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ABSTRACT: Dengue virus (DENV) infection affects millions of
people and is becoming a major global disease for which there is no
specific available treatment. pep14-23 is a recently designed peptide,
based on a conserved segment of DENV capsid (C) protein. It
inhibits the interaction of DENV C with host intracellular lipid
droplets (LDs), which is crucial for viral replication. Combining
bioinformatics and biophysics, here, we analyzed pep14-23 structure
and ability to bind different phospholipids, relating that information
with the full-length DENV C. We show that pep14-23 acquires α-
helical conformation upon binding to negatively charged phospholipid
membranes, displaying an asymmetric charge distribution structural
arrangement. Structure prediction for the N-terminal segment reveals four viable homodimer orientations that alternatively shield
or expose the DENV C hydrophobic pocket. Taken together, these findings suggest a new biological role for the disordered N-
terminal region, which may function as an autoinhibitory domain mediating DENV C interaction with its biological targets. The
results fit with our current understanding of DENV C and pep14-23 structure and function, paving the way for similar
approaches to understanding disordered proteins and improved peptidomimetics drug development strategies against DENV and
similar Flavivirus infections.

Dengue virus (DENV) causes a mosquito-borne disease
that affects around 390 million people worldwide,

originating over half a million hospitalizations and 20 000
deaths every year.1,2 DENV is a member of the Flavivirus genus
of the Flaviviridae family, a taxon comprising several other
major human pathogens, such as the yellow fever virus, West
Nile virus, tick-borne encephalitis virus, and hepatitis C virus.3,4

DENV is transmitted between humans via the bite of Aedes
aegypti or Aedes albopictus female mosquitoes.5 Globalization of
trade and travel, besides increasing the virus distribution area,
also prompts the spread of the vector worldwide, together with
climate change.2,5 Aedes spp. mosquitoes reach now temperate
regions, including North America and Europe.6−8 This resulted
in recent autochthonous DENV transmission in France,
Croatia, and Portugal (Madeira island), demonstrating the
disease global reach.9−11

Dengue is the world’s fastest-growing tropical disease for
which there are no effective and specific treatments or
commercial vaccines,2,12 partially due to the lack of knowledge

on basic aspects of the viral life cycle.13 The virus is relatively
simple: it possesses only ten proteins, of which three are
structural and seven nonstructural proteins (for a review, see
refs 13 and 14). Of particular interest, as drug targets are the
structural proteins, namely, the capsid (C) protein, given the
variety of functions in which it is involved. Flaviviruses C
proteins have a clear structural function in the mature virion,
while also performing essential roles in the viral assembly and
encapsidation processes.15−17 Importantly, the interaction of
DENV C with host lipid droplets (LDs; intracellular deposits of
lipids associated with specific proteins) is required for
successful viral replication.16 Furthermore, drugs impairing
LDs biogenesis significantly inhibit viral production at the
particle assembly step of the replication cycle.16
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We recently characterized DENV C interaction with
LDs.18,19 This interaction was found to be strong and
dependent on the high intracellular potassium concentration.18

Limited proteolysis of LDs and atomic force microscopy
experiments show that DENV C-LDs interaction require LDs
surface proteins and that perilipin 3, also known as TIP47, is
the major protein ligand of DENV C on the LDs surface.18

DENV C-LDs binding was found to require a conserved
segment of the DENV C N-terminal region, which led to the
design of pep14-23.19,20 pep14-23 is a 10 amino acid residues
peptide based on a consensus motif between DENV C and
mosquito-borne flaviviruses C proteins (DENV C residues 14
to 23). This conserved motif contains residues functionally
relevant for DENV C interaction with LDs. pep14-23 therefore
partially corresponds to DENV C intrinsically disordered N-
terminal region (residues 1 to 26). This peptide binds LDs and
successfully inhibits DENV C-LDs interaction.19 DENV C
interaction with plasma lipoproteins was also studied. DENV C
interacts specifically with very low-density lipoproteins (but not
with low-density lipoproteins), which may allow the formation
of highly infectious lipoviroparticles.21 Interestingly, DENV C
binding to very low-density lipoproteins also requires K+, may
involve structurally similar proteins, and is also inhibited by
pep14-23.18−22

The pep14-23 peptide and the N-terminal region of DENV
C in which it is based are thus extremely relevant for drug
design and deserve further study. Here, we found that pep14-23
binds to anionic phospholipids, acquiring α-helical conforma-
tion. We then established its tridimensional structure via
nuclear magnetic resonance (NMR) spectroscopy. Following,
we evaluated these data in the context of the possible protein
structures for DENV C N-terminus and analogous sequences in

similar autoinhibitory proteins. The results show that pep14-23
and the corresponding section of the DENV C N-terminal may
acquire α-helical conformations that can inhibit the hydro-
phobic core of the C protein from interacting with lipid
systems, suggesting future improved inhibition strategies.

■ RESULTS AND DISCUSSION

DENV C N-Terminal Region May Become α-Helical. An
in silico analysis of DENV C hydrophobicity (Figure 1A) and α-
helical secondary structure (Figure 1B) propensity was
performed in the context of the secondary structure
experimental information available (Figure 1C, previously
determined by NMR23). In Figure 1A, negative local minima
indicate hydrophilic regions, while positive local maxima
suggest hydrophobic regions. The predicted hydrophobicity
data match with the experimental information.23 The most
hydrophobic region corresponds to residues 44 to 66, which
includes α-helix 2 and are part of a conserved central
hydrophobic pocket. The α-helix 4, an heavily charged C-
terminal section, is not predicted to be hydrophobic, as
expected. The regions corresponding to α-helices α1, α3, and
α4, and intermediate loops display an hydrophobicity around 0,
indicating amphiphilic regions. Regarding the N-terminal
region, a more complex picture emerges. The first N-terminal
residues are charged and possess little affinity toward
hydrophobic systems. However, the residues that correspond
to pep14-23 (blue shadowed in Figure 1) show an oscillation in
the hydrophobicity profile, with a maximum value close to −0.3
at Asn14 and a minimum close to −3 at Arg20. Essentially, the
first half of the pep14-23 homologous sequence is mostly
hydrophobic, while the second half is more polar. Given this
amphipathic nature, it may interact with lipid systems. Since

Figure 1. Predicted hydrophobicity and α-helical propensity compared to the experimental DENV C structure. (A) Predicted hydrophobicity and
(B) α-helical structure propensity (red shadowed areas) were determined for DENV C sequence and compared to (C) the experimentally
determined secondary structure of DENV C residues 21 to 100 (PDB ID: 1R6R,23 residues 1 to 20 have not been assigned to any experimental
structure), where gray bars correspond to α-helical domains (α1, α2, α3, and α4) and black lines stand for residues within loops. The blue shadowed
area limited shows an amphipathic behavior with a tendency toward forming an α-helical structure, here named α0. The section within dashed lines
corresponds to the region similar to pep14-23.
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peptide secondary structure can be significantly affected by lipid
membranes (reviewed elsewhere24,25), the α-helix propensity of
the full-length 100 amino acids DENV C protein was also
studied (Figure 1B) and compared with the section of DENV C
for which there is experimental structural information (residues
21 to 100, Figure 1C). Regions where α-helix conformation was
experimentally observed23,26 are predicted to possess α-helical
structure (values higher than 1; red shadowed areas of Figure
1), showing good agreement between theoretical and
experimental data. Regarding the N-terminal region of DENV
C for which there are no experimental data available, the
predictions show that it also may acquire α-helical structure,
especially in the region corresponding to residues 14 to 22,
which we labeled as a hypothetical α-helical region “α0” (Figure
1B; blue shadowed column). This theoretical helical region is
conserved in other mosquito-borne flaviviruses’ capsid
proteins19 and practically superimposes with pep14-23
sequence. pep14-23 may therefore be able to interact with
lipids and acquire an α-helical conformation. This hypothesis
was directly tested by studying pep14-23.
Anionic Phospholipids Convert pep14-23 to α-Helix.

The ability of pep14-23 to interact with phospholipids was
evaluated both with 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
choline (POPC; zwitterionic) and 1-palmitoyl-2-oleoyl-sn-
glycero-3-phospho-(1′-rac-glycerol) (POPG; negative net
charge). Peptide binding to POPG monolayers and bilayers
was analyzed by tensiometry and zeta potential (Figure 2A and

B, respectively). In our study, tensiometry was used to measure
the variation of the surface pressure (ΔΠ) of phospholipid
monolayers caused by the interaction (or insertion) of the
peptide. Zeta potential was employed to measure the surface
charge density distribution changes. Both ΔΠ and zeta
potential show that pep14-23 interacts with POPG-containing
lipid systems (Figure 2A and B). Measurements show a
continuous ΔΠ increase upon the addition of pep14-23,
reaching a maximal surface pressure variation of 5.67 ± 0.14
mN m−1. Zeta potential analyses show the same: in the absence
of the peptide, POPG vesicles present a zeta potential of −43.7
± 1.5 mV. Peptide addition to the lipid vesicles increases the
zeta potential toward positive values up to −21.3 ± 1.1 mV at
the highest pep14-23 concentration tested. No interaction was
observed with zwitterionic POPC vesicles (not shown).
Having established that the peptide binds to negatively

charged phospholipid monolayers and bilayers, and given that
DENV C N-terminal region shows a tendency to form α-helix
(Figure 1B; “α0″, residues 14 to 22), we evaluated by circular
dichroism spectroscopy (CD) pep14-23 peptide secondary
structure in aqueous and membrane environments (Figure 2C
and Supporting Information Figure S1). First, we tested the
effect of phospholipids composition at a fixed large unilamelar
vesicles (LUV) concentration (Supporting Information Figure
S1A). CD spectra of pep14-23 were obtained at 0.5 mM lipid
concentration using vesicles composed of POPC only, POPG
only, and different POPC:POPG molar ratios (4:1, 3:2, and

Figure 2. pep14-23 interacts with anionic phospholipids acquiring α-helical structure. (A) Tensiometry analysis of POPG monolayers with the
addition of increasing pep14 23 concentrations in buffer containing Na+. (B) Zeta potential analysis of POPG LUV (bilayers) at 200 μM in buffer
containing Na+ ions with different pep14-23 concentration. (C) CD spectra of pep14-23 at 40 μM in the presence of different concentrations of
POPG LUV. (D) Comparison of the pep14-23 [θ] signal at 222 nm (a local minima for α-helices) at different lipid-to-peptide molar ratios, for LUV
with three different lipid compositions (all prepared in buffer containing Na+): POPG (●), POPG:POPC 1:1 molar ratio (■), and POPC (⧫). Solid
lines represent fits to the experimental data. Experiments were conducted in triplicate and data are represented as mean ± SD. Fitting equations and
calculated parameters are presented in Table 1. See also Supporting Information Table S1 and Figures S1 and S2.
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1:1). It was observed that the most negatively charged pure
POPG vesicles induce a small α-helical conformational switch
at that concentration. To confirm the importance of lipid
composition, we assessed the effect of zwitterionic POPC
vesicles (neutral net charge). It was clear that, even at high
concentrations, pure POPC vesicles do no trigger a conforma-
tional change on pep14-23 (Supporting Information Figure
S1B). To further test the effect of negative lipid vesicles, we
evaluated POPC:POPG vesicles at a 1:1 molar ratio
(Supporting Information Figure S1C). POPC:POPG 1:1
vesicles clearly induce a conformational conversion of pep14-
23 to α-helix, especially at high total lipid concentrations
(Supporting Information Figure S1C). This phospholipid
negative charge effect is further confirmed and more
pronounced when vesicles composed only of the negatively
charged POPG are employed (Figure 2C). Not only a similar
switch of pep14-23 from random coil to α-helix is observed
with pure POPG vesicles but that also occurs at lower lipid
concentrations (Figure 2C). In Figure 2D, we integrate this
structural information by plotting the ellipticity signal ([θ]) at
222 nm (one of the minima of the α-helix, where any noise that
may occur at the lower wavelengths for the highest lipid
concentrations is also avoided) as a function of the lipid-to-
peptide molar ratio, for different membrane compositions. The
effect of negatively charged lipids on pep14-23 conversion to α-
helix is clear (Figure 2D). The corresponding parameters for
the fitted curves displayed in Figure 2D are detailed in
Supporting Information Table S1. The half-maximal effects for
the pep14-23 α-helical conversion in POPG and POPC:POPG
1:1 vesicles were, respectively, at 627 ± 59 μM and 2703 ± 233
μM of phospholipid (POPC vesicles induced no change). The
conformational conversion of pep14-23 from random coil to α-
helix is thus 4.3-fold lower when interacting with POPG:POPC
1:1 than with vesicles composed of pure POPG (see
Supporting Information Table S1) and does not occur in the
presence of vesicles composed only of POPC, even at lipid
concentrations up to 10 mM. The data shows that electrostatic
forces play a significant role in the positively charged pep14-23
(net charge +5) interaction with negatively charged POPG
vesicles. This supports the role of anionic phospholipids in
pep14-23 (and DENV C N-terminal region) interaction with
lipid systems, including the negatively charged LDs.18,19

It was recently established that potassium ions are necessary
for DENV C interaction with LDs.18 Therefore, we evaluated
the effects of K+ and Na+ in pep14-23 binding to anionic
membranes and α-helical conversion. Tensiometry (Supporting
Information Figure S2A) and zeta potential (Supporting
Information Figure S2B) measurements showed that the
peptide interacts both with monolayers and bilayers of POPG
in the presence of K+ ions similarly to what it does in the

presence of Na+ ions. Following previous approaches,18,27,28 the
data were fitted using the equations displayed in Table 1.
Briefly, lipid monolayers were tested by tensiometry measure-
ments and LUV were used both in zeta potential and in CD
measurements. The statistical comparison of the values
obtained with Na+ versus K+ buffers was performed through
an F-test to compare two possible fits, one assuming a given
parameter as being different for the distinct data sets and
another assuming that parameter to be equal between data sets.
Differences were considered significant if p < 0.05. As seen
from Table 1, the half-maximal effects show for all techniques
that there are no significant differences between the results
obtained for each ion. Regarding the tensiometry data, the
maximum ΔΠ obtained upon pep14-23 interaction is higher in
Na+ than in K+: 5.67 ± 0.14 and 4.55 ± 0.12 mN m−1,
respectively (Supporting Information Figure S2A and Table 1).
However, a similar half-maximal effect is observed (4.63 ± 0.34
μM and 4.84 ± 0.45 μM for Na+ and K+, respectively), with a
difference of only 4.5% between each ion, which is not
statistically significant (Table 1). The small differences on
ΔΠmax observed between Na+ and K+-containing buffers may
be explained by the difference in ion size, which may affect the
packing of the lipid monolayer, as suggested by previous
works.29,30 Regarding zeta potential data, Δζ values also show
no difference between the two cations: 26.5 ± 0.95 mV for Na+

and 27.4 ± 1.34 mV for K+ buffer (Table 1 and Supporting
Information Figure S2B). The difference in half-maximal effect
between ions is also not statistically significant (31.9 ± 3.3 μM
and 33.5 ± 4.9 μM for Na+ and K+, respectively). These Δζ
values imply an apparent lipid to peptide ratio of 6.3 ± 0.7 in
Na+ and 6.0 ± 0.9 in K+ at the half-maximal effect. CD studies
of pep14-23 secondary structure also show no statistically
significant difference for POPG vesicles in Na+ or K+-
containing buffers, with the apparent lipid to peptide ratio at
half-maximal effect being 15.7 ± 1.5 in Na+ and 13.2 ± 1.2 in
K+. These half-maximal effect values derived from CD data
compare very well with those obtained via Δζ analysis. In
addition, the minimum of the ellipticity for both ion conditions
is very similar, without any statistically significant difference:
−9.83 ± 0.22 × 103 deg cm2 dmol−1 Res−1 and −9.60 ± 0.21 ×
103 deg cm2 dmol−1 Res−1, for Na+ and K+, respectively (Table
1 and Supporting Information Figure S2C). Strictly regarding
pep14-23 membrane binding and α-helical conversion proper-
ties, sodium and potassium ions seem to be associated with very
similar behavior.

pep14-23 Shows an α-Helical NMR Structure. To
further confirm the α-helical tendency of pep14-23, we used
NMR spectroscopy to determine the structure of pep14-23 in
the presence of dodecylphosphocholine (DPC) micelles
(Figure 3; statistics details are available in Supporting

Table 1. Fit Equations, Parameters and Statistical Comparison of pep14-23 Interaction with POPG Monolayers and Bilayers
(LUV) in Na+ and K+ Buffersa

technique fitting equation parameter Na+ buffer K+ buffer p

tensiometry ΔΠ = ΔΠ
+

[P]
K [P]

max

D
app

ΔΠmax (mN m−1) 5.67 ± 0.14 4.55 ± 0.12 <0.0001
KD

app (μM) 4.63 ± 0.34 4.84 ± 0.45 0.76
zeta potential ζΔ = ζΔ

+
[P]

K [P]
max

D
app

Δζmax (mV) 26.5 ± 0.95 27.4 ± 1.34 0.58
KD

app (μM) 31.9 ± 3.3 33.5 ± 4.9 0.78
circular dichroism θΔ = θΔ

+
[ ] [ ] [L]

K [L]
max

D
app

Δ[θ]max (×103 deg cm2 dmol−1 Res−1) −9.83 ± 0.22 −9.60 ± 0.21 0.44
KD

app (μM) 627 ± 59 527 ± 48 0.17
aFollowing previous approaches,18,27,28 the data were fitted using the equations displayed below. The half-maximal effect (KD

app) represents an
apparent binding constant (not directly comparable between techniques). Values are presented as mean ± SEM. See also Figure 2.
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Information Table S2). As the corresponding DENV C
domain, the peptide is intrinsically disordered in aqueous
solution (Figure 2C) but gains structure upon binding to the
DPC micelles (Figure 3A), forming an α-helix spanning from
Met2 to Ala6. This α-helix has a moderate amphipathic nature
(Figure 3B−E), with Met2, Leu3, Ala6, and Val10 at one side of
the helix, probably facing the hydrophobic environment of the
micelle, and the hydrophilic residues either facing the aqueous
environment or with the positively charged residues (Lys4,
Arg5, Arg7, and Arg9) establishing Coulombic interaction with
the phosphate of the DPC phosphocholine group. The polar
residue Arg7 is at the same side of the helix as the hydrophobic
residues (Figure 3C), leading to a break in the α-helix at this
position (Figure 3B), as it can be noted by the Hα and Cα
chemical shift difference (ΔδHα and ΔδCα, respectively, Figure
3A). The same was observed from Φ and Ψ dihedrals predicted

using the DANGLE software.31 The negative values of ΔδHα
concomitant with positive values of ΔδCα in more than three
consecutive residues clearly suggest an α-helical structure,32

corroborating the CD data (Figure 2C and D, and Supporting
Information Figure S2C and D). Interestingly, despite the
missing ΔδCα, the peptide has a kink in residue Arg7, as
suggested by the ΔδHα ∼ 0 ppm and by the structure
calculations (which take into account NOE-derived distance
restraints). In spite of this, the α-helical peptide structures still
show an amphipathic character with an asymmetric surface
charge distribution (Figure 3D−E). The positive charges
aligned on one side of the α-helix may facilitate the observed
interaction with negatively charged phospholipid model
membranes.

DENV C N-Terminus Alternative α-Helical Conforma-
tions. It is clear that pep14-23, a proxy for the DENV C N-
terminal region, binds negatively charged phospholipids, and
converts to α-helical structure independently of Na+ and K+

ions. The region of DENV C corresponding to pep14-23
sequence is described as intrinsically disordered in solution.19,23

This is a major obstacle to experimental structural studies based
on NMR or X-ray crystallography, being the reason for the first
20 amino acid residues of DENV being missing from the
available NMR structure.23 To circumvent this problem, the
possible tertiary structure(s) that this DENV C region may
assume were predicted via I-TASSER (Figure 4).33 The
experimental DENV C NMR structure available (Protein
Data Bank (PDB) ID 1R6R23), used as a seed template, is
shown as ribbon structure in Figure 4A, displaying the
homodimer structure formed by residues 21−100. For the N-
terminal segment (amino acid residues 1−20), the tertiary
structure prediction was made ab initio. As expected, the region
encompassing residues 21 to 100 has a folding arrangement
coincident with the experimental DENV C structure (Figure
4A and gray ribbon structure of Figure 4B). Interestingly, for
the N-terminal segment, four feasible possible orientations in
the context of the homodimer were obtained. These are
represented in Figure 4B (blue, red, yellow, and green ribbon
structures; see also Supporting Information Figure S3),
superimposed with DENV C experimental homodimer
structure (gray ribbon structure). It is clear that this N-terminal
segment of DENV C can be in various structural arrangements,
which is compatible with the previously reported absence of a
unique structure for the N-terminal region.19,23 It is possible to
cluster the generated conformers in two groups: one in which
the hydrophobic pocket formed by the α2-α2′ interface is
exposed to the solvent, and the other in which the α2-α2′
region is shielded by the N-terminal segment (Figure 4B and
Supporting Information Figure S3, green- and blue-shadowed
conformers, respectively). These alternating closed and open
conformations also make sense in terms of the surface charge
distribution resulting from the dimer structures formed by such
conformers (Supporting Information Figure S3, bottom row).
Importantly, the α-helical orientations predicted for the DENV
C N-terminal region (Figure 4) are consistent with the
postulated α-helical content of the pep14-23 region (Figure
1) and with pep14-23 experimental structural data (Figures 2
and 3). The existence of alternating conformations is also
supported by the dynamic and flexible behavior of this
region.19,23,26 Given the limitations in exploring this possibility
via experimental methods, to further analyze the stability of the
proposed DENV C autoinhibited conformation, a molecular
dynamics (MD) simulation on the proposed autoinhibited

Figure 3. Structure of pep14-23 evaluated by NMR in the presence of
DPC micelles. (A) Hα and Cα chemical shift difference (Δδ = δmeasured
− δrandom coil)

32 of pep14-23 residues upon its interaction with DPC
micelles. Unassigned chemical shifts are marked with asterisks. Amino
acid residues from 2 to 6 correspond to the α-helical segment
determined from the consensus between Hα and Cα chemical shift
differences and DNANGLE predictions (structure calculation statistics
are available in Supporting Information Table S2). Ribbon (B and C)
and surface (D and E) representations of the overlay of the 10 lowest
energy structures of pep14-23 in the presence of DPC micelles,
determined by solution NMR spectroscopy at a DPC to pep14-23
ratio of 200. Hydrophobic side chains are colored red, while
hydrophilic side chains are in blue.
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Figure 4. Predicted tertiary structures for DENV C N-terminal region provide insights to protein function. (A) Structure of DENV C (residues 21 to
100) determined by NMR (ribbon view; PDB ID: 1R6R). (B) In silico predictions of DENV C tertiary structure showing four possible orientations
for the N-terminal disordered region (residues 1−20; different conformations colored blue, red, yellow, and green) that fit into the experimentally
determined DENV C homodimer tertiary structure (gray). The blue conformation (blue shadowed area) is shielding the α2-α2′ region and, in this
manner, may autoinhibit DENV C interaction with a molecular target. This is in clear contrast with the green shadowed open conformers, where the
α2-α2′ region is exposed. (C) RMSD versus time correlation plots obtained from MD simulation (total time 40 ns). The left plot corresponds to
residues 1 to 20 in the closed (autoinhibited) DENV C N-terminal conformation. The middle plot corresponds to residues 1 to 20 in the open
DENV C N-terminal conformation. The right plot corresponds to residues 44 to 97 of DENV C homodimer (the conserved fold between WNV C
and DENV C protein structures19). The plot corresponding to residues 21 to 43 is similar to the plot of residues 44−97, being available in
Supporting Information Figure S4. The yy axis scale for time is presented on the left side while the RMSD color scale is on the right side. (D) DENV
C structure, with N-terminal residues 1−20 in the autoinhibited conformation, colored in blue, at several discrete time points of the MD simulation:
0 (initial structure), 5, 10, 20, 30, and 40 ns. Clearly, residues 1−20 in the closed (autoinhibited) conformation (blue) and residues 44−97 form
more stable structures over time, in contrast to residues 1 to 20 belonging to the open conformation.
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structure was performed (Figure 4C−D and Supporting
Information Figure S4). These MD simulations allow assessing
the stability of the hypothetical conformations. The results
indicate stable complexes for both the peptide-bound and the
autoinhibited DENV C variants. A starting structure for the
autoinhibited conformation was generated by aligning residues
21−100 of the blue model (Figure 4B) with the published
NMR structure of DENV C (1R6R23). Similarly, the open red
model (Figure 4B) was chosen as the starting point for the
other half of the C protein. Both were aligned with the
complementary chains of the 1R6R dimer to create the starting
structure for the full-length autoinhibited DENV C dimer
complex. As further detailed in the methods section and
Supporting Information, MD simulations were performed for
40 ns using Amber ff14SB interaction potentials at 1.0 bar and
300 K, following standard procedures.34−36 The results (Figure
4C−D and Supporting Information Figure S4) indicate stable
structures for the autoinhibited conformation (Figure 4C, left
plot, and Figure 4D, blue colored), with only a small variation
occurring through the course of the simulation. There is a
variation of RMSD at approximately 10 ns (Figure 4C, left
plot), which does not translate in major structural rearrange-
ment of the autoinhibited conformation (Figure 4D, blue
colored ribbon structure). This change can be traced to the
adaptation of the dimer partner in the contact area to residues
1−20 of the inhibiting monomer. After this adaptation is
complete, a stable conformational space is sampled by the
complex until the end of the simulation. These structural
models thus represent plausible variants for the autoinhibited
DENV C dimer conformation (which is thus a possible
transient structure for DENV C N-terminal region). Overall,
the α-helical structure is maintained, in agreement with the
literature data and the experimental findings reported here. As
such, it is likely that the DENV C N-terminal region may adopt
an α-helical structure, as observed for pep14-23. Moreover, a
swift conformational switch (such as the gain of α-helical
structure) is behind the physiological role of many similar
intrinsically disordered proteins,24,37 as discussed ahead.
Given all the above, pep14-23 may adopt a similar α-helical

structure and interact directly with DENV C hydrophobic
pocket. To evaluate this hypothesis, computational studies were
performed (Supporting Information Figure S5). A starting
structure for the DENV C-pep14-23 complex was obtained by
using an open model of the full-length DENV C dimer (as
displayed in Supporting Information Figure S3) and the pep14-
23 α-helical NMR conformation (shown in Figure 3B−E). The
Rosetta protein−protein docking package38 was employed for
docking the peptide onto the protein. The conformations with
best interaction scores were chosen as a starting point for MD
simulations of DENV C-peptide complex stability. These
simulations indicate the formation of a stable complex, as
seen from the analysis of two-dimensional RMSD plots
(Supporting Information Figure S5A-B). Furthermore, pep14-
23 docks into the hydrophobic pocket (Supporting Information
Figure S5C), within the same conformational space that the
DENV C N-terminal homologous region is expected to occupy.
Complementing this, NMR experiments for DENV C
interaction with pep14-23 (in the absence of phospholipids)
were performed (Supporting Information Figure S6). The
results show changes in chemical shift as a result of addition of
pep14-23, a good indication that DENV C is affected by the
peptide. Although many of the residues affected are arginines
and lysines, a number of other amino acid residues of the

DENV C N-terminal region seem also to be affected, namely,
Met15, Leu16 and Lys17. The peptide may therefore interact
with several regions of the DENV C protein, including the N-
terminal region and the hydrophobic pocket, as suggested by
the MD simulations. Importantly, the N-terminal residues
affected by the interaction with pep14-23 are within the
homologous 14-23 region of DENV C, belonging also to the
conserved 14NMLKR18 motif (similar to importin α auto-
inhibitory motif, discussed hereafter).

DENV C and pep14-23 Similarity to Importin α. The
highly dynamic behavior of DENV C N-terminal segment may
be important in the context of DENV C interaction with LDs,
which involves mostly α2 and N-terminal residues.16,19 pep14-
23 was designed based on this information and on an N-
terminal motif conserved among mosquito-borne Flavivirus C
proteins:19,20 14NML+R.18 Going further, structural analogy
comparison was used here to discover if a pep14-23 related
sequence could be found in other proteins. Searching via
BLASTp through the PDB database for domains with the
pep14-23 sequence (NMLKRARNRV), the only proteins
found within a meaningful E-value threshold were DENV C
and human importin α. If we search for the less restrictive
conserved motif (14NMLKR18), the only proteins for which a
structure has been deposited at PDB are again DENV C and
importin α. These similar sequences are found in the N-
terminal regions of both proteins. Therefore, understanding
importin α activity may give clues to the analogous DENV C
and pep14-23 sequences. Importin α is found in eukaryotic
cells, and its function involves binding target proteins in the
cytosol to carry them into the nucleus.39,40 The above-
mentioned pep14-23 and DENV C N-terminal-like motif
(46NMLKRRNV53) of importin α N-terminus serves to inhibit
itself when necessary.39−42 Coincidentally, this importin α N-
terminal motif undergoes a conformational change from
random coil to α-helical structure upon ligand binding.39−42

Such a conformational switch has also been described for other
intrinsically disordered protein domains,37,43−46 where struc-
tural changes are triggered by the ligand itself or by the ligand
microenvironment (e.g., biomembrane location).44,46 Similarly,
DENV C N-terminal region may also switch from mostly
unstructured to an ordered conformation, in accordance with
other dynamic flexible protein regions (reviewed elsewhere45).

Key Findings. The regions proposed to be affected by the
alternative conformations and the autoinhibition are the
hydrophobic cleft (helices α1 and α2 of both monomers)
and the N-terminal domain of DENV C. These are the same
regions shown by NMR to be affected when DENV C interacts
with lipid droplets.19 It is not unlikely that DENV C N-terminal
domain interacts with anionic LDs surface phospholipids for
specific functions, such as acquiring the proper conformation
for subsequent binding to LDs, required for successful viral
replication,16 opening the hydrophobic cleft for the binding to
perilipin 3, in agreement with previous data.18,19 This would
prevent unspecific or untimely interactions of the hydrophobic
cleft, opening up only when required. DENV C binding to
RNA, postulated to occur via the positively charged α4-α4′
region,23 may depend upon the alternation of the N-terminal
region between open and closed conformations. These
alternate conformations, by originating alosteric movements
within the dimer, may also play a role in modulating DENV C-
RNA binding. In other conditions, such as within the highly
condensed nucleocapsid environment,13,15 DENV C would
need to adopt most compact and reduced dimensions
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(provided by the autoinhibited conformation), namely to
successfully bind RNA and be closely packed inside the mature
virion structure. Importantly, intrinsically disordered protein
domains are a common way for increasing the functional
activity of viruses and other organisms.47−49 These conforma-
tional variants would thus provide greater functional diversity
to a reduced proteome of three structural and seven
nonstructural proteins.
The approach followed may inspire similar strategies to

determine the structural function of other intrinsically
disordered proteins, difficult to study by other approaches. As
suggested by the predictions (Figure 1), pep14-23 binds to
anionic phospholipids, acquiring α-helical conformation
(Figure 2 and Supporting Information Figure S2). Further-
more, pep14-23 NMR structure reveals a distinct charge
distribution in the presence of lipid micelles (Figure 3). In silico
studies of the DENV C N-terminal region (Figure 4) support a
model by which it alternates between different orientations.
The DENV C segment comprising residues 14 to 23 contains
several important residues involved in the interaction with LDs,
namely the NML+R motif.19 This motif is similar to the
importin α autoinhibitory motif, supporting a parallel auto-
inhibitory role for that DENV C section. As previously shown,
pep14-23 has a clear inhibitory effect on DENV C in vitro.19

Here, it is demonstrated that pep14-23 and the DENV C N-
terminal α-helical region in which it is based match the
autoinhibitory sequence of importin α. This, together with the
previous data reported in the literature and the experimental
data and MD simulations presented here suggests the
occurrence of alternative N-terminal structural arrangements
(Supporting Information Figure S3). These alternative con-
formers would modulate α2-α2′ interface accessibility, in
agreement with our current understanding of DENV C
structure−activity relationship, providing a molecular level
explanation for the interaction of DENV C N-terminus and α2-
α2′ interface with LDs and very low-density lipoproteins.18,19,21
pep14-23, which is based on the DENV C N-terminal region
involved in the interaction with LDs,19 may outcompete the
homologous region of the viral protein. The data advance the
understanding of DENV C function and sustain the use of
peptides based on the capsid protein N-terminal region, with
different α-helical propensities, as inhibitory drug leads. This
promising avenue of research yielded excellent results in the
past, since different peptides and peptide analogues are effective
against other viruses, such as HIV and hepatitis C virus.31,50−52

To conclude, given the similarity between mosquito-borne
flaviviruses capsid proteins,19 the information gathered may
lead to future drug development strategies targeting related
flaviviruses.

■ METHODS
Computational Methods. As detailed in the Supporting

Information, ProtScale (http://web.expasy.org/protscale/), I-TASSER
(http://zhanglab.ccmb.med.umich.edu/I-TASSER), and BLASTp
(http://blast.ncbi.nlm.nih.gov/) Web servers were employed for,
respectively, hydrophobicity and α-helical propensity predictions,
tertiary structure prediction and, finally, sequence similarity search.
To further validate the stability of the proposed autoinhibited
conformation of DENV C, MD simulations were performed as fully
detailed in the Methods section of the Supporting Information.
Chemicals. The peptide pep14-23 (H-NMLKRARNRV-NH2),

rationally designed by us and protected under a patent Nr WO/2012/
159187,20 was custom synthesized by JPT Technologies GmbH
(Berlin, Germany) and Schafer-N (Copenhagen, Denmark), with

>95% purity, as confirmed by reverse-phase HPLC and ESI-MS
analysis. No difference was observed between different batches of
peptide or from different suppliers. POPC and POPG were obtained
from Avanti Polar Lipids (Alabaster, AL, U.S.A.), and DPC from
Cambridge Isotopes (Tewksbury, MA, U.S.A.). Unless otherwise
stated, all other chemicals and reagents were purchased from Sigma-
Aldrich (St. Louis, MO, U.S.A.). The buffers used in all experiments
contained 50 mM NaH2PO4 pH 7.4, with 100 mM NaCl (Na+ buffer)
or the same concentration of KCl (K+ buffer). LUV of phospholipids
were prepared by extrusion methods, as described in full detail in the
Supporting Information.

Tensiometry. Changes on the surface pressure of pure POPG lipid
monolayers induced by pep14-23 were measured on a Nima
Langmuir−Blodgett trough ST900 (Coventry, U.K.), at constant
temperature (25 ± 0.5 °C). A solution of POPG in chloroform was
spread on the surface of Na+ or K+ buffer contained within a Teflon
recipient of a fixed surface area, until a stable surface pressure of 25.5 ±
0.5 mN m−1 was reached, after solvent evaporation. Peptide solutions
were injected into the subphase and the variations on the surface
pressure of the lipid monolayer were followed during the time
necessary to reach a constant value. The initial 25.5 ± 0.5 mN m−1

surface pressure was chosen in order to be above the surface pressure
of the air−water interface upon injecting the largest peptide
concentration in the absence of lipid (15 mN m−1). This ensures
that changes in the lipid monolayer surface pressure after peptide
injection are only due to the peptide action. All conditions were
assessed independently and in triplicate.

Zeta Potential. Zeta potential (ζ) measurements were carried out
on a Malvern Zetasizer Nano ZS device following established
procedures,18,19,53 fully detailed in the Supporting Information.

Circular Dichroism Spectroscopy. CD measurements were
carried out in a JASCO spectropolarimeter J-815 (Tokyo, Japan),
using cuvettes of 1.0 mm path length. Spectra were acquired between
195 and 260 nm, at 25.0 °C, with data pitch of 0.2 nm, wavelength
sampling velocity of 200 nm min−1, data integration time of 1 s, and
performing at least 3 accumulations. Measurements were conducted
both in Na+ and K+ buffers, with different lipid concentrations up to 10
mM, with and without 40 μM of pep14-23. In addition to blank
subtraction, experimental instrument-related baseline drift was
corrected by subtracting to all spectra the average of the signal
between 250 and 260 nm. Spectra were normalized to mean residue
molar ellipticity (deg cm2 dmol−1 Res−1). For the data fits, [θ]0 values
(pep14-23 signal in the absence of lipid) were not significantly
different from −1 × 103 deg cm2 dmol−1 Res−1 and were thus set equal
to this value in all fits. All conditions were measured independently
and in triplicate.

NMR Spectroscopy. As lipid vesicles would be too large for
classical nuclear magnetic resonance studies, we employed dodecyl-
phophocholine micelles instead, following previous approaches, as
detailed in the Supporting Information.
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