infections, and their significance
as targets for drug development, is illustrated by the antiviral activity of amantadine, which tar-
gets the ion-channel forming protein M2 and prevents Influenza A infections [28].

Given the recent scenario of frequent outbreaks of Chikungunya fever in different parts of
the world [1-4], and the role of 6K in supporting alphavirus infections [17-23], we attempted
to functionally characterize CHIKV 6K and assess its potential as a target for drug develop-
ment. Using a combination of electrophysiology, cryo-electron microscopy, biophysical tech-
niques, and molecular dynamics simulations, we demonstrate that CHIKV 6K interacts with
membranes in multifaceted ways, leading to permeability as well as vesicle fusion. We show
that CHIKV 6K exists in oligomeric forms, and forms ion channels in membranes. In addition,
we demonstrate that virus-like particles (VLPs) of CHIKV show a marked deviation from
their usual morphology when treated with amantadine; and that the inhibitory activity of
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amantadine extends to CHIKV replication in cell culture. Thus, it can be strongly emphasized
that 6K is critical in CHIKV biology and is a potential therapeutic target for the treatment of
Chikungunya fever.

Results

6K is a highly hydrophobic protein which migrates as a hexamer in size
exclusion chromatography

The 6K proteins of alphaviruses are extremely hydrophobic in nature with more than 50% of
the residues having a positive value on the hydrophobicity scale (Fig 1A). A GRAVY (grand
average of hydropathy) value of 1.006 also indicates that the protein has an overall hydropho-
bic nature. This, as well as the presence of transmembrane regions predicted by several servers
(Fig 1B), were likely responsible for our inability to generate CHIKV 6K alone, in soluble
form, by recombinant expression in bacteria.

A fusion of CHIKV 6K with GST (Glutathione S Transferase) was successfully expressed
and purified from E. coli Rosetta (pLysS cells). We found that IPTG induction and subsequent
bacterial growth at a relatively lower temperature of 18°C, is an essential requirement for max-
imizing expression. GST-6K was initially purified by pulldown with GST beads (Fig 1C), fol-
lowed by size-exclusion chromatography, which generated two separate peaks corresponding
to GST and GST-6K (Fig 1D). The GST-6K peak was fairly broad and the molecular weight
corresponding to the primary peak fraction (Fig 1D, indicated with an arrow) was calculated to
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Fig 1. 6K sequence analysis and GST-6K purification: (A) A comparative analysis of the hydrophobicity of 6K peptides encoded by different members of the
alphavirus family. Kyte-Doolittle hydrophobicity plots and multiple sequence alignment of 6K peptides from different alphaviruses—Chikungunya (CHIKV),
Semliki Forest Virus (SFV), Sindbis Virus (SINV), Ross River Virus (RRV) and Mayaro Virus (MV) are shown. Sequence alignment color legend: red-identical
residues; blue-highly similar residues and green-less similar residues. (B) Potential transmembrane domains in CHIKV 6K as predicted by different servers as
indicated. (C) SDS-PAGE of GST-6K after pulldown with GST beads. Lane 1 corresponds to the molecular weight ladder, while lanes 2 to 9 correspond to
protein fractions. (D) Gel filtration profile of GST-6K on Superdex 200 10/300 G/L column.

https://doi.org/10.1371/journal.pntd.0007548.9001
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Fig 2. Ion channel activity of GST-6K: (A) and (B) represent ion channel activity of recombinant GST-6K on DPhPC bilayer membrane at applied membrane
potentials of -100mV and +100 mV respectively. The rows from top to bottom represent increasing concentrations of GST-6K (0.2, 0.85, 1.2 and 2.6 ng/pl)
added to the BLM, whereas in each case the current vs time trace and the corresponding histograms are represented side-by-side (For e.g. Fig 2A—i and ii).

https://doi.org/10.1371/journal.pntd.0007548.9g002

be 190.98 kDa, which indicated the formation of a hexamer (monomer MW = 33.5 KDa). Since
the recombinant protein appeared to have the propensity to break into its constituent parts (Fig
1D), GST-6K was utilized within 24-48 hours post purification for every experiment.

CHIKYV 6K forms ion channels in lipid bilayers

The ability of GST-6K to form ion channels in vitro was investigated using an electrophysiol-
ogy setup as described in Materials and Methods. The ion channel activity of GST-6K was
measured as a flow of current across an otherwise intact DPhPC membrane (Fig 2A and 2B).
Fig 2A and 2B (j, iii, v and vii) represent the current versus time traces of GST-6K incorporated
into the lipid bilayer membrane at applied membrane potentials of -100 mV and +100 mV
respectively. The corresponding all point histograms are shown in Fig 2A and 2B (ii, iv, vi and
viii). Addition of GST-6K to the membrane caused spikes in the current trace, which displayed
the typical stepped nature of the opening and closing of an ion channel. This showed that
GST-6K successfully incorporated within the bilayer and formed ion-conducting, stable chan-
nels, which were functional under the aforementioned membrane potentials, and opened at
both negative and positive voltages.

Altogether, observations were made at four different protein concentrations of 0.2, 0.85, 1.2
and 2.6 ng/pl. The lipid (DPhPC) concentration remained fixed in all cases, as the formation
of bilayer membrane in the BLM cup demands an exact amount of lipid. Increasing concentra-
tion of GST-6K coincided with the appearance of multiple open states with higher currents, at
both positive and negative membrane potentials. These observations can be best explained as
follows. GST-6K forms pore on the membrane by oligomerization (S1 Fig), however, the num-
ber of monomers which oligomerize to form a pore is not fixed. Increase in protein concentra-
tion may result in the generation of higher-order oligomers, leading to the formation of bigger
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pores in the membranes and higher currents (S1 Table). Generation of multiple oligomeric
states is well evidenced in pore-forming proteins [29]. Similar experiments with only GST as
negative control do not result in the formation of ion channels, as seen by us (S2 Fig) and oth-
ers [30]. This indicates that the ion-channel forming activity is exclusively due to 6K.

CHIKYV 6K disrupts liposomes mimicking Endoplasmic Reticulum (ER)
membrane

Since GST-6K appeared to be capable of forming ion-channels in membranes, we attempted
to determine if it preferentially damages target membranes. Liposomes mimicking the lipid
composition of ER and plasma membranes encapsulating the fluorescent dye sulforhodamine
B, were generated as described [31, 32]. The ability of GST-6K, at a concentration ranging
from 0.1 pM-10 uM, to disrupt these liposomes, was tested using standard methods. A distinct
increase in disruption of ER mimicking liposomes was observed with concentrations of

0.5 uM (and higher) of GST-6K (Fig 3A). Transmission electron micrographs of GST-6K
treated, vs non-treated ER-mimicking liposomes, displayed a clear difference in morphology
(Fig 3B and 3C), with the latter image (Fig 3C) showing liposomes with their surfaces deco-
rated with proteinaceous material. Incubation of plasma membrane mimicking liposomes
with GST-6K did not cause any significant release of dye (Fig 3A), or alteration of surface
features (Fig 3D and 3E), indicating the inability of GST-6K to effectively rupture these
membranes.

To further pinpoint the role of specific lipids in GST-6K-mediated membrane damage, sim-
ilar experiments were conducted with SulfoB-encapsulating liposomes composed of DOPC
(Dipalmitoylphosphatidylcholine) and cholesterol in a 1:1 molar ratio. GST-6K, even at rela-
tively higher concentrations of 5 and 10 uM, was incapable of disrupting these liposomes (Fig
3A). These observations, taken together, indicated that CHIKV 6K is probably unable to dam-
age membranes rich in cholesterol. Free, purified GST did not display any significant ability to
disrupt membranes, indicating that the GST tag did not influence the effect of CHIKV 6K on
membranes in any way (Fig 3A).

GST-6K appears to form heterogeneous oligomers on ER liposomes

Incubation of ER-mimicking liposomes with GST-6K and subsequent visualization using
transmission electron microscopy, revealed that the protein dotted the surface of liposomes
(Fig 3C). Manual picking of particles and 2D classification (Fig 3F) indicated that the mor-
phology of the structures formed was not uniform. Thus, it appears that GST-6K may induce
the formation of a range of oligomeric structural units on the surface of membranes.

6K and E2 localization within cells indicate plasma membrane trafficking

The inability of CHIKV 6K to cause leakage in plasma membrane specific liposomes was
somewhat surprising, as the stipulated role of 6K during virus particle egress implies some
association with the plasma membrane [21]. We, therefore, tested the cellular location of 6K
tagged with EGFP (Enhanced Green Fluorescent Protein) in mammalian epithelial cells using
confocal microscopy. Upon transfection of EGFP-6K into HEK (Human Embryonic Kidney)
293T cells, the GFP fluorescence showed a very high degree of localization with the ER, partial
localization with Golgi membranes, but no localization to mitochondria, nucleus or the plasma
membrane (Fig 4A-4E). HEK-293T cells were also co-transfected with pPCDNA3.1 containing
either CHIKV E2 or E1 glycoproteins, along with GFP-6K. The E1 and E2 glycoproteins were
expressed in conjunction with an N-terminal myc-tag, which was detected with an anti-rabbit
HRP conjugated antibody (Fig 4F and 4G). 6K selectively localized with E2 as opposed to E1
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Fig 3. Liposome disruption assays and visualization of GST-6K on organelle mimicking lipid membranes: (A) Plot showing the percentage release of
sulforhodamine B from liposomes by GST-6K at concentrations ranging from 0.1-10 pM. Data is represented as mean of triplicate independent

samples + SD (***P < 0.001; ** P < 0.01; * P < 0.05; P >0.05 NS (Non-Significant). (B, C) Negative stain electron micrograph of GST-6K untreated and
treated (5 pM) endoplasmic reticulum mimicking liposomes and (D, E) that of plasma membrane mimicking liposomes respectively. Insets show a
magnified view of the liposomal surface in each case (B-E). (F) Reference-free 2D classification of negatively stained GST-6K associated with ER liposomes.

https://doi.org/10.1371/journal.pntd.0007548.g003

and traversed to the plasma membrane upon simultaneous expression with E2 (Fig 4H). This
data, in conjunction with previous instances of E2 trafficking to the plasma membrane by itself
[33-35], suggests that the physiological role of 6K in infected cells is quite possibly dependent
on E2, which might dictate the trafficking of 6K to the plasma membrane.

Oligomers of 6K form ion channels in membranes in silico

In order to better understand the mode of membrane association and ion channel formation
by CHIKYV 6K, we carried out microsecond scale (1.5 us) MD simulation studies. In the
absence of an experimentally derived tertiary structure for 6K, two different predicted
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Fig 4. Mammalian cell expression of EGFP-6K shows predominant ER expression: Confocal microscopy images of
HEK293T cells expressing EGFP-6K alone or in conjunction with myc-E1 and/or myc-E2 glycoproteins. Panels
(A-E) show images of cells expressing EGFP-6K and stained with fluorescent markers corresponding to ER (A, anti-
KDEL, red), golgi (B, GM-130, red), plasma membrane (C, red, WGA), nucleus (D, DAPI, blue) and mitochondria (E,
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mitotracker, red). Panels (F) and (G) contain cells expressing EGFP-6K along with E1(Panel F) and E2 (Panel G)
respectively. Panel (H) contain cells co-expressing EGFP-6K and E2 and stained with WGA (red). Scale bars: (A-D, G:
10 um); (E, F, H: 5 pm).

https://doi.org/10.1371/journal.pntd.0007548.g004

structures - 6k; and 6k,—were considered (Fig 5A-i and 5B-i respectively). All simulations
were carried out for a total of 1.5 ps in the presence of 100 mM concentration of NaCl under
the influence of an applied electric field.

When a single molecule of 6k, was embedded within a pre-equilibrated POPC (1-pamitoyl-
2-oleoyl-sn-glycero-3-phosphocholine) membrane the peptide adopted an overall angular
conformation with the central alpha-helical segment (**QQPLFWLQALIPLAALIVLCNC
LR") attaining an almost 15-degree tilt with respect to its initial conformation. The peptide
retained this conformation for the rest of the simulation period.

However, embedding 6 molecules of 6k; in the membrane led to the formation of a small
stable channel through which ions were observed to pass through (Fig 5A-iv). Secondary struc-
tural analysis of the individual monomers (S3 Fig) showed that 6k; primarily remains helical dur-
ing simulation time, with the central alpha-helical segment of each monomer spanning through
the length of the membrane, thereby providing structural stability to the overall complex. The
average size of the channel was found to be ~1 nm, which is sufficient for ions and small mole-
cules like sulforhodamine B to pass through and also corresponds closely to the channel diameter
obtained from electrophysiology experiments. We utilized the “Pore Walker” server [36] to detect
the residues within the channel and found that the channel lumen was primarily lined by residues
Ala', The?, Tyr?, Glu?, le**, Pro”, Ala*®, Leu®® and Arg”’ from each monomer.

Similar simulations studies with the oligomeric form (Fig 5B-ii) of 6k, produced an inter-
esting outcome (Fig 5B-iii, iv). No stable channel for ion passage, unlike that observed for 6k;
oligomers, were detected in these cases (Fig 5-iv). A plausible explanation for this discrepancy
was provided by the difference in the orientation of the N-terminal helix in 6k; and 6k, con-
formations (Fig 5A-i and 5B-i respectively). We generated two potential oligomeric arrange-
ments with the best possible spatial placement of 6k; and 6k,. The 6k; oligomer contains the
N-terminal helices positioned towards the interior of the assembly (Fig 5A-ii), whereas the 6k,
oligomer has the N-terminal helices projected outwards (Fig 5B-ii). The hydrophobicity plot
for 6K (Fig 1A) clearly shows that, except the small N-terminal stretch of approximately 15-20
residues, the rest of the sequence is considerably hydrophobic. Thus, as the simulation pro-
gressed, the inward orientation of N-terminal helices of 6k; probably favored the stabilization
of the channel, widening it enough for the passage of small molecules; whereas, for 6K,, the
cavity collapsed on itself, thus hindering the formation of a stable channel. Our simulation
studies provide indications as to how CHIKV 6K forms ion channels within biological mem-
branes and the dynamics of ion conduction and hints towards the critical role of the N-termi-
nal residues of 6K in the formation and stabilization of the ion channel.

6K also displays membrane fusogenic properties

During the visualization of GST-6K interaction with ER mimicking liposomes by transmission
electron microscopy (Fig 3C), the formation of a population of liposomes with larger diameter
was noticed. Further studies clearly showed the occurrence of liposomal fusion (Fig 6A),
which was further investigated using dynamic light scattering (DLS) (Fig 6B). First, 1 mM cal-
cium chloride was utilized as a positive control, as calcium ions are known to facilitate fusion
of artificial vesicles in vitro [37]. Addition of calcium chloride resulted in a size-shift of vesicles
to larger liposomes (Fig 6B). Upon exposure of ER-mimicking liposomes to 1 pM GST-6K, a
distinct overall increase in the diameter of vesicles was noted, indicating the presence of larger
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Fig 5. Molecular dynamics simulation of CHIKV 6K oligomers in membrane showing channel activity: Bhageerath-H predicted two possible predicted
structures of 6K: 6k, (A-i) and 6k, (B-i) along with their respective oligomeric arrangements (A-ii and B-ii), and snapshots of micro-second scale simulations
of 6K embedded within POPC membranes (A-iii, iv and B-iii, iv respectively). Membrane lipids are colored grey (line representation), while 6K monomers
are color-coded from peptidel-6 (green-yellow-orange-black-red-blue) in space-filling, van der waal’s representation.

https://doi.org/10.1371/journal.pntd.0007548.g005

sized structures (Fig 6B). This additional, fusogenic ability of CHIKV 6K appears to be similar
to that of the M2 channel protein of Influenza A virus [38]. Given these similarities between
Influenza A M2 and CHIKYV 6K, we attempted to check whether the membrane fusion events
orchestrated by CHIKV 6K could be prevented by amantadine, a well-known inhibitor of M2
[38]. The fusion of ER-mimicking liposomes by GST-6K was entirely abrogated by 1uM aman-
tadine (Fig 6B). Addition of the same amount of amantadine also inhibited the release of fluo-
rescent dye from ER mimicking vesicles by GST-6K to a significant proportion (Fig 6C).

Amantadine inhibits CHIKV 6K in vitro

The effect of amantadine on the ion channel formation by GST-6K was checked by electrophysiol-
ogy experiments described previously at both positive and negative membrane potentials (Fig 6D
and 6E), addition of 1 pM amantadine to 2.6 ng/ul GST-6K on the bilayer (BLM) resulted in the
formation of only closed states (Fig 6D and 6E, iii-iv), while clear close and open states were
detected in the absence of amantadine (Fig 6D and 6E, i-ii). This clearly indicates that amantadine
abolishes the ion channel activity of CHIKV 6K. It may be mentioned here that given the concen-
tration of the protein the recordings show that 6K forms multi-channels, which are likely to be
due to the formation of different oligomeric states of the protein on the BLM.

CHIKYV VLPs show altered morphology and packaging defects in presence
of Amantadine

To understand whether the ability of amantadine to inhibit the membrane activity of 6K trans-
lates to any effect on CHIKV particle assembly, we transfected HEK 293T cells with the cDNA
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Fig 6. GST-6K ion channel and liposomal fusion activity is inhibited by Amantadine: (A) Negative stained EM image of ER liposomes undergoing fusion
upon incubation with 1 pM GST-6K. (B) Dynamic light scattering profile (Intensity vs. size) of liposomes exposed to Ca*" ions, GST-6K, and amantadine. (C)
Disruption of ER liposomes by 1uM GST-6K in presence or absence of 1uM amantadine. The plot shows the percentage of disruption of ER liposomes
evaluated in terms of the amount of sulforhodamine dye released. Data are represented as mean of triplicate independent samples + SD (***P < 0.001; P >0.05
NS (Non-Significant), Student’s t-test in comparison with GST-6K only. (D) and (E) Current versus time trace for channel formation by 2.6 ng/ul GST-6K on
DPhPC bilayer membrane at negative (-70 mV) and positive (+70 mV) applied membrane potentials. (i) and (ii) represent current trace and the corresponding
histogram for GST-6K only, while (iii) and (iv) represent the same experiment carried out in presence of 1 uM amantadine in addition to GST-6K.

https://doi.org/10.1371/journal.pntd.0007548.g006

encoding the entire structural protein cassette of CHIKYV, followed by treatment of transfected
cells with 1uM amantadine. Transfection of the structural protein cassette resulted in the for-
mation of CHIKV VLPs, which were purified and observed using cryo-electron microscopy
(Fig 7A). While the majority of particles generated from untreated cells (~74%) displayed the
usual size and morphology of wild type CHIKV (Fig 7A), particles generated from amanta-
dine-treated cells were relatively smaller, heterogeneous, and in some cases appeared to lack
lipid-associated glycoproteins (Fig 7B). Upon detailed visual examination of ~1000 particles
from each population, 89.29% of particles generated from amantadine treated cells exhibited
aberrant morphology, in contrast to 24.79% aberrant particles generated from untreated cells
(Fig 7C). We postulate that the deviation of CHIKV particles from standard size and morphol-
ogy is possibly due to the detrimental effect of amantadine on the membrane activity of 6K
(Fig 6D and 6E). Taken together, our data highlights the necessity of 6K-mediated membrane
interaction for correct virus particle assembly.

To check whether the inhibitory activity of amantadine on correct virus assembly extends
to the infectivity of virus particles, the ability of CHIKV (strain S 27) to replicate in vero cells
was tested in presence and absence of amantadine. First, any cytotoxic effects of amantadine
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Fig 7. Amantadine treatment alters CHIKV VLP particle morphology: Cryo-electron micrographs of CHIKV VLPs generated from (A) untreated and (B)
amantadine treated HEK293T cells transfected with the CHIKV structural cassette. (C) A histogram plot of wild type and aberrant CHIKV particles counted
from cryo-micrographs as in (A) and (B) shows the relative abundance of the two species.

https://doi.org/10.1371/journal.pntd.0007548.9007

on vero cells was tested with different concentrations of the drug (25-200 uM) for 24 h. MTT
assay showed that while ~100% cells were viable upon being treated with 100 M of amanta-
dine, the cellular viability decreased to 95% upon treatment with 150 uM of the drug, and was
further reduced to 88% with 200 uM of the drug (Fig 8A). To check the effect of amantadine
on CHIKYV replication, a dose kinetics assay was performed (Fig 8B), in which vero cells were
either mock infected or infected with CHIKV (MOI 0.1) and treated with different concentra-
tions of the drug (2.5-200 uM). Cell culture supernatants were harvested at 18 hpi and plaque
assay, as well as QqRT-PCR, were carried out to estimate the virus titer. As observed in Fig 8B,
around 58% reduction in virus titer was observed in samples treated with 40 tM concentra-
tion, while 77% reduction was observed at 100 uM concentration of amantadine in compari-
son to control. For further confirmation, qRT-PCR for CHIKV E1 gene was carried out. It was
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Fig 8. Amantadine inhibits CHIKV infection in vitro: (A) Bar diagram showing percent cellular viability in the presence of different concentrations of
amantadine as estimated by MTT assay. (B) Representation of CHIKYV inhibition curve, where the x-axis depicts the logarithmic value of the concentration of
amantadine and y-axis depicts the PFU/ML. Viral titers were determined through plaque assay from cell culture supernatants of CHIKV infected (MOI 0.1)
and drug-treated samples harvested at 18 hpi. (n = 3; p <0.05). (C) Bar graph showing viral titer of cell culture supernatants of CHIKV infected samples (with
and without amantadine). For statistical analysis, Two way ANOVA followed by Bonferroni post-test analysis was carried out for determining the level of
significance. N = 3; p<0.05).

https://doi.org/10.1371/journal.pntd.0007548.g008

observed that the E1 gene expression was decreased significantly with increased concentration
of amantadine as evident from the Ct values shown in Table 1.

Additionally, for assessing the effect of amantadine on CHIKV propagation at different
time points post-infection, a growth kinetics experiment was performed (Fig 8C). Vero cells
infected with CHIKV (0.1 MOI) and treated with 60 M of amantadine, 90 minutes post infec-
tion, were harvested at 6, 12 and 18hpi, and the harvested cell culture supernatants were

Table 1. qRT-PCR analysis of the effect of amantadine inhibition on CHIKYV (S 27) infection.

SL. No Sample Mean Ct Values
1 CHIKV+ DMSO control 16.42
2 CHIKYV + 10uM (amantadine) 17.45
3 CHIKYV + 20puM (amantadine) 18.28
4 CHIKYV + 60puM (amantadine) 19.80
5 CHIKYV + 100uM (amantadine) 20.54
6 CHIKYV + 150uM (amantadine) 20.86
7 CHIKYV + 200pM (amantadine) 20.95

https://doi.org/10.1371/journal.pntd.0007548.t001
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processed through a plaque assay to estimate the viral titer. It was observed that there was
~38% reduction in viral titer at 6hpi and ~60% reduction at 12hpi and 18hpi as shown in Fig
8C. Taken together, the results indicate that amantadine can inhibit viral infection and shows
significant anti-CHIKV effect under in vitro growth conditions.

Discussion

Although different virus families have distinct mechanisms for host interaction, however,
there exist notable similarities in the processes of entry, uncoating, replication, and egress.
Some examples are membrane fusion for cellular entry of enveloped viruses, amphipathic pep-
tide-mediated membrane disruption by non-enveloped viruses, and viroporin-mediated mem-
brane alteration/remodeling for facilitating viral propagation [39-41]. These analogous steps
in the virus-host interaction pathway [42, 43] can potentially be targeted for generating broad-
spectrum antivirals. This approach may ultimately be more cost-effective than engineering
separate therapies against specific viral pathogens.

Viroporins constitute a group of virally encoded membrane-interacting proteins that are
crucial for initiating and maintaining successful viral infections [41] and consequently are suit-
able therapeutic targets. The 6K protein from alphaviruses, due to its ion channel forming abil-
ity, and its critical role in facilitating virus budding, has been considered a member of the
viroporin family [16, 21, 24]; although the analogue protein from CHIKV has not been charac-
terized functionally. Here, we show for the first time that the 6K protein from CHIKV associates
into oligomers and interacts with membranes—two essential features which categorize virally
encoded proteins as viroporins. Interestingly, our data show that CHIKV 6K interacts with
membranes in multifaceted ways-it can induce ion channel formation, allow passage of small
molecules like fluorescent dyes, and also facilitate fusion of vesicles. As this kind of complex
membrane association was earlier identified for the M2 protein of Influenza A Virus, also cate-
gorized as a viroporin, we attempted to test whether an existing, FDA-approved and marketed
M2 ion channel inhibitor-amantadine- can affect the functionality of CHIKV 6K. Our data
showed that indeed, amantadine at a concentration of 1uM [45] was able to inhibit ion channel
activity, vesicle fusion and membrane permeabilization properties of 6K in vitro. We further
hypothesized that if 6K is required for correct budding of CHIKV particles from cells, the inhi-
bition of 6K functionality by amantadine would lead to the production of virus particles with a
significant degree of aberrance in morphology, similar to the phenotype earlier observed upon
deletion of 6K in other alphaviruses [20, 21]. We found that indeed, amantadine at a concentra-
tion of 1uM was sufficient to cause structural aberrations in a majority of CHIKV virus-like par-
ticles budding out of cells. This effect of amantadine on the activity of CHIKV 6K is surprising,
given the lack of primary sequence similarity between 6K and M2 [44]. However, there could be
similarities in the tertiary or quaternary folds of M2 and 6K, which might allow amantadine
binding and is worthy of further investigation through structural studies.

Given the effect of amantadine on particle morphology, we tested the possibility of utilizing
amantadine as an inhibitor of CHIKV infection. Vero cells infected with CHIKV virions
(strain S 27), showed a significant decrease in viral titer upon exposure to 5 pM or more aman-
tadine (Fig 7B). This concentration was higher than that required for alteration of particle
morphology, which indicates that during infection, there could be other compensatory factors
resulting in the generation of infectious particles, or that the morphologically altered particles
do retain some infectivity. The ICs, value of amantadine was calculated to be 29.51 uM (Fig
7B), which is comparable to that observed for other antiviral drugs [46]. Additionally, the
qRT-PCR assay also confirmed that the expression of viral RNA progressively reduced with
increase in amantadine concentration. Moreover, through a growth curve analysis, it was
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observed that the addition of amantadine inhibited CHIKV infection remarkably at later times
in vitro. This strongly implies that 6K is indeed a valuable target for the development of pan-
alphaviral inhibitors, using amantadine and its derivatives as the starting point.

Our work also highlights interesting features of 6K localization and functionality, which are
essential for understanding the mechanism of CHIKV assembly. Our liposome assays show
that CHIKV 6K preferentially disrupts vesicles that mimic the lipid composition of the endo-
plasmic reticulum (~ 60% disruption) as opposed to those that mimic the lipid profile of
plasma membrane (~10% disruption). Likewise, recombinant expression of 6K in mammalian
cells results in the protein being localized primarily in ER, highlighting a preference shown by
the protein for the ER membrane. Indeed, it appears that enhanced cholesterol composition,
as present in the plasma membrane, is a deterrent for 6K; however, existing literature conjec-
tures that 6K forms ion channels in the plasma membrane [16]. In order to rationalize these
contradictory phenomena, we hypothesized that 6K can probably traffic to the plasma mem-
brane, only if it has a binding partner. Specifically, previous studies showing that the E2 glyco-
protein of other alphaviruses interact with 6K, that any detrimental alteration in 6K hinders
effective glycoprotein processing [17, 18, 19, 21], and that E2 is also capable of traversing to the
plasma membrane on its own, led us to conjecture that E2 might play a role in conveying 6K
to the plasma membrane. To verify this hypothesis, we carried out confocal microscopy studies
of EGFP tagged 6K, in presence of E1 and/or E2 glycoproteins; and found that CHIKV 6K
strongly colocalizes with E2 as opposed to E1, and that its primary location is altered to the
plasma membrane upon co-expression with E2. It is possible that the functionality of 6K in
altering ionic homeostasis at the plasma membrane is contingent upon its alliance with E2
during virus budding, and that 6K in presence of E2 utilizes the trans-golgi network from ER
to reach the plasma membrane.

Our data shows that CHIKV 6K has the propensity to form oligomers and can integrate
with planar lipid membranes to produce ion channels. However, how these oligomeric associa-
tions are stabilized can only be answered from high resolution experimental structural data.
All-atom molecular dynamics simulation studies indicate that the diameter of channels formed
by 6K oligomers is in the range of 1.0-1.10 nm, which is sufficient for the passage of small ions
and fluorescent dyes. A 2D classification of GST-6K particles dotting the surface of ER lipo-
somes also indicated heterogeneity in the structure of particles formed on these liposome sur-
faces. A close analysis of amino acids forming the lumen of the channel identified a sizeable
proportion of residues from the hydrophilic N-terminal region of individual monomers. The
rest of the polypeptide, which is highly hydrophobic, appeared to provide the necessary struc-
tural anchorage required to prevent the collapse of the channel. The validity of this arrange-
ment for channel formation is highlighted by attempted simulations with an oligomeric form
of 6K, where the N-terminal regions of individual monomers extended outwards from the
channel. In this particular arrangement, the central helical transmembrane segments collapsed
on one another, disrupting the formation of the central channel.

Recent developments in the field have indicated that the transframe or TF variant of 6K
may also be involved in membrane penetration and may be packaged in virions [7]; while the
fate of 6K is to remain associated with cellular membranes. Since the sequence for ribosomal
frameshift is inherent in the 6K cDNA, we expect that a minor proportion of recombinant pro-
tein produced by us will also have an altered C-terminus. However, this alteration will consist
of incorporation of an expression-vector derived stretch of 7 residues, which is entirely differ-
ent from the actual C-terminal region of TF derived from the CHIKV genome. This minor
population of recombinantly generated variant is therefore not expected to have similar func-
tionality as viral genome generated and virus-incorporated TF. In the absence of detailed
structural and functional data on 6K and TF, it is at this point impossible to comment on the
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possibly separate roles played by these components in the life cycle of alphaviruses. Our work
highlights the biophysical characteristics and functionalities of CHIKV 6K that are analogous
to those displayed by viroporins and attempts to fundamentally characterize its cellular locali-
zation and multifaceted membrane interacting abilities. We hope that given the requirement
for 6K for the propagation of the important human pathogen CHIKYV, efforts will be made to
utilize 6K as a drug target to develop therapeutic strategies in the future.

Materials and methods
Sequence analysis

Hydrophobicity plots corresponding to CHIKV 6K sequence, was generated using the ExPASy
tool ProtScale (https://web.expasy.org/protscale/), and probable transmembrane domains
were identified using DAS [47], TMHMM [48], TOPCONS [49] and PHOBIUS [50].

DNA constructs

The cDNA corresponding to CHIKV 6K was obtained from a mammalian expression cassette
encoding all structural proteins corresponding to CHIKV strain 37997 (CMV/R CHIKV-
C-E3-E2-6K-E1) [51]. This cassette was a kind gift from Dr. John Mascola, NIAID (National
Institute of Allergy and Infectious Diseases, USA). The cDNA corresponding to 6K was sub-
cloned into the BamHI and Xhol sites of the bacterial expression vector pGEX-6P2 (GE
Healthcare), thus generating a construct with an N-terminal GST-tag. For mammalian expres-
sion, 6K cDNA was subcloned into the Nhel and HindIII sites of pEGFP-N1 (Clontech),
resulting in the insertion of an N-terminal EGFP tag. CHIKV glycoproteins E1 and E2 were
subcloned into the BamHI/Xbal and EcoRI/Xbal sites, respectively, of pPCDNA 3.1(+) (Invitro-
gen) with N-terminal myc-tag. All constructs were confirmed by sequencing.

Expression and purification of GST-6K

Expression of GST-6K was induced in E. coli Rosetta pLysS cells. Cells were grown at 37°C
until OD reached 0.8, when the temperature was reduced to 18°C, followed by addition of 1
mM IPTG. After 3 hours of induction, cells were pelleted and the expression of GST-6K was
confirmed by western blotting, using an anti-GST antibody (Abcam, USA). The pelleted cells
were resuspended in a lysis buffer containing 50 mM Tris pH 7.5, 100 mM NaCl, 1 mM DTT,
10% Glycerol and 1% CHAPS, lysed by sonication, followed by centrifugation to remove cellu-
lar debris, and a two-step purification process. In the first step, the soluble fraction was incu-
bated with 200 pl of GST beads (Pierce Glutathione Agarose, Thermo Scientific) for 60
minutes at 4°C, with shaking, to pull down the fusion protein. The bound protein was eluted
from beads using 10-20 mM glutathione in lysis buffer. The second step of purification
involved size-exclusion chromatography on a Superdex-200 10/300 G/L column, using an
AKTApurifier 10 (GE Healthcare). A buffer consisting of 50 mM Tris, pH 7.5 and 100 mM
NaCl, at a flow rate of 0.5 ml/min was used for SEC elution.

Electrophysiology experiments

Purified GST-6K was incorporated in the bilayer membrane as described previously [52]. The
apparatus for electrophysiology experiments consisted of a polystyrene cuvette (Warner
Instruments) with a thin wall separating two aqueous compartments. The polystyrene divider
had a circular aperture with a diameter of 150um. Both compartments were filled with 1 ml
buffer containing 10 mM HEPES, pH 7.4, 500 mM KCl and 5 mM MgCl, and connected to an
integrating patch amplifier (Axopatch 200B, Axon Instruments) through a matched pair of
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Ag/AgCl electrodes. The cis chamber was connected to the head stage (CV-203BU) of the
amplifier, while the trans-chamber was held at virtual ground. A solution of DPhPC (Avanti
Polar Lipids, USA) and cholesterol (6:1) in n-decane (10 pl) was painted over the aperture to
form the membrane. Reconstitution of GST-6K in BLM (Bilayer Membrane) was initiated by
adding desired concentration (0.2, 0.85, 1.2, 2.6 ng/pl) of protein in BLM buffer, followed by
mixing using a magnetic stirrer. A sudden shift in the membrane current indicated the incor-
poration of the channel in BLM. For amantadine inhibition experiments, GST-6K was added
to a final concentration of 2.6 ng/pl. Amantadine to a final concentration of 1 uM was added
to the BLM buffer containing GST-6K only after ensuring that the protein has properly inte-
grated in the membrane. Channel current was recorded using Digidata (1440A, Axon Instru-
ments), Low pass Bessel filter of 2 KHz and the acquisition software CLAMPEX (PCLAMP
10.2, Axon Instruments). The channel current was recorded at fixed applied membrane poten-
tials in the range of -100 to +100mV at a sampling frequency of 10 KHz (temperature between
24-25°C). Open and closed states of the channel (s) were identified as described [52]. Data
were analyzed using the software CLAMPFIT (PCLAMP 10.2, Axon Instruments), Origin 5.0
(Originlab Corp. USA) and Matlab.

Liposome disruption assay

Generation of liposomes mimicking the membrane composition of the endoplasmic reticulum
(ER) and plasma membrane, and liposome disruption assays, was carried out as described [31,
32]. All lipids were procured from Avanti Polar Lipids (Alabaster, AL, USA). For the assay,
GST-6K, at a concentration of 0.1 uM to 10 uM, was incubated in the presence of dye-encapsu-
lated liposomes for 30 minutes at 25°C, and end-point fluorescence was monitored at 585 nm.
Purified GST was used as a control in all experiments. Experiments were carried out in tripli-
cates on a Perkin Elmer fluorescence spectrophotometer using a quartz cuvette.

Dynamic light scattering

DLS analysis was carried out in a Malvern Zetasizer (Nano ZS90). Briefly, freshly generated ER
mimicking liposomes were incubated for 30 minutes alone, or in presence of different concen-
trations of GST-6K, calcium chloride or amantadine. All experiments were repeated thrice.

Confocal Microscopy

HEK 293T cells were cultured in 12-well plates in DMEM, supplemented with 5% FBS and 1%
Pen-Strep (GIBCO). Transfection was carried out using Lipofectamine 2000 (Life Technolo-
gies, USA) according to the manufacturer’s instructions.

Fixing and staining of cells for confocal microscopy were carried out as described [32].
Images were captured on a confocal laser scanning microscope (Leica SP5 Confocal Laser
Scanning Microscope) using a 60X oil-immersion objective. Localization of 6K to cellular
organelles or with E1/E2 was estimated by calculating the Pearson’s correlation coefficient,
which measures the linear correlation between fluorescent channels. Values greater than 0.5
were considered to indicate a high degree of colocalization between fluorescent signals. Gen-
eral processing of images was carried out with the software Image] (http://rsb.info.nih.gov/ij/).
All experiments were done in triplicates.

CHIKYV VLP production and purification

For production of VLPs, ~34.2 x 10° adherent HEK 293T cells, maintained as above, were
transfected with 32 pg purified plasmid DNA (CMV/R CHIKVC-E3-E2-6K-E1) mixed with
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60 pl lipofectamine 2000, and incubated for 72 hours at 37°C, in presence of 5% CO,. Post
incubation, media was harvested and subjected to cushioning on 15% sucrose at 1,00,000x g
for 2 hours at 4°C. The resultant pellet was resuspended in a buffer consisting of 20 mM Tris,
pH 7.5 and 100 mM NaClL

Electron microscopy

For negative staining, 4 ul of GST-6K (0.5 pM), mixed with ER liposomes and incubated for 25
minutes, was applied onto glow discharged, 400-mesh carbon-coated copper grids (Agar Sci-
entific Ltd., UK). The sample was incubated for 4 minutes, and the excess drained off on a
Whatman filter paper. 3 pl of 2% uranyl acetate was added for 1 minute, followed by washes
(3X) with water, and the grid was air-dried for 1 minute. Micrographs were captured at a mag-
nification of 29000x.

For cryo-freezing of CHIKV VLPs, 4.5 pl of purified VLPs (sucrose cushioned@100,000xg),
at a concentration of 0.3mg/ml (absorbance at 280 nm), was applied to glow-discharged Quan-
tifoil R2/2 holey carbon grids. Vitrification was carried out using a Vitrobot Mark IV (FEI/
Thermofisher), with a blot time of 2.5s, by plunging grids into liquid ethane cooled by a sur-
rounding bath of liquid nitrogen. Grids were transferred to a cryo-holder (Gatan model 626)
and visualized on a FEI Tecnai F20 G* FEG Transmission Electron Microscope, operated at
200 kV. Digital images were recorded on a CCD camera using TIA software under low-dose
conditions at a magnification of 50,000x, with a defocus range of -3 to -5 pum.

Reference-free 2D classification

2D classification of GST-6K was carried out using EMAN 2.2 [53]. Briefly, particles were
boxed and extracted from micrographs. A total of 746 particles were selected for generating
the 2D classes. All micrographs were CTF corrected and reference-free 2D classification was
carried out using standard methods. A total of 6 iterations were done and 16 representative
classes were chosen.

Infection assays

Vero cells (African green monkey kidney epithelial cells) and Chikungunya virus (CHIKV, S
27 strain, accession no. AF369024.2) were kindly gifted by Dr. M. M. Parida, DRDE, Gwalior,
India. Cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM; PAN Biotech,
Germany) supplemented with 5% Fetal bovine serum (FBS; PAN Biotech, USA), Gentamycin,
and Penicillin-Streptomycin (Sigma, USA). Amantadine was purchased from Sigma Aldrich
(now MERCK).

Cellular cytotoxicity determination

Vero cells were seeded in 96 well plates (Corning, USA) and after the cells had reached 90%
confluence, they were treated with different concentrations of amantadine for 24 hours and
incubated at 37°C in 5% CO,. Cellular cytotoxicity assay was performed according to the pro-
tocol described earlier [54]. Cellular cytotoxicity was determined in triplicate and each experi-
ment was repeated three times independently.

CHIKY infection and Amantadine treatment

Vero cells at 90% confluence were grown in 24 well plates in complete DMEM (Pan Biotech,
USA). For infection, cells were first washed two times with 1X PBS (Himedia, USA) and there-
after infected with CHIKYV, at a Multiplicity of Infection (M.O.I) of 0.1, in serum-free medium.
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The infected cells were incubated at 37°C in 5% CO, for 90 minutes with shaking at every 10
minutes interval. After 90 minutes, cells were washed twice with 1X PBS, and incubated with
complete DMEM containing different concentrations of amantadine (2.5 M to 200 pM).
Thereafter, cell culture supernatants from CHIKV infected, drug-treated or untreated cells,
were harvested at different hpi according to the experiment for viral titer estimation.

Plaque assay

Plaque assay was performed according to the procedure mentioned before [55]. Briefly, vero cells
seeded onto 6 well plates were infected with different dilutions of the harvested cell culture super-
natants mentioned above. After infection, cells were washed twice with 1X PBS and overlaid with
semi-solid media (DMEM containing 10% FBS and 2% methylcellulose). The cells were fixed
once plaques were visible and countable (4 to 5 days post-infection). For fixing, the cells were
first treated with 8% formaldehyde, followed by staining with 8% Crystal violet solution.

qRT-PCR

Equal volume of samples (Mock, CHIKV infected, and infected as well as amantadine treated)
was taken for viral RNA isolation using the QIAamp viral RNA isolation kit (Qiagen, USA) as
per the manufacturer’s instructions. RT reaction was performed using the First Strand cDNA
synthesis kit (Fermentas, USA) as per the manufacturer instructions. An equal volume of
cDNA was used during qRT-PCR for amplifying E1 gene of CHIKV [56].

Molecular dynamics simulations

In the absence of any experimentally determined three-dimensional structure for CHIKV 6K,
two different structures predicted by the server Bhageerath-H [57] were utilized for simulation
studies. Both structures contain a central alpha-helical segment with two other short helical
stretches at the N- and the C-termini. The predicted three-dimensional structures of CHIKV
6K were embedded within a pre-equilibrated 392 POPC lipid bilayer. Peptide molecule(s)
were placed perpendicular to the plane of the membrane. The entire system was solvated in
water and 100 mM NaCl was added. After equilibration for 100 ns, the system was simulated
without position restraints for 700 ns. After 700 ns, an electric field corresponding to 90-110
mV was switched on along the z-axis for facilitating ion conduction through the channel. All
simulations were carried out for 1.5 ps, using the GROMACS package v5.1.1 [58]. Specific sim-
ulation steps followed has been outlined earlier [31, 59]. Gromacs analysis tools, UCSF Chi-
mera [60] and VMD (Visual Molecular Dynamics) [61] were utilized for data analysis and
molecular visualization.

Supporting information

S1 Table. Ion channel conductance at different concentrations of GST-6K on BLM at
+100mV.
(TIF)

S1 Fig. Crosslinking of GST (left panel) and GST-6K (right panel) with 0.01% glutaraldehyde
for 5 mins. Samples were resolved on a 12% SDS-PAGE. (A) Lanes 2 & 3 represent GST with
and without crosslinking, (B) Lanes 2 & 3 represent GST-6K with and without crosslinking.
(TIF)

S2 Fig. Representative current vs. time traces obtained from bilayer electrophysiology of
GST at various concentrations (0, 0.2, 0.85, 1.2, 2.6 ng/pl), and at applied membrane
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potentials of -100 mV and +100 mV.
(TIF)

$3 Fig. DSSP analysis of 6K hexamer in membrane showing the evolution of the protein
secondary structure during the simulation time period.
(TIF)
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