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ABSTRACT: NS1 in flaviviruses is the only nonstructural protein that is secretory and
interacts with different cellular components of the host cell membrane. NS1 is localized
in the ER as a dimer to facilitate viral replication. Crystal structures of NS1
homologues from zika (ZIKV) and dengue (DENV) viruses have revealed the
organization of different domains in NS1 dimers. The β-roll and the connector and
intertwined loop regions of wing domains of NS1 have been shown to interact with the
membranes. In this study, we have performed multiple molecular dynamics (MD)
simulations of ZIKV and DENV NS1 systems in apo and in POPE bilayers with
different cholesterol concentrations (0, 20 and 40%). The NS1 protein was placed just
above the membrane surface, and for each NS1-membrane system two to three
independent simulations with 600 ns production run were performed. At the end of the production runs, ZIKV NS1 inserts deeper
inside the membrane compared to the DENV counterpart. Unlike ZIKV NS1, the orientation of DENV NS1 is asymmetric in which
one of the chains in the dimer interacts with the membrane while the other is more exposed to the solvent. The β-roll region in
ZIKV NS1 penetrates beyond the headgroup region and interacts with the lipid acyl chains while the C-terminal region barely
interacts with the headgroup. Specific residues in the intertwined region deeply penetrate inside the membrane. The role of charged
and aromatic residues of ZIKV NS1 in strongly interacting with the membrane components is revealed. The presence of cholesterol
affects the extent of insertion in the membrane and interaction of individual residues. Overall, membrane-binding properties of ZIKV
NS1 significantly differ from its counterpart in DENV. The differences found in the binding and insertion of NS1 can be used to
design drugs and novel antibodies that can be flavivirus specific.
KEYWORDS: Viral protein−membrane interactions, NS1 protein, molecular dynamics, density profile, principal component analysis

■ INTRODUCTION
Flavivirus belongs to the family of f lavivridae comprising ∼70
important human pathogens expressing high morbidity and
mortality rates. Among these, the most important viruses that
cause severe diseases in humans are dengue virus (DENV),West
Nile virus (WNV), Japanese Encephalitis virus (JEV), and
recently Zika virus (ZIKV).1−4 Most of these flaviviral infections
are vector borne, as mosquitoes primarily act as carriers to
human hosts. The major risk with ZIKV is the mode of
transmission since the virus has adopted to noninsect vector
routes like sexual transmission, blood and platelet transfusion, as
well as various body fluids, making it more vulnerable.5,6 The
primary symptom of DENV infections is a flu-like illness, which
in severe cases might lead to dengue hemorrhagic fever (DHF)
or dengue shock syndrome (DSS).7 In the case of ZIKV
infection, it presents as a rash, flu-like illness and rarely results in
Guillain−Barre syndrome in adults, with increasing evidence for
neurological abnormalities in developing fetuses.8,9 ZIKV has
gained global attention in recent years. Since its major outbreaks
in 2007 and in 2016, the World Health Organization declared
ZIKV as “a public health emergency of international concern”. It

is alarming to note that ZIKV infections have been reported in
∼66 countries including India.10−13

Flavivirus is an enveloped virus with (+) ssRNA and a genome
size of ∼11−12 kb. The genome is made up of a single open
reading frame (ORF) flanked by 5′ and 3′ untranslated
regions.14 This ORF is translated into a polyprotein, broken
down to 10 structural and nonstructural proteins. The three
structural proteins (C, prM and E) form the envelope and basic
skeleton of the virus, while the seven nonstructural proteins
(NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) are
responsible for replication and pathogenicity.4,15 Interestingly,
among all the proteins expressed by the virus, NS1 is the only
secretory protein (sNS1) and hence acts as a biomarker to
identify flaviviral infection. NS1 interacts with different host cell
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components and aids viral growth by evading normal host
cellular processes.16 NS1 can occur in two different oligomeric
states based on its function. In the dimeric state, it is localized in
the ER lumen to aid in viral replication17 and three dimers
associate with lipids to form a hexameric lipoprotein to interact
with the cell surface receptors.4,18

The mature viral NS1 is ∼350 amino acids long and exists in
dimeric as well as hexameric states.19,20 The crystal structures of
DENV,21 WNV,21 and ZIKV22,23 have been solved, and they all
possess an overall similar structural fold. The monomeric NS1
contains three domains, namely, an N-terminal β-hairpin
domain (residues 1−30), an epitope-rich wing domain (residues
31−181) and a C-terminal β-ladder domain (residues 182−
352) (Figure 1a) with two potential glycosylation sites at N130

and N207. There are 12 invariant cysteine residues forming six
disulfide bonds per monomer and are responsible for intra-
domain stabilization. The β-hairpin domain forms the dimer
interface between two monomers and intertwines to form a roll-
like structure called the “β-roll” dimerization domain. The wing
domain can be further divided into three subdomains, namely,
(i) α/β subdomain (residues 38−151), (ii) a long-intertwined
loop (residues 91−130), and (iii) a discontinuous connector
domain (residues 30−37 and 152−180) which connects the
wing domain with the β-roll and C-terminal β-ladder
domain.21,22,24 Residue numbering followed here is according
to the Zika virus NS1 protein structure with PDB ID: 5K6K.
The β-ladder domain is made up of ten β-strands, and upon

dimerization, the 20 β-strands (10 from each monomer) are
arranged like the rungs of a ladder (protein−protein interaction
side).24 The opposite surface of the ladder lacks a definite
secondary structure and formed of loops, including spaghetti
loops. Upon dimerization, NS1 has two faces: the inner face
formed by the β-roll, second half of the intertwined loop, and β-
ladder domain, the outer face formed by the spaghetti loop and
the first half of the wing domain.19,22,24 In the inner face, the β-
roll, the connector subdomain and second half of the
intertwined loop (108−130) forms a hydrophobic surface
which will be favorable for the membrane interaction.22,23 But
the two flexible loops of the wing domain, the intertwined loop
(residues 108−130), and the finger loop (residues 159−163)
regions are not resolved in the DENV (PDB ID: 4O6B) and
WNV (PDB ID: 4OIE) crystal structures.21 However, in the
recently solved ZIKV NS1 structure (PDB ID: 5K6K), these
regions are visible as unstructured loops.22 As the intertwined
loop is flexible, it is speculated to be involved in the interactions
either with the membrane or with other proteins.18,23 It is

reported that, after translation, a part of NS1 is localized to the
ER membrane (lumen side) to help in viral replication.17,24

Recently, an electron microscopy study on NS1 (ZIKV and
DENV) explored its membrane binding property and has shown
the role of NS1 in the formation of tubules protruding from the
liposomal surface and inducing negative curvature which
possibly hints the remodeling of ER membrane (formation of
replication compartment).25 Themutational studies have shown
the loss of liposome binding activity upon substitution of
residues from the finger loop (159−163), and the intertwined
loop (W115, W118, and F123) in the NS1 protein.22,24 It is also
reported that NS1 interacts with the lipid rafts at the plasma
membrane (which are highly enriched with cholesterol and
sphingolipids). These lipid rafts are reported as preferred
interaction sites for several viruses and its components.26 Also,
studies have shown that the addition of methyl-B-cyclodextrin
(lipid raft inhibiting compound), lovastatin, and pravastatin
(inhibitors of cholesterol synthesis enzyme HMG-CoA
reductase) significantly reduces the load of NS1 secretion in
DENV infection.27 Similarly, ZIKV infection modulates the
placenta lipidome for intracellular membrane reorganization
(like formation of vesicle pockets on the ER luminal side
visualized by TEM imaging) and viral replication.28 Several
reports have also suggested that NS1 affects cholesterol
metabolism and triggers proinflammatory responses by
interacting with HDL (high density lipoprotein, responsible
for reverse cholesterol transport).29−31 Recent cryo-EM studies
have highlighted the formation of higher order oligomeric states
(dimers and hexameric) of NS1 with HDL.29,32 All these studies
emphasize the significance of NS1 interaction with lipids and
lipoproteins for replication and disease progression inside the
host cells. Hence, a molecular level exploration of the interaction
of NS1 with cholesterol containing membrane is necessary to
understand the formation of NS1-HDL complexes.

NS1 is present in all flaviviruses and performs similar
functions across the entire family. However, NS1 homologues
are sequentially diverse. The two major human pathogens
DENV and ZIKV share a sequence identity of ∼55% which
affects the surface charge distribution, while having a similar
three-dimensional structure (RMSD of 0.74 Å).23,33 A
comparative study of DENV, WNV, and ZIKV displays
differences in electrostatic profiles which could have impact
on the interactions of NS1 with partners like membrane,
antibody, and cellular receptors.23,34 Apart from being a
potential marker for disease identification, NS1 is considered
as one of the important targets in antiviral therapy. Several
mutagenesis studies have explored the structure and function of
NS1 domains.35

A few structural and computational investigations on dimeric
NS1 have recently been published. Oliveira et al. used molecular
dynamics simulations to study the effect of single residue
substitution at position 250 (proline to leucine) that resulted in
the loss of dimerization and a reduction in viral proliferation and
pathogenicity in DENV NS1.36 Similarly, Roy et al. investigated
the importance of disulfide bonds in maintaining dimeric unit
stability and β-ladder domain structure using extensive
molecular dynamics simulations and thermodynamic analyses.37

In addition to the structural stability of dimeric NS1, small
molecule and peptide inhibitors targeting the β-roll motif
domain of NS1 have been reported.38,39

Since ZIKV and DENV NS1 homologues share structural
homology with 55% sequence identity, antibodies of ZIKV
patients cross-react with those of other flavivirus including

Figure 1. (a) Superposed NS1 dimer structures from Zika and Dengue
viruses. The β-roll, wing, intertwined loop, and C-terminal domains of
ZIKV NS1 are displayed in red, cyan, dark brown, and dark green,
respectively. The same domains in DENV NS1 are shown in orange,
blue, light brown, and light green, respectively. (b) Initial simulation
setup of NS1-membrane complex. The two chains of NS1 are shown as
cartoon representations in different colors. The membrane is shown in
stick representation (gray color) and water molecules as surface
representation (light gray).
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DENV.40−42 Computationally predicted diagnostic peptide
regions in NS1 are not ZIKV specific and are not found to be
common to flavivirus.42−44 Although several studies have
reported the specificity of NS1 antigens to differentiate between
ZIKV and DENV, developing ZIKV antigens that can
distinguish ZIKV infections from other flavivirus infections in
ZIKV infected patients has remained a challenge. Although
structural and inhibitory research on ZIKV and DENV has been
published, the membrane binding property of NS1 is yet to be
explored. Therefore, the current work employs all-atom
molecular dynamics simulations to demonstrate and distinguish
the membrane binding properties of NS1 (ZIKV and DENV)
proteins and the possible influence of cholesterol. Our objective
is to understand the role of intertwined loop in NS1 protein in
binding to the membrane and to identify the crucial residues for
membrane binding process. For this purpose, we used
homogeneous POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phatidylethanolamine) bilayer and two different cholesterol
concentrations (20% and 40%) since it is one of the major
components of lipid raft. Our results show that ZIKV NS1
inserts deeper inside the membrane, interacts with different
components of the membrane and has stronger affinity with the
cholesterol containing bilayers than that found for DENV NS1.
These studies will help to have a deeper insight into the
mechanism of viral infection and the regions of NS1 proteins
that can be targeted by small molecules.

■ METHODS

NS1 Protein Apo System Preparation and Simulation
The NS1 crystal structures with PDB ID: 5K6K (ZIKV) and 4O6B
(DENV) were used as starting structures for MD simulations. The
intertwined loop sections (residues 108−128) and finger loop residues
(residues 159−165) are missing in the DENV crystal structure. As a
result, the ZIKV crystal structure was used as a template to model these
regions in DENV NS1 (ZIKV and DENV NS1 sequences share
sequence identity of∼55%). The GROMACS 5.1 software package was
used to perform Molecular Dynamics (MD) simulations.45 The
structures were solvated with TIP3P water model46 in a periodic box
extended up to 12 Å from edge of the protein on all sides. The systems
were neutralized by 10 and 6 Na+ ions, respectively, for ZIKV and
DENV NS1 proteins. The systems were minimized using the steepest
descent and conjugate gradient approaches. The minimized structures
served as initial structures for the MD simulations. The temperature of
the systems was maintained at 310 K by V-rescale coupling.47 The
isothermal−isobaric ensemble was used to set the pressure to 1 bar and
maintained by Parrinello−Rahman barostat.48 The short-range electro-
static interactions were treated with a cutoff value of 12 Å. The long-
range electrostatic interactions were treated with the particle-mesh
Ewald method. The systems were then equilibrated for 500 ps with
harmonic restrictions on protein atoms utilizing NVT and NPT
ensembles. After the equilibration, the production runs of the systems
in which no restraints were applied were run for a period of 600 ns each.

Preparation of NS1 Membrane Systems
The NS1 protein was manually placed over the pre-equilibrated lipid
bilayer just above the lipid headgroup (distance between protein center
of mass and lipid headgroup is ∼21 Å; initial structure used for MD
simulation is shown in Figure 1b. Details of the preparation of pre-
equilibrated lipid bilayer are provided in the Supporting Information.
The overlapping lipid molecules are removed to avoid the steric clashes
(∼12−15 lipid molecules were removed). The protein along with the
bilayer was minimized using steepest descent and conjugate gradient
methods. The system was solvated with TIP3P46 water molecules in a
periodic box with dimensions of 130× 130× 150 Å3 ensuring at least 12
Å of water molecules between the protein and the box edge. The system
was neutralized with sodium ions by replacing solvent molecules

(Figure 1b) and was then equilibrated with harmonic positional
restraints on the protein (backbone and side chain atoms) and lipid
bilayer headgroup atoms. The restraints were gradually removed in
steps of 500 ps. The temperature of the system was maintained at 310 K
by V-rescale coupling.47 The pressure was set to 1 bar using the semi-
isotropic coupling scheme to a Parrinello−Rahman pressure coupling
baraostat.48 The short-range interactions were truncated with a cutoff of
12 Å. The long-range electrostatic interactions were treated with the
particle-mesh Ewald method.49 The system was equilibrated for 50 ns
without restraints followed by a production run of 600 ns using the
same simulation protocol described above. GROMACS modules like
(rms, rmsf, density and do_dssp) were used to analyze the root mean
square deviation (RMSD), root mean square fluctuation (RMSF),
density plots, and secondary structures.45 The electrostatic potentials
were generated by solving Poisson−Boltzmann equation utilizing the
Adaptive Poisson−Boltzmann Solver (APBS)50,51 server and visualized
using Chimera.52 The interaction energies between NS1 and
membrane were calculated by summing up the van der Waals and
electrostatic energy terms with a cutoff distance of 15 Å. Principal
component analysis (PCA) was performed by concatenating all the
trajectories of full-length NS1 structures (1−352 residues) from all
simulations. Additionally, we also performed PCA analysis by excluding
the loop residues (108−130) to understand the influence of
intertwined loop on NS1 dynamics. The complexes are denoted as
ZIKVAPO and DENVAPO for NS1 without membranes, ZIKVPOPE and
DENVPOPE for NS1 in complex with POPE neat bilayers, and
ZIKVCHOL20, ZIKVCHOL40, DENVCHOL20, and DENVCHOL40 for the
systems in which POPE with 20% and 40% cholesterol concentrations
was used. For ZIKVPOPE, DENVPOPE, ZIKVCHOL40, and DENVCHOL40
complexes, three replicates were performed using the same protocol by
changing the initial velocities. For ZIKVCHOL20 and DENVCHOL20, we
performed two replicates. A total of 8 systems were simulated, and the
simulation details are summarized in Table. 1. All the analyses were
carried out for the replicates, and the average properties calculated for
replicates are presented.

■ RESULTS

NS1 Sequence Variation
The flaviviral NS1 is the only viral protein that is secretory in
nature and engaged in several functions, including viral
reproduction, immune evasion, and pathogenesis.35 The dimeric
NS1 anchors to the ER lumen and HDL complexes for the
development of the replication compartment24,25,29,32 and
triggers proinflammatory responses.29−31 Our study aims to
characterize the interactions of ZIKV and DENV NS1 proteins
with the lipid bilayers and how they are affected by different
membrane compositions as a function of cholesterol concen-

Table 1. Summary of Simulations

system type of bilayer system
simulation time

(ns)a

ZIKV NS1 apo ZIKVAPO 600
POPE ZIKVPOPE 600*3
POPE with 20%
cholesterol

ZIKVCHOL20 600*2

POPE with 40%
cholesterol

ZIKVCHOL40 600*3

DENV NS1 apo DENVAPO 600
POPE DENVPOPE 600*3
POPE with 20%
cholesterol

DENVCHOL20 600*2

POPE with 40%
cholesterol

DENVCHOL40 600*3

aAsterisk (*) denotes number of independent replicates performed
per system.
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tration. We manually placed ZIKV and DENV NS1 above (the
distance between protein center of mass and lipid headgroup is
∼21 Å) the pre-equilibrated bilayers, and two to three
independent replicates of 600 ns each of all-atom molecular
dynamics (three independent replicates for POPE and 40%
cholesterol containing membranes and two independent
replicates for 20% cholesterol containing membranes) were
performed to evaluate the membrane binding properties of NS1.
The results are analyzed to find out how NS1 proteins interact
with the membrane and any potential differences in the mode of
membrane binding and interactions between the NS1
homologues of ZIKV and DENV.
Although ZIKV and DENV NS1 homologues show sequence

variation, biochemical analysis reveals that they have similar
properties.21,22 The most important property of NS1 is
membrane binding and membrane remodeling for the viral
replication compartment.25,28 As the protein first encounters the
lipid headgroups when binding to membranes, it is important to
know the charge distribution between the twoNS1 homologues.
To explore this, we performed structure-based sequence
alignment using ZIKV crystal structure as a reference (PDB
ID: 5K6K; Figure S2). The analysis of structure-based sequence
alignment reveals that frequencies of basic and aromatic residues
are greater in the ZIKV NS1 homologue than that found in
DENV NS1. The β-roll and wing domains (connector,
intertwined loop regions) mediate contact with the lipid
bilayers.22,23,53 Hence, we focused our analysis on these domains
particularly the inner face area. In the wild-type DENV NS1
protein, the residues N10, T29 of β-roll domain, Q31, Q35,
Y158, T164 of connector domain, S40, A99, A141 of α/β
subdomain, S103, Y113, S125, S128 of intertwined loop and
N191, L206, E213, S216, T265, V286, E326, L338, N347 of C-
terminal domain in DENV NS1 are substituted by basic amino
acids in ZIKV NS1 (the residue numbering is with respect to
ZIKV NS1 crystal structure 5K6K). Similarly, the residues N9
and E26 of the β-roll domain, Q48, S58, A77, and Q85 of the α/
β subdomain, P101, Q102, P105, P112, Y122, and T129 of the
intertwined loop, and A182, E192, E273, S323, and P341 of the
C-terminal domain of ZIKV NS1 are replaced with basic amino
acids in DENVNS1. In total, when we compared 22 positions of
DENV from the β-roll and wing domain of NS1, the equivalent

positions in ZIKVNS1 are occupied by basic residues. The same
is true for 17 positions in ZIKVNS1 and basic residues are found
in the equivalent positions in DENV NS1 (Figure S2). Also,
residues T22, Q98, K122, M123, and Q175 of DENV NS1 and
E178 and T256 residues of ZIKV NS1 are replaced by aromatic
residues respectively in ZIKV and DENV NS1 homologues.
Altogether, the inner face of ZIKV NS1 is dominated by basic
residues, especially the connector domain which plays a
significant role in the interaction with the membrane and to a
lesser extent by aromatic residues to facilitate interaction with
the lipid bilayer. We performed all-atom molecular dynamics
simulations to investigate the role of basic and aromatic residues
responsible for stabilizing the NS1 over a lipid bilayer at
molecular level.
Conformational Dynamics of NS1 over Different Lipid
Bilayers

The solvated NS1 homologues of ZIKV and DENV were
initially simulated without lipid bilayers for 600 ns (ZIKVAPO,
DENVAPO). The interaction of NS1 with the membrane is
modeled using pre-equilibrated POPE bilayers with varying
concentrations of cholesterol (0%, 20%, and 40%). Considering
that the NS1 protein−lipid bilayer contact is driven by surface
interaction mediated by the inner face of NS1, the protein was
placed on the membrane surface and was simulated for 600 ns to
allow protein insertion. The systems of NS1 investigated in neat
POPE bilayers are designated as ZIKVPOPE and DENVPOPE. The
stability of NS1 was assessed by measuring the RMSDs of
backbone atoms of chain A and chain B together and as
individual chains (the RMSDs of the replicates were averaged
for last 300 ns of the trajectory). The ZIKVPOPE stabilized after
300 ns with minimal structural fluctuation at an average value of
2.7 ± 0.7 Å (Figure 2a). In contrast, the DENVPOPE stabilized
after 400 ns with an average value of 3.8 ± 0.4 Å suggesting
overall structural stability (Figure 2b) for both the systems,
although DENV NS1 exhibits higher deviation. In contrast, the
cholesterol-containing systems have higher RMSDs than the
NS1 systems simulated with the neat POPE bilayers. The
ZIKVCHOL20 RMSD stabilized with an average value of 3.5 ± 0.3
Å after 300 ns, whereas DENVCHOL20 RMSD stabilized with an
average value of 3.3 ± 0.3 Å after 400 ns (Figure 2b). The

Figure 2. Time evolution of RMSD (average of replicates) of (a) ZIKV NS1 and (b) DENV NS1. RMSD calculated for the backbone atoms of NS1
dimer (both chains A and B) with respect to the starting structure. The different NS1 complexes are differentiated as ZIKVAPO (cyan), ZIKVPOPE
(blue), ZIKVCHOL20 (magenta), ZIKVCHOL40 (black), DENVAPO (yellow), DENVPOPE (dark green), DENVCHOL20 (red) and DENVCHOL40 (violet).
The RMSDs of POPE and 40% cholesterol complexes are the results of average of three replicates while the RMSD of 20% cholesterol complexes are
due to the average of two replicates.
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complexes ZIKVCHOL40 and DENVCHOL40 showed a more
dynamic behavior as the RMSD values increased up to 4−5 Å
during the initial 350 ns and shows a reduced stabilization at an
average RMSD of 3.5 ± 0.5 and 3.6 ± 0.4 Å, respectively (Figure
2). In general, the presence of unstructured loops (intertwined
loop and finger loop) in NS1might have given rise to an increase
in RMSD. Hence, the RMSD calculations were redone after
excluding these loops. Although a similar pattern of RMSD is
observed, the deletion of these unstructured loops did not show
significant impact on the global RMSD for all simulated systems,
affecting it by just 1 Å (Figure S3). The RMSDs of individual
chains (A and B) were calculated to assess the integrity of the
monomers forming the dimer (Figure S4). Table S2 shows that
the RMSD for the individual chains is lower than that calculated
for dimers indicating that the monomers are stable while their
relative positioning might be dynamic. Such patterns of RMSD,
stable monomers and relatively flexible dimer of NS1, have been
observed in earlier studies also.54−57

In addition to the RMSD analysis, the RMSF of the Cα atoms
across the 600 ns simulation period (average RMSF of
triplicates) was calculated and is shown in Figure S5. Apart
from a few C-terminal residues (residues 350−352 of
ZIKVCHOL40 and DENVCHOL20) and the unstructured loop
regions (residues 108−130), the RMSF exhibits stable dynamics
of the overall NS1 structure (Figure S5). The previous

simulations of monomeric NS1 and individual domains have
shown similar flexible regions.50,51 These flexible regions are
stabilized upon dimerization. In our simulations, the intertwined
loop residues (residues 108−130) of dimeric NS1 have an
additional flexibility of up to 5 Å. The intertwined loop displays
an unequal pattern of flexibility, with one chain exhibiting more
significant fluctuation than the other (for instance, chain A of
ZIKVPOPE shows a fluctuation of ∼5 Å, whereas chain B shows
∼3 Å for residues 108−130 (Figure S5)). Notably, the
hydrophobic finger loop residues (residues 155−170) exhibited
higher variations in the absence of membrane (∼3.9 Å) than in
membrane-bound complexes (∼3.0 Å for DENV and ∼2.0 Å for
ZIKV complexes), indicating that the loop is stabilized by the
membrane interactions (Figure S5).
NS1 Orientation at the Membrane

It is known that one of the crucial functions of NS1 is to interact
with lipid bilayers and lipid rafts. The inner face of NS1
comprising the extended hydrophobic projections of the
intertwined loop and finger loop of the wing domain is mainly
responsible for this interaction.22,23,25 Hence, we investigated
the interaction of NS1 with the lipid membrane by manually
placing the NS1 over the membrane such that the inner face is
towards the membrane and the distance between the protein
center of mass and the lipid headgroup is ∼21 Å. In general, a
peripheral membrane protein can explore configurational

Figure 3. Histograms showing the probability distributions of (a,c) distance d and (b,d) and angle θ between membrane and NS1, and these
parameters were used to characterize the orientation of NS1 with respect to the membrane for both (a, b) ZIKV and (c, d) DENV NS1 systems. The
histograms are plotted by calculating the averages of these parameters from the last 300 ns of the individual replicates for each system. The NS1
complexes are differentiated as ZIKVPOPE (blue), ZIKVCHOL20 (magenta), ZIKVCHOL40 (black), DENVPOPE (dark green), DENVCHOL20 (red) and
DENVCHOL40 (violet). The distance d of POPE and 40% cholesterol complexes are of three replicates while the distance d of 20% cholesterol
complexes is of two replicates.
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dynamics by either inserting into the membrane or exploring
several orientations on the surface of the membrane. Therefore,
we initially explored the conformational dynamics of NS1 over
the membrane by monitoring the distance and angle of
inclination with respect to the membrane. The distance (d)
was monitored between the center of mass of all heavy atoms of
NS1 (COMp) and the center of mass of the membrane
(COMM) (Figure S6). The angle (tilt) is calculated as the angle

between the vectors linking the C-terminal residues 321−326
(β17; Figure S2) of both monomers and the membrane normal
vector (Z-axis) (Figure S6). Molecular dynamics trajectories of
the parameters d and θ are plotted for all the systems in Figures
S7 and S8, respectively. It is clear from these trajectories that d is
stabilized around 300 ns in all the systems (Figure S7). Hence,
for each system, we combined the last 300 ns of the trajectories
from the replicates and calculated the probability distributions of

Figure 4. Principal component analysis (calculated by combining the replicates) of (a−d) ZIKV NS1, (e−h) DENV NS1. The different simulation
systems are colored as follows: ZIKVAPO (cyan), ZIKVPOPE (blue), ZIKVCHOL20 (magenta), ZIKVCHOL40 (black), DENVAPO (yellow), DENVPOPE
(dark green), DENVCHOL20 (red), and DENVCHOL40 (violet). The PCA plot of POPE and 40% cholesterol complexes is an average of three replicates,
while the PCA plot of 20% cholesterol complexes is an average of two replicates.
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distance d and the angle θ for ZIKV and DENV complexes and
the histograms are shown in Figure 3.
At the beginning of the production run, the distance d remains

similar for all six systems (∼42.01 ± 1.1 Å, Figure S7). The

reduction in the d value implies that NS1 is inserted into the
membrane, whereas the increase in distance will indicate that
NS1 is moving away from the membrane’s center (Figure S7).
This analysis shows that there is significant divergence in ZIKV

Figure 5. Average density profiles calculated for the individual domains of NS1 (chain A) along the Z-axis of the three different bilayers. The structure
of the monomer is shown, and the respective domain used to calculate the density profiles is highlighted in orange. The different NS1 complexes are
differentiated as ZIKVPOPE (blue), ZIKVCHOL20 (magenta), ZIKVCHOL40 (black), DENVPOPE (dark green), DENVCHOL20 (red), and DENVCHOL40
(violet). The POPE headgroup peak density position is indicated by the thick black line. The cholesterol headgroup peak density position is indicated
by the cyan line. The zero on the X-axis corresponds to the bilayer center (as NS1 interacts with top layer and hence only top layer is shown in the
figure). The profiles for individual domains are shown in rows labeled β-roll (a,e), wing (b,f), intertwined loop (c,g), and C-terminal domain (d,h) for
chain A of ZIKV, DENVNS1 proteins. The density plots of POPE and 40% cholesterol complexes are an average of three replicates, while the density
plots of 20% cholesterol are an average of two replicates.
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and DENV NS1 conformational dynamics. The distance d of
ZIKVPOPE varies from 33 to 39 Å with the highest probability
seen at 37 Å (Figure 3). In the case of cholesterol containing
systems, the distance d varies from 33 to 38 Å with the highest
probability at 35 Å for ZIKVCHOL20, and ZIKVCHOL40. However,
in DENV systems, the distance varies from 37 to 42 Å, with the
highest probability occurring at distances of 38.5, 40, and 41 Å
for DENVPOPE, DENVCHOL20, and DENVCHOL40, respectively.
Hence, it is clearly seen that ZIKV NS1 inserts deeper inside the
membrane than DENV NS1 (at least 3 Å) and this difference is
more pronounced in the presence of the cholesterol-containing
bilayers though the initial distance d was the same for all the
simulations (Figure S7). In the case of θ, the DENVNS1 system
exhibits variation of 90 ± 30° while the ZIKV NS1 systems
displays a much smaller variation of 90 ± 10° indicating that the
angle adopted by ZIKV NS1 systems with respect to the
membrane normal is close to the starting orientation.
The time evolution of the distance d reveals that ZIKV NS1

inserts deeper inside the membrane than that observed for
DENV NS1, and this difference is evident irrespective of the
cholesterol concentration. The insertion of ZIKV NS1 into all
three membrane systems and in all the replicates is quite
comparable, and there is significant overlap in the trajectories
well after 350 ns with an average distance of 36.5 Å (from the
center of the membrane), indicating a deeper insertion (as the
starting distance is ∼42 Å). However, DENV NS1 insertion is
less deep than that found for ZIKV NS1. All three DENV NS1
systems maintained the same distance until 250 ns (42 Å),
however after 250 ns, DENVPOPE and DENVCHOL20 NS1
demonstrate a reduction in value to 39 Å, which is at least 3 Å
closer to the center of the membrane (Figure S7). However,
ZIKV NS1 is deeper than that of DENV NS1 by at least 3 Å as
the average distance between COMp and COMM is 36.5 Å. In
the case of DENVCHOL40, d remains close to the initial distance of
∼42 Å (Figure S7). Although the initial distance d was the same
for all six simulations, the ZIKV complexes insert deeper inside
the membrane than that found for the DENV counterpart.
As the first contacts of NS1 with the membrane occur via the

β-roll domain, finger loop and intertwined loop, they adopt
various conformations during simulations. Hence, as mentioned
earlier, the tilt angle θ was calculated using the relatively stable
C-terminal domain as a reference. The MD trajectories of θ as a
function of time are plotted for all six simulated systems (Figure
S8). At the beginning of the production run, both ZIKV and
DENV complexes (ZIKVPOPE, DENVPOPE, ZIKVCHOL20,
DENVCHOL20, ZIKVCHOL40, and DENVCHOL40) remain at a θ
value of 90°. However, during the simulation, the time evolution
of θ shows that both the ZIKV and DENV systems tilt in
comparison to the initial structure (Figure S8). The
representative structures extracted from the MD trajectories of
ZIKV and DENV complexes are shown in the Figures S9 and
S10.
Principal component analysis helps in extracting the

significant motions from the trajectory. For this purpose, we
concatenated all the replicates of DENV and ZIKV, and Cα
atoms were used for generating principal modes. The principal
component 1 (PC1) and PC2 were extracted and projected in
Figure 4. The conformational space sampled by the apo and
membrane bound systems overlap but still show variations in the
sampled conformational space. DENVAPO and ZIKVAPO systems
display a single prominent cluster and sample lesser conforma-
tional space (Figure 4a, e). The ZIKVPOPE system samples three
distinct clusters, with at least two clusters partially overlapping

with ZIKVAPO in the PC1 direction (Figure 4b). DENVPOPE
(Figure 4f) relatively samples a larger conformational space than
ZIKVPOPE in the PC2 direction and exhibits partial overlap with
DENVAPO. In the cholesterol containing systems, ZIKVCHOL20
and DENVCHOL20 sample a similar conformational space in the
PC1 and PC2 directions (Figure 4c, g). The ZIKVCHOL40 and
DENVCHOL40 complexes sample larger conformational space in
the PC1 and PC2 directions (Figure 4d, h). Interestingly,
DENVCHOL40 overlaps much with the DENVAPO in the PC1 and
PC2 directions. However, ZIKVCHOL40 overlaps to a smaller
extent in the PC1 direction with ZIKVAPO. We also investigated
the role of intertwined loop in providing conformational
flexibility by PCA analysis. Hence, we excluded the intertwined
loop from the simulation trajectory and performed PCA
analysis. It shows us that intertwined loops are assumed to be
highly flexible in both systems and particularly in DENV
complexes (data not shown). In general, though both ZIKV and
DENV insert into membrane, PCA analysis suggests the pattern
and conformational changes upon interacting with the
membrane are different.
Binding of NS1 Domains to Membranes

The analysis of d and θ confirms that ZIKV and DENV NS1
interact with the membrane during simulation although the
degree of insertion and the extent of interactions vary. We
calculated the density distribution of the NS1 domains along
with the membrane components like lipid headgroup, glycerol,
and cholesterol atoms (PO4 for POPE and O for cholesterol)
along the z-axis (perpendicular to the bilayer). The density
distribution is plotted for chain A (Figure 5) and B (Figure S11)
in which the zero on the x-axis corresponds to the lipid bilayer’s
center. In these figures, the black line depicts the peak density of
the PO4 headgroup. The maximal densities of the lipid
headgroup (PO4) of POPE, 20% and 40% cholesterol
containing bilayers are 21.5, 22, and 22.9 Å, respectively.
Similarly, the maximum density for cholesterol O3 atoms in
these systems occurs at 19.5 Å (the cyan color line in Figure 5 for
chain A and Figure S11 for chain B). When the maximum
density of the NS1 domain overlaps with the density peak of the
lipid PO4 group or if it is projected toward the center of the
membrane, we could interpret that the domain is buried beneath
the corresponding lipid group and reflects the distance from the
lipid bilayer center.

The density profiles calculated for individual domains of both
chains of dimeric NS1 (average values of replicates plotted)
across the three distinct bilayers (ZIKVPOPE, ZIKVCHOL20,
ZIKVCHOL40, in blue, magenta, and black colors, respectively)
averaged for the replicates is shown in Figures 5 and S11. The
density profile clearly helps to improve our understanding of the
interaction pattern of the individual domains with different lipid
components. The maximum density of the β-roll domain (∼23
Å) of both chains is close to the peak density of the phosphate
headgroup and glycerol group, which enables it to interact well
with the acyl groups (Figures 5a and S11a). Most of the wing
domain is exposed to the solvent, and only a small portion of the
wing domain, including the finger and intertwined loop,
interacts with the membrane. The wing domain’s maximum
density (at∼32 Å) is 10 Å away from the lipid headgroup toward
the aqueous medium. Hence, it overlaps less with the headgroup
density profile (Figures 5b and S11b). The uncharacterized
intertwined loop (of the wing domain) extends its maximum
density profile over the headgroup, and a part of the loop is well
embedded into the membrane. This loop also exhibits a little
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insertion asymmetry between the two monomers, with chain B
inserted deeper (Z = 22.4 Å) (Figure S11c) than chain A (Z =
24.5 Å) (Figure 5c). A major part of the C-terminal domain
remains away from the lipid headgroup region (Figures 5d and
S11d).
The NS1 density distribution of the ZIKVCHOL20 complex

(Figures 5 and S11, magenta) is analogous to that of the
ZIKVPOPE complex (shown in blue). The peak density of the β-
roll domain is situated at Z = 22.4 Å, overlapping the phosphate
headgroup and partly with cholesterol O3 atoms (Figures 5a and
S11a, magenta). The asymmetric insertion pattern of the
intertwined loop observed in ZIKVPOPE is more prominent in
ZIKVCHOL20 as the peak densities are aroundZ = 27.9 Å for chain
A (Figure 5c) and Z = 22.0 Å for chain B (Figure S11c). As a
result, chain B intertwined loop possibly interacts better with the
cholesterol atoms than chain A due to more overlap with
cholesterol headgroup. The C-terminal density profile is similar
to that of the ZIKVPOPE complex (Figures 5d and S11d, blue and
magenta). The ZIKVCHOL40 system exhibits marginally more
insertion than the ZIKVPOPE and ZIKVCHOL20 systems, as
observed by the overlapping pattern of lipid headgroups. The
maximal density of the β-roll domain occurs at Z = 22.5 Å (the
headgroup phosphate is located at 22.9 Å); hence, it is more
likely to interact with acyl chains (Figure 5a and S11a, black).
Unlike ZIKVPOPE and ZIKVCHOL20 complexes, the intertwined
loop shows a nearly symmetrical insertion profile (Z = 23.9 Å for
both chains, Figure 5c and S11c, black) when ZIKV NS1
interacts with 40% cholesterol. Due to this insertion pattern, the
intertwined loop can interact well with the headgroup and
cholesterol molecule.
Similar to ZIKV complexes, density profiles were plotted for

individual domains of DENV complexes (Figure 5e−h, chain A
and Figure S11e−h, chain B). In DENVPOPE, the density profile
for the β-roll domain is asymmetric (maximum density at 22.4
and 25.4 Å for chain A and chain B, respectively) (Figures 5e and

S11e). Despite its overlap with the phosphate headgroup (peak
density at 21.3 Å), the extent of insertion is less than that of
ZIKV (∼3 Å less deeply inserted). The wing domain partially
overlaps with the headgroup group as much of the area is solvent
exposed (Figure 5f). The intertwined loop demonstrates an
uneven distribution with a maximum density at Z = 23.9 and
26.9 Å (Figures 5g and S11g), indicating that it is more solvent
exposed than that found for ZIKVPOPE. Similar to ZIKVPOPE, the
C-terminal domain has an asymmetric insertion pattern for two
chains, and it is mostly solvent exposed (Figures 5h and S11h).

In the case of DENVCHOL20 (red), the distribution follows a
similar pattern to that of DENVPOPE (dark green) shown in
Figures 5 and S11. The maximal densities of the β-roll domain
are seen at Z = 22.4 Å for chain A and 23.9 Å for chain B which
overlaps with the phosphate headgroup (Figures 5e and S11e).
The β-roll domain of DENVCHOL20 is embedded deeper into the
membrane than DENVPOPE but less than ZIKVCHOL20 (Figures
5a and S11a). Surprisingly, the intertwined loop has a
symmetrical insertion distribution with a maximum density at
Z = 29 Å (Figures 5g and S11g), close to ZIKVCHOL20 (chain A,
Figure 5c).

In comparison to DENVPOPE and DENVCHOL20, the
DENVCHOL40 has different density profiles (Figures 5 and S11,
shown in violet). The maximum density of the β-roll domain is
at Z = 25.4 Å for chain A (Figure 5e) and 22.4 Å for chain B
(Figure S11e). The β-roll domain (chain B) overlaps with the
headgroup and primarily interacts with the phosphate head-
group and occasionally with the acyl group. The intertwined
loop exhibits an asymmetrical density profile with maximum
density at Z = 26.9 and 25.4 Å. Hence chain B (Figure S11g)
may interact more effectively with the membrane headgroup
region than chain A but to a lesser extent than ZIKVCHOL40
(Figure 5c). A significant part of the C-terminal domain remains
away from the lipid headgroup region with an asymmetrical
profile (Figures 5h and S11h).

Figure 6. MD simulated NS1 structures, extracted over the last 100 ns at an interval of 20 ns for all the replicates, superposed on the initial structure
(gray). The intertwined loop regions are highlighted and other regions are shown as transparent. The different simulation systems are colored as
follows: (a) ZIKVAPO (cyan), (b) ZIKVPOPE (blue), (c) ZIKVCHOL20 (magenta), (d) ZIKVCHOL40 (black), (e) DENVAPO (yellow), (f) DENVPOPE
(dark green), (g) DENVCHOL20 (red), and (h) DENVCHOL40 (violet). Structures are shown in ribbon representation.
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Analysis of density profiles reveals the degree of insertion of
domains into distinct lipid components of membranes. The β-
roll domain of ZIKV complexes demonstrates relatively deeper
insertion more than 3.0 Å inside the membrane than the
corresponding DENV complexes. In most cases, the densities of
β-roll and intertwined loop overlap with the headgroup density
and partly with cholesterol, allowing the NS1 to interact with the
hydrophobic regions of the lipid bilayer. The density plots and
RMSF analyses (distinct fluctuations by the individual chains)
reveal an asymmetric insertion profile for the intertwined loop,
with one chain inserting more inside the membrane than the
other. To understand this phenomenon further, we have
analyzed the insertion nature of individual residues in detail.
Conformational Orientation of Spike Region at the
Membrane

The intertwined loop has been implicated in membrane binding
and tissue specific cell attachment in both ZIKV and
DENV18,22,23 and this is the first all-atom molecular dynamics
study to evaluate interaction with a lipid membrane of variable
compositions. The intertwined loop residues lack a definite
secondary structure and are disordered. Due to its high
flexibility, most flaviviral NS1 crystal structures failed to report
intertwined structures except for the recently solved ZIKV
crystal structure.21,24,22 In this work, the intertwined loop of the
ZIKV NS1 crystal structure was used as a template to model the
DENV NS1 loop. During simulations, the intertwined loop
region (residues 108−130) effectively inserts into the bilayer as
seen through density analysis. Also, the distribution of loop
density demonstrates that a part of the loop overlaps with the
density of lipid membrane components, indicating that this loop
region interacts with the lipid headgroup (Figures 5c, S11c and
5g, S11g). As it interacts with the membrane, it may undergo
structural changes throughout simulations and adopt different
conformations. We extracted the snapshots at 20 ns interval
from the last 100 ns of all three independent replicates and
superimposed over the initial structure (Figure 6).
We investigatedMD trajectories for the presence of secondary

structural changes. The time evolution of secondary structure
for each amino acid in the intertwined loop (for individual
replicates) was plotted using DSSP (shown in Figures S12−S14,
left panel for chain A and right panel for chain B). The replicates
show qualitatively similar secondary structures and hence only
the consensus structure is discussed. In the apo form, residues
117−125 form β-bend, whereas the remaining regions of the
intertwined loop are unstructured coil (Figure S13a, g). In the
case of ZIKVPOPE, the residues 121−126 form a bend or 310-helix
(at various times of simulation) in chain A (Figure S12a−c),
while the same residues in chain B form a turn and 310-helix
structure (Figure S12g−i). In cholesterol-containing systems,
the intertwined loop often forms a β-turn or β-bend
conformations as seen in the chain A and chain B (residues
113−125) of ZIKVCHOL20 (Figure S13b, c, h, i), chain A and
chain B (residues 118−128) of ZIKVCHOL40 (Figures S14a−c,
g−i).
In DENV systems, however, α-helical structures were more

frequently observed. The chain A residues 118−125 DENVAPO
remain in a coil, whereas the other chain displays a beta-turn
conformation (Figure S13d, j). In DENVPOPE, the chain A
residues (119−126) form a helix or β-turn (Figure S12d−f) and
chain B mostly remains as a coil or bend at certain regions
(Figure S12j−l). In DENVCHOL20, the chain A and B residues
(119−125) forms helix or β-turn (Figure S13e, f, k, l). Similarly,

the residues 118−125 in both chains adopt β-bend or β-turn
conformations in DENVCHOL40 complex (Figure S14d−f, j−l).
Altogether, a β-bend or β-turn structure is common in the
intertwined loops buried into the membrane, while the solvent
exposed loop is present as a flexible unstructured coil.

Our analysis indicates that the intertwined loop inserts into
the membrane. Hence, we measured the average insertion depth
of individual residues (dr) as an average distance between the Cα
atom of each residue to COMM in all the replicates of the
simulated systems (Figures S15 and S16). For reference, the
average position of the phosphate headgroup from COMM is
indicated by a yellow line, which is ∼21−22 Å from the COMM.
A dr value of less than or close to 21−22 Å implies that the
specific residue is likely to be buried beneath the phosphate
headgroup. The residues of the intertwined loop are buried to
varying extents in all the simulation systems.

According to the density distribution discussed earlier, an
asymmetric insertion has been noted in ZIKVPOPE and
ZIKVCHOL20 systems, while a symmetric insertion is seen in
ZIKVCHOL40 (Figures 5c and S11c, blue, magenta, and black).
The dr values of residues 117−120,122−124 of ZIKVPOPE (chain
A, B), ZIKVCHOL20 (chain B) are below the yellow line (Figures
S15a and S16a). Hence, it is inserted well into the membrane.
The dr values of ZIKVCHOL20 (chain A) residues remains above
the headgroup (yellow line) and are solvent exposed (Figure
S15a). In the case of ZIKVCHOL40, the density distribution of
both chains demonstrates a symmetric insertion, and the
residues 116−125 stay close (yellow line) to the phosphate
headgroup level (Figures S15a and S16a). The four intertwined
loop conformations (of complexes ZIKVCHOL40, ZIKVPOPE and
ZIKVCHOL20) which show insertion into the membrane have a
common secondary structure, a β-bend or a β-turn (Figures
S12−S14).

Interactions with the membrane also affect their hydration
state. Hence, the number of waters within 4 Å of each of the loop
residues was calculated as average of replicates and plotted in
Figure S15c (chain A) and Figure S16c (chain B) for ZIKV NS1
systems. In the above analysis, residues 117−124 are
prominently buried under the headgroup. Among them, the
polar and charged (especially basic) residues, such as K116,
K120, S121, and R125, are surrounded by higher number of
water molecules than the hydrophobic residues, such as A117,
G119, and V124. The general assumption of hydration state
being directly proportional to insertion depth correlates only in
the case of aromatic residues like W115 and W118, which are
above the headgroup and well hydrated in ZIKVCHOL20 (chain
A) and ZIKVCHOL40 (Chain B) systems (Figures S15c and
S16c). The other aromatic residues Y122 and F123 are in
proximity to membrane-water interface and hence remain
moderately solvated in all ZIKV systems.

Similar to ZIKV systems, the average insertion profiles of the
DENV NS1 (independent replicates) intertwined loop are
calculated and are shown in Figures S15b and S16b. Residues
117−123 of DENVPOPE chain A (Figure S15b) remain buried
beneath the phosphate headgroup, while chain B (Figure S16b)
shows less insertion except for residues A117 andW118 (staying
close to the phosphate headgroup). Similarly, only residues
118−119 of DENVCHOL20 chain A and B stay close to the
headgroup and the rest of the residues are far from the
phosphate headgroup (Figure S15b and S16b). The
DENVCHOL40 chain B residues 117−123 are inserted below
the headgroup (below the yellow line, Figure S16b). The
intertwined loops which stay close to the headgroup and
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inserted into the membrane are highly probable to adopt a
secondary structure (Figures S12−S14)
The DENV intertwined loop hydration profile was calculated

and is shown in Figures S15d and S16d. It is observed from the

secondary structure and insertion profile analysis that residues
117−123 form a secondary structure and stay closer to the
headgroup than the rest of the loop residues. Similar to ZIKV
systems, polar and charged (basic) residues such as K116, K120,

Table 2. Residues of ZIKV NS1 Having Contact with Different Lipid Groupsa

lipid group ZIKVPOPE ZIKVCHOL20 ZIKVCHOL40

head group
acidic chain A: E12, E26, D30, E72, E74, E81, D157,

E203, E272, E309
chain A: D7, E12, E26, D30, E74, E80, E81,
E272, E274, E278, E279

chain A: D1, D7, E12, E26, D30, E74, E81, D157

chain B: E26, D30, E271, E279 chain B: D1, E12, D30, E74, E80, D157, E272 chain B: D7, E26, D30, E74, E80, E81, D157,
E192, E203, E272, E274, E278, E279

basic chain A: K10, R14, R29, R31, K33, R40, K69,
K116, K120, H158, H164, H216, R306,
R326

chain A: K11, R14, R29, K33, K120, R125,
R214, R324, H164, H216

chain A: K10, K11, R14, R29, R31, K33, R40,
K116, K120, R326, H158, H164, K213

chain B: K11, R14, R29, R31, H164, R276,
R306, R324, R326

chain B: R14, R29, R31, K33, R40, K116, R125,
H158, H164

chain B: K10, K11, R14, R29, R31, K33, K120,
H158, R214, R276, R324, H164, H216,

aromatic chain A: W28, Y122, F163 chain A: F8, W28, Y122, F123, F160, F163 chain A: W28, W118, Y122, F160, F163
chain B: W28, F163 chain B: W28, W118, Y122, F160, F163 chain B: W28, Y122, F123, F160, F163

hydrophobic chain A: T13, C15, T17, V25, A27, S70, V71,
G73, N82,G119, N131, G161, V162, G328

chain A: V6, S9, T13, C15, C16, T17, A27,
S121, A126, G161, V162, P281, G282, A325,
G328

chain A: T13, C15, C16, T17, A27, A117, G119,
S121, V166, G282, G305

chain B: T13, C15, G161, V162, T165, G328 chain B: T13, C15, C16, T17, A27, I66, G73,
S121, V124, G161, V162

chain B: S9, T13, C15, C16, T17, A27, S70, S121,
V124, A126, G159, G161, V162, C280,
P281,G282

acyl chain
acidic 0 D1, D30 0
basic chain A: R29 chain A: R29 chain A: R11, R29, K116, K120, H164

chain B: R29, K120 chain B: R29, R125, H164 chain B:2 9
aromatic chain A: W28, F123, W118 chain A: F8, Y122, F123 chain A: W118, Y122

chain B: W28, F163 chain B: Y122, F123 chain B: Y122
hydrophobic chain A: A117, V124,V162 chain A: V124 chain A: C15, G16,A117, G119, S121, G161, V162

chain B: T119 chain B: V2, C15, V124, V162 chain B: C15, G161, V162
aThe NS1−lipid contacts are classified according to the amino acid types and the lipid groups. The phosphate and glycerol backbone of lipids were
together considered as headgroup, while the contacts with Acyl chains are tabulated separately. A contact is defined by a distance cutoff of 4 Å that
is stable for at least 30% (90 ns) of the last 300 ns of the trajectory (calculation performed on replicates).

Table 3. Residues of DENV NS1 Having Contact with Different Lipid Groupsa

lipid group DENVPOPE DENVCHOL20 DENVCHOL40

head group
acidic chain A: E12, D92, D23, E127, E274,

D281, D327
chain A: E12, D23, E274, D281, E326, D327 chain A: D1, E12, D23, E30

chain B: D1, E12, E30, D157 chain B: E12, D23, E30, E74, E127, E274, D278, D281 chain B: E12, D23, E30, E74, E81, E274,
D278, D281

basic chain A: K9, K11, K14, K33, K116,
K122, R322

chain A: K9, K11, K14, K33, R324 chain A: K9, K11, K14, H26, K33

chain B: K14 chain B: K9, K11, K14, H26, K33, H77, K120, K122, K322,
R324

chain B: K11, H26, K33, K122, K322

aromatic chain A: W28, F160, F163 chain A: W28, F160, F163 chain A: W28, W118, F163, W168
chain B: W118, F160 chain B: W28, W118, F160, F163 chain B: W8, W28, Y32, F160, F163, W168

hydrophobic chain A: L13, C15, T27, T29, Q31,
T117, S125, T126, G161, V162, T164,
N166

chain A: S2, G3, C4, N10, L13, C15, C16, S17, T27, Q31,
G161, V162, T164, T165, N166, G282, T300, G328,
C329

chain A: G3, C4, N10, C15, G16, S17, T22,
T27, Q31, G119, G161, T164, T165,
N166

chain B: L13, S17, G159 chain B: G3, C4, L13, C15, T27, T29, G119, A121, M123,
L124, S125, T126, V162, T164, T165

chain B: L13, C15, V25, T27, T29, G119,
G159, G161, T164, T165

acyl
acidic 0 chain A: D281 chain B: D12
basic chain A: K122 chain A: K11, K14 chain A: K14

chain B: K122 chain B: K14
aromatic chain A: W28, W118 chain A: F163 chain B: W28, W118, F160, F163

chain B: W118 chain B: W28
hydrophobic chain A:M123, L124 chain A: L13, C15, V162 chain A: S2, C15, G161, V162

chain B: L13, T117 chain B: T29, G119, M123 chain B: L13, C15, Q31, G119, G161, V162
aThe NS1−lipid contacts are classified according to the amino acid types and the lipid groups. The phosphate and glycerol backbone of lipids were
together considered as headgroup, while the contacts with Acyl chains are tabulated separately. A contact is defined by a distance cutoff of 4 Å that
are stable for at least 30% (90 ns) of the last 300 ns of the trajectory (calculation performed on replicates).
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and S125 are more hydrated, except for T117. Residue L124
shows a nonuniform water distribution (Figures S15d and
S16d). For example, in chain A of DENVPOPE, it remains below
the headgroup and attracts less water (Figure S15d). In contrast,
in the cholesterol containing complexes (DENVCHOL20 and
DENVCHOL40), it attracts more water molecules due to solvent
exposure (Figures S15d and S16d). The variant aromatic
residues Y122 and F123 of ZIKV are substituted, respectively, by
the basic and hydrophobic residues K and M in DENV NS1 at
the structurally equivalent positions (Figure S2). Consequently,
residue K122 is solvated by more water molecules in all three
DENV complexes when inserted less (Figures S15d and S16d).
Consistent with the density plots, the ZIKV and DENV

intertwined loop residues interact with the membrane, and
especially residues 117−119 show uniform insertion. It is also
clear that NS1 shows distinct binding dynamics with different
cholesterol concentrations. Altogether, the membrane binding
property influences the structure of intertwined loop residues
117−125. A possible secondary structure is observed when the
loop interacts favorably with the membrane and expresses stable
interactions. According to the insertion of individual residues,
their hydration state is also affected.
Interface of the NS1 and Membrane Interaction

Our above analysis establishes the inner face of NS1 as the
primary interacting region with the lipid bilayer. The density
plot and the residue contact analyses have provided enough
evidence that NS1 exhibits varying degrees of insertion in the
simulated systems and that the stability of NS1-membrane
interactions depends largely on the electrostatic interactions.
Prior research has identified the β-roll and finger loop of the
wing domain as the vital membrane-interacting regions.22−24

Additionally, our study identifies the role of intertwined loop
and the C-terminal domain in membrane binding. The lipid
heavy atoms within 4 Å of each protein residue which remain in
stable contact for at least 30% of the last 300 ns of all three
replicate simulations are listed (in Tables 2 and 3) for both
ZIKV and DENV systems.
Residues forming contacts with lipid groups (headgroup and

acyl group) are classified based on the type of amino acids, such
as acidic, basic, aromatic, and hydrophobic. Previous exper-
imental, structural, and computational studies revealed the
importance and preference of aromatic and basic residues in
membrane-binding peptides and proteins.58−61 All the residues
forming contacts from both chains with different lipid
components are listed in Tables 2 and 3. In the presence of
cholesterol, the number of acidic residues forming stable
contacts with the lipid headgroup in the ZIKV complexes
increases for cholesterol containing systems (14 in ZIKVPOPE, 18
in ZIKVCHOL20, and 21 in ZIKVCHOL40). However, a very limited
number of residues form contact with the acyl group (Likely due
to the shorter side-chain length of acidic residues) (Table 2).
The participating acidic residues of the β-roll domain (1D, 7D,
E12, E25, E26, D30), wing domain (D37, D157, E74, E80, E81),
and C-terminal domain (E192, E203, E272, E274, E278, E279,
E309, D327) are listed in Table 2. However, no such increase in
the number of residues in DENV systems is found because the
insertion of DENVNS1 is not deeper inside the membrane, and
the same phenomenon is observed in cholesterol-containing
systems. The number of acidic residues forming contacts with
the headgroup region remained between 11 and 14 in all DENV
systems (Table 3). In the DENV complex, the acidic residues of
the β-roll domain (D1, D23, E12, E30), wing domain (D92,

D157, E37, E74, E81, E127), and C-terminal domain (E274,
E276, E326, D278, D281, D327) are involved in the interactions
with lipid head groups.

In addition to acidic residues, the interaction formed by basic
residues with distinct lipid groups in ZIKV and DENV are listed
(Tables 2 and 3). The number of residues forming interactions
in ZIKVNS1 is significantly larger than that found in the DENV
complex. In the ZIKVPOPE, ZIKVCHOL20, and ZIKVCHOL40
complexes, 23, 19, and 26 residues form stable contacts with
the headgroup. There were only 8, 15, and 10 basic residues in
the DENVPOPE, DENVCHOL20, and DENVCHOL40 complexes that
are in close contacts with the lipid components. The basic
residues in the β-roll (K10, K11, R14, and R29), wing (K33,
R31, H35, R40, K116, K120, R125, H164), and C-terminal
(K326, R214, H216, R276, R306, and R324) domains of ZIKV
NS1 contribute to the interactions with the lipid headgroup
(Table 2). A slight increase in the number of residues forming
contacts in the ZIKVCHOL40 complex is observed compared to
those found for ZIKVPOPE. Also, the longer side chains of basic
amino acids facilitate interaction with acyl groups of the bilayer.
Similar to interaction with the headgroup, the basic residues of
ZIKV forms higher contacts with acyl groups than DENV basic
residues (Tables 2 and 3). Themain interacting basic residues of
DENV NS1 proteins are from β-roll (K9, K11, K14, H26), wing
(H77, K116, K120, K122), and C-terminal (K272, R299, R322,
R324) domains. However, a steady rise in the number of
interactions in the presence of cholesterol was not seen, as the
number of contacts formed by DENVCHOL40 is lesser than that
found for DENVCHOL20 (Table 3). Our density analysis also
showed that DENVCHOL40 is less inserted than DENVPOPE and
DENVCHOL20 systems. It is clear that the higher number of basic
residues found in ZIKV (K10, R29, R31, H35, R40, R125, H164,
R276) in the lipid-contacting regions compared to the same
regions in DENV are due to deeper insertion of ZIKV NS1
inside the membrane. These differences in contacts and
insertion between ZIKV and DENV will also reflect in their
interaction energies with the membrane. Hence, we calculated
the interaction energy betweenNS1 andmembrane by summing
up the van derWaals and electrostatic energy terms with a cutoff
distance of 15 Å (see Appendix 2 in the Supporting Information;
Table S3). The interaction energy is dominated by electrostatic
energy especially in the ZIKV complexes, reflecting the role of
charged residues. Also, we calculated the electrostatic potential
of the inner face to understand the distribution of these charged
residues (Figure S17).

The aromatic residues forming contact with lipid groups in
different simulated systems are listed in Tables 2 and 3. Notably,
the number of aromatic residues interacting with the headgroup
did not differ significantly between the ZIKV and DENV
systems. Nevertheless, in the cholesterol systems, the longer
aromatic side chains form a considerable number of interactions
with the acyl chain groups in ZIKV (5, 6, and 3) than in DENV
(3, 2, and 4). The inner surface of NS1 has several hydrophobic
residues, particularly in the β-roll domain, finger loop, and
intertwined loop regions. Consequently, the number of
hydrphobic residues involved in the contact is considerably
larger than the basic and acidic residues (Tables 2 and 3). These
residues interact significantly with the acyl chain groups of the
bilayer due to their longer side chains. Interestingly, in
DENVCHOL20 NS1 more hydrophobic residues are involved in
contact with the lipid headgroup than that of ZIKV NS1
hydrophobic residues (Table 3). Perhaps, the hydrophobic part
of the side chain of basic residues replaced these hydrophobic
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contacts. Overall, the contact analysis gives an idea about the
interaction of NS1 with the hydrophobic part (acyl group) of the
membrane. Hence, it is expected for NS1 to form interactions
with cholesterol groups present in the hydrophobic part of the
bilayer. Also, studies have shown that NS1 interacts with lipid
rafts enriched with cholesterol.24,26

Thus, we have included cholesterol in our studies to explore
the binding of NS1. The affinity of NS1 toward cholesterol was
monitored by calculating the number of cholesterol molecules
within 4 Å of NS1. Figure 7 shows the probability distribution of
cholesterol around NS1. Not surprisingly, the increased
distribution (ranging from 4 to 11) in ZIKVCHOL40 indicates
that the number of interacting cholesterol molecules is greater in
the 40% cholesterol complex as compared to 20% cholesterol
complex.
Around NS1 in ZIKVCHOL20, a maximum of 3 to 4 cholesterol

molecules are seen. However, 7 to 8 cholesterol molecules are
found around ZIKVCHOL40 NS1 protein (Figure 7a). The
DENVCHOL20 complex has 3 to 4 cholesterol molecules
(corresponding to the ZIKVCHOL20 complex), but the
DENVCHOL40 system contains 4 to 5 cholesterol molecules
(Figure 7b). If we assume the rise in cholesterol around the
ZIKVCHOL40 is due to an increase in the total amount of
cholesterol molecules in the system, we should expect a similar
impact for DENVCHOL40, which is not the case. Therefore, the
rise in the number of cholesterol molecules in ZIKVCHOL40 may
be the result of higher number of contacts with NS1 and also due
to deeper insertion inside the membrane. The analysis reveals
both ZIKVCHOL20 and DENVCHOL20 NS1 proteins prefer to
interact with cholesterol but at 40% cholesterol concentration
ZIKVCHOL40 alone shows higher interactions.
Altogether, the ZIKV complexes interact more with the

bilayer than DENV complexes. Previous experimental studies
have reported the role of several residues of the β-roll domain
(F8, R10, and, W28), the conserved intertwined loop residues
(W115 and W118) along with other residues (Y122, F123, and
V123 in ZIKV; K122, M123, and L124 in DENV) to mediate
membrane interactions which corroborate well with our
simulations also.22−24 Additionally, our study identifies the
residues of the intertwined loop of ZIKV (K116, A117, G119,
S121, V124, K120, and R125) and DENV (K116, K122, A117,

G119, L124, S125, T126) to involve in stable contacts with the
lipid membrane. A previous mutagenesis experiment on the
greasy finger loop residues (residues 159−162) has revealed an
important role for the finger loop region in membrane binding,
which also agrees well with our study.21 The membrane
interacting residues identified in our study overlap well with
the inhibitor-binding site residues reported through molecular
docking and virtual screening studies38,39

■ DISCUSSION
Flaviviruses are responsible for human infections that cause
illnesses with high rates of morbidity and death. NS1 is a
flavivirus nonstructural protein that has a variety of roles in viral
replication and pathogenesis. Among the multiple roles of
flaviviral NS1, membrane binding is critical for viral replication
since it triggers the formation of a replication compartment. As
cholesterol metabolism is modulated by the flaviviruses, one of
our main objectives is to understand the influence of cholesterol
over the membrane bound NS1 and investigate the sequence
variation of DENV and ZIKV in their membrane binding
property using all-atom molecular dynamics simulations.

The study reveals that both DENV and ZIKV NS1 interact
with membrane through the β-roll, partly the wing domain, and
the C-terminal domain. ZIKV NS1 expresses more affinity for
membrane binding than DENV. Previous mutational studies
along with TEER (transepithelial/transendothelial electrical
resistance) assay have revealed the critical role of intertwined
loop residues 101−135 in the differential binding of NS1 with
different cell lines, and the role of W115-X-X-W118-G119
(WXXWG) motif to induce endothelial hyperpermeability in
HPMEC and initial cell attachment.18 Accordingly, our study
shows that the intertwined loop residues 117−124 of ZIKV and
DENV prominently interact with the membrane. In the
presence of cholesterol, ZIKV NS1 interacts more favorably
when compared to DENV complexes. In particular, the residues
117, 118, and 119 of the WXXWG motif are buried below the
level of the headgroup. A similar insertion profile for the
WXXWG motif was shown previously by coarse-grained
simulations of the ZIKV African and Brazilian strains.56 The
insertion profile reinforces the role of the intertwined loop and
WXXWG motif in anchoring the NS1 to the cell surface and

Figure 7. Distribution of cholesterol molecules within 4 Å of any residue (average values calculated for replicates) in ZIKV (a) and DENV (b) NS1
plotted as a probability. The different simulation systems are depicted as follows: ZIKVCHOL20 (magenta), ZIKVCHOL40 (black), DENVCHOL20 (red),
and DENVCHOL40 (violet). The number of cholesterol molecules of 40% cholesterol complexes is an average of three replicates while the numbers of
cholesterol molecules of 20% cholesterol complexes are an average of two replicates.

ACS Bio & Med Chem Au pubs.acs.org/biomedchemau Article

https://doi.org/10.1021/acsbiomedchemau.3c00073
ACS Bio Med Chem Au 2024, 4, 137−153

149

https://pubs.acs.org/doi/10.1021/acsbiomedchemau.3c00073?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.3c00073?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.3c00073?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomedchemau.3c00073?fig=fig7&ref=pdf
pubs.acs.org/biomedchemau?ref=pdf
https://doi.org/10.1021/acsbiomedchemau.3c00073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


membrane. This characteristic interaction pattern of ZIKV NS1
toward cholesterol containing membranes might be responsible
for the tissue specific interaction of flavivirus for invoking
endothelial hyperpermeability.
NS1 is an important target for treating flaviviral infections,

and hence, several antibodies are designed against flaviviruses
protein for diagnostic and neutralization purposes.53,62,63

Though several monoclonal antibodies (mAbs) were generated,
their targets and structural basis was unknown until the structure
of full-length NS1 was solved along with the cross-reactive
antibody 2B7.64 In general, these antibodies target the C-
terminal domain and intertwined loop;65−67 and particularly, the
2B7 monoclonal antibody interacts with two sites, residues
260−316 and 288−344. At the same time, the mutation of
residues T301R, A303W, G305 K, E326 K, and D327 K resulted
in weaker binding and failed to mediate endothelial hyper-
permeability. The mAbs (1Fll, 2E3, 1B2, and 4D2) are
specifically reactive to DENV NS1 and 2E11 with other
flaviviruses (cross-reactive). The epitope sites recognized by
these antibodies are in the intertwined loop (109−123).67 There
are no previous reports on the C-terminal domain interacting
with the membrane, and our study shows that the antibody
binding sites overlap with the membrane interacting sites. The
NS1 C-terminal domain residues E/K272, E/F279, C/C280, P/
D281, G/G282, E/E274, E/D278, G/G305, R/K306, R/R324,
A/G325, R/E326, G/G328 (ZIKV/DENV residues), and
intertwined loop residues 117−123 form stable interactions
with the membrane. Our results support the role of the C-
terminal domain in cell−surface interaction for inducing
endothelial hyperpermeability (as the C-terminal domain is
implicated in the membrane binding process). Due to
overlapping sites, the mAbs interaction will prevent the NS1
membrane complex formation, which is necessary for viral
replication and immune evasion. The difference observed in the
interactions of ZIKV and DENV NS1 homologues with the
membrane bilayers can also be exploited in designing novel
antibodies that can discriminate between ZIKV and DENV
infections. Apart from antibodies, small molecules are also
developed to inhibit the function of NS1. These small molecules
interact with the cavity formed between β-roll, subconnector,
and C-terminal domain residues (S/V5, D/S7, F/W8, S/K9, R/
K14, C/G16,V/I19, F/F20, I/I21, Y/T22, N/D23, V/V25, E/
R192, A/V194, W/W201, R/K214, L/F217).38,68 Most of the
small molecule interacting sites also overlap with the membrane
binding residues and hence, the interaction of small molecules
would also prevent the membrane affinity of NS1.
Apart from modulating the ER lumen to form the replication

complex, NS1 associates with HDL for triggering proinflamma-
tory responses.29,30,69 Yet, the biologically relevant structure of
NS1 in complex with HDL is still questionable. Recently, two
cryoEM studies have revealed that the NS1 dimers are anchored
to the surface of theHDL particle.29,32 Interestingly, NS1 dimers
are embedded in the HDL through their hydrophobic surface
and one end of β-ladder domain is available for antibody
binding/interaction. Such an asymmetrical interaction mode is
speculated to arise due to the interaction of NS1 with either a
lipid or APOAl protein. A similar asymmetrical interactionmode
was observed in our study, where only one C-terminal domain
interacts with the membrane. Also, both ZIKV and DENV
interact well with the cholesterol containing bilayers while ZIKV
NS1 shows higher affinity. Altogether, the atomic-level
interactions identified in our study highlights the importance

of NS1 interaction with the membrane and provide insights to
understand the interaction and localization of NS1 with HDL.

We have investigated the NS1 protein’s membrane-binding
properties using a homogeneous POPE bilayer. We should also
consider larger membrane patch to the influence of raft
formation and membrane-bending phenomenon. Membrane
remodeling by NS1 protein can be studied by employing coarse
grain models. These studies are currently in progress in our
laboratory.

■ CONCLUSION
Though the structural folds of ZIKV and DENV NS1
homologues are the same, their corresponding sequences
exhibit ∼50% sequence identity. Our findings reveal that
ZIKV and DENV NS1 proteins have different binding
preferences for different membrane compositions. Differences
in ZIKV and DENVNS1 sequences give rise to variation in their
electrostatic potential, which further influences their binding to
the membrane. This could be due to the differences in the ZIKV
and DENV NS1 sequences. As seen from the results,
electrostatic interactions along with the hydrophobic inter-
actions promote NS1 binding with the membrane. The stronger
membrane-binding property of ZIKV NS1 could be due to the
higher basic nature of its inner face than its counterpart in
DENV. The contribution of electrostatic interactions for NS1
binding to the membrane is more pronounced in ZIKV than in
DENV. Along with positively charged residues, they drive the
membrane interactions supporting the experimental study.70We
have identified key residues necessary for maintaining the NS1-
membrane complex from atomic-level interaction analysis, and
these findings are consistent with earlier mutational studies. The
greater interaction of ZIKV may be responsible for its enhanced
remodeling ability reported in the experimental study.25 These
interacting residues also match the predicted epitope locations
on NS1,71,72 particularly the intertwined loop regions (residues
108−129), the α/β subdomain of wing domain (residues 70−
84), the C-terminal domain regions (residues 257−274), and
the peptide inhibitor binding sites on the β-roll and C-terminal
domain. Despite the fact that the domains of ZIKV and DENV
NS1 interacting with the membrane are structurally similar, the
nature of their stabilizing contacts differs due to the differences
in the residues present in these domains. As a result, the strength
of binding with membranes of various compositions also
changes. We speculate that variations observed in binding
with lipid membranes are likely to allosterically modulate the
viral replication process and in turn influence other properties.
The findings have implications for the development of novel
antibodies and possible drugs which will disrupt these
interactions and design flaviviral specific treatment methods.

■ ASSOCIATED CONTENT
Data Availability Statement

In this study, we have used the experimentally determined
crystal structures of NS1 proteins from Zika and Dengue viruses
with PDB codes 5K6K and 4O6B. These structures can be
downloaded from the Protein Data Bank (https://www.rcsb.
org/). Molecular dynamics simulations were carried out using
GROMACS ver 5.1 (https://www.gromacs.org/). The mini-
mized coordinates of each system, index files, topology and
molecular dynamics.mdp files are available in the GitHub
repository (https://github.com/ramasubbu-sankar/zika-virus-
NS1-MD). The data (MD trajectories) obtained in this work
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and the in-house scripts can be obtained from the authors of the
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