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Dengue virus (DENV) infection is a growing public health threat with more than one-third of the world's popu-
lation at risk. Non-structural protein 4A (NS4A), one of the least characterized viral proteins, is a highly hydro-
phobic transmembrane protein thought to induce the membrane alterations that harbor the viral replication
complex. The NS4A N-terminal (amino acids 1–48), has been proposed to contain an amphipathic α-helix
(AH). Mutations (L6E; M10E) designed to reduce the amphipathic character of the predicted AH, abolished
viral replication and reduced NS4A oligomerization. Nuclear magnetic resonance (NMR) spectroscopy was
used to characterize the N-terminal cytoplasmic region (amino acids 1–48) of both wild type and mutant
NS4A in the presence of SDS micelles. Binding of the two N-terminal NS4A peptides to liposomes was studied
as a function of membrane curvature and lipid composition. The NS4A N-terminal was found to contain two
AHs separated by a non-helical linker. The abovementionedmutations did not significantly affect the helical sec-
ondary structure of this domain. However, they reduced the affinity of the N-terminal NS4A domain for lipid
membranes. Binding of wild type NS4A(1–48) to liposomes is highly dependent on membrane curvature.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Dengue virus (DENV) is an enveloped, positive sense single-stranded
RNA virus that belongs to the Flaviviridae, a family that includes other
major pathogens. The mosquito-borne DENV is the causative agent of
dengue fever, themost rapidly spreading arboviral disease in humans [1].

After entering the host cell via endocytic pathways [2], the viral RNA
is translated into a single polyproteinwhich is then processed by cellular
and viral proteases to produce the structural capsid (C), premembrane
(prM) and envelope (E) proteins and the non-structural (NS) proteins
ichroism; DENV, dengue virus;
CV, hepatitis C virus; NMR, nu-
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NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5 [3]. In contrast to the struc-
tural proteins, NS proteins, are not a part of the mature DENV particle,
however most of them were shown to be involved in viral replication.

DENVRNAsynthesis occurswithin replication complexes containing
essential NS proteins, such as NS5 the viral RNA-dependent RNA
polymerase, the viral RNA and host cell factors [4]. The replication
complexes are located within a virus-induced and endoplasmic reticu-
lum (ER)-derived complex membrane network [5,6] consisting of
interconnected lipid vesicles and convoluted membranes [7]. NS4A
localizes to theDENV replication complex andwas found to be sufficient
to induce host membrane alterations resembling the virus-induced
membrane rearrangements [3].

NS4A is a hydrophobic 16 kDa transmembrane protein containing
four predicted transmembrane segments (pTMSs) [3]. The C-terminal
pTMS, also known as the 2 K fragment, is a signal peptide for the ER
localization of NS4B and is not part of themature NS4A [8]. Experimental
evidence shows that the predicted TMS1 and 3 indeed span the
membrane. In contrast, pTMS2 does not span the membrane and is
thought to be imbedded in the luminal side of the ER membrane [3].
It is still unknown, how NS4A contributes to the substantial membrane
deformations that are required to form the membrane scaffold for
replication complex assembly.

Differentmechanisms have been described bywhich proteins can re-
model cellular membranes [9,10]. Insertion of amphipathic α-helices
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(AHs) into membranes is one of them. Embedding the hydrophobic face
of the AH into one leaflet of a bilayer causes asymmetry that can induce
local membrane curvature. Membrane curvature could also arise from
asymmetrically shaped integral membrane proteins or complexes, and
from oligomerization of membrane-bound proteins in or above the
polar lipid water interface [10]. A single membrane altering protein
may use more than one of these mechanisms to exert its activities [10].

Some AHs act as membrane curvature sensors. They bind mem-
branes in a curvature sensitive manner, which is important for mem-
brane curvature-dependent assembly or disassembly of protein
complexes and for vesicular transport [11].

AHs identified in various viral proteins were found to be essential
for viral replication, including hepatitis C virus (HCV) NS5A [12,13]
and NS4B [14–16] and Semliki forest virus nsP1 [17]. AHs in viral
proteins have been implicated in anchoring some of these non-
structural proteins to the membrane. It was speculated, that these
AHs could also be involved in the remodeling of intracellular mem-
branes to form the complex membrane structures that harbor the
viral replication complexes [4].

Secondary structure prediction indicates that the conformation of
the N-terminal amino acids 1–48 of NS4A should be dominated byα-
helices [18]. Furthermore, if the peptide would indeed form a regular
α-helix, 18 amino acid residue stretches in the N-terminal half of this
helix would have a significant amphipathic character with hydro-
phobic moments ranging from 0.3 to 0.4 (analyzed by Heliquest
[19] based on the hydrophobicity scale of Fauchere and Pliska
[20]). Helices with hydrophobic moments above 0.6 are considered
highly amphipathic [19].

To examine the functional relevance of AH formation, mutations
were introduced into the N-terminal region of NS4A with the aim
to preserve the tendency to form an α-helix, but reduce the hydro-
phobic moment of the putative helix in amino acids 3–20 [18].
When inserted in the context of a DENV reporter replicon these
NS4A mutations (L6E; M10E) abolished viral replication. These mu-
tations also reduced homo-oligomerization of NS4A, but did not af-
fect its localization [18]. Apparently, the N-terminal cytoplasmic
domain of NS4A is crucial for DENV replication. However, its exact
role is still unclear. In contrast to other viral proteins such as NS5A
from the related hepatitis C virus where the AH presents the sole
membrane anchor [12], DENV NS4A is a transmembrane protein
[3]. Thus it is unlikely that the AH of NS4A serves as a primary mem-
brane anchor. The fact that the mentioned AH mutations affect the
oligomerization of NS4A supports a possible role of this domain in
the induction of membrane curvature.

Experimental data on the three-dimensional structure of the
NS4A cytoplasmic N-terminal domain and on its interaction with
membranes are required in order to better understand the role of
this domain in viral replication. Structural analysis could assist in
answering the fundamental question if part of the N-terminal
domain of wild type NS4A indeed forms an amphipathic helix and
in assessing the structural consequences of the two introduced
mutations.

Previous circular dichroism (CD) data had indicated that about 40%
of the amino acids of both wild type and mutant NS4A (amino acids
1–48) peptides are located in α-helices in the presence of membrane
mimicking micelles [18]. However, the CD data did not provide the
sequence location and extension of these helices. In order to address
these questions peptides corresponding to the N-terminal domain
(amino acids 1–48) of wild type and mutant NS4A were recombinantly
produced. These two peptides were analyzed in membrane mimicking
micelles using liquid state NMR spectroscopy. CD and surface plasmon
resonance (SPR) experiments were used to study the interaction of
wild type and mutant NS4A (amino acids 1–48) peptides with lipo-
somes resembling the lipid composition of human ER membranes and
to test the influence of membrane curvature on the peptide membrane
interaction.
2. Materials and methods

2.1. Recombinant protein production

A peptide (SLTLNLITEM GRLPTFMTQK ARDALDNLAV LHTAEAGGRA
YNHALSEL) corresponding to the N-terminal 48 amino acid residues
of the non-structural protein NS4A of dengue virus serotype 2 (NCBI
Protein database accession number: NP739588) and a mutant version
of this peptide was recombinantly produced in Escherichia coli BL21
cells. The peptides were expressed as fusion proteins with a double
tag (GST and GB1 domains) preceding the amino acid sequence of the
peptide as described [21]. The double tag was removed by enzymatic
cleavage using TEV protease, resulting in an N-terminal serine in the
produced peptides. This serine matches the N-terminal amino acid of
DENV NS4A, i.e., the studied peptides do not contain any additional res-
idues. Uniform isotope labelingwith 15N or 13C, 15Nwas achieved by ex-
pression in M9 medium containing 15N ammonium chloride and 13C
glucose (Eurisotop, Saarbrücken, Germany) as the sole source of nitro-
gen and carbon, respectively. Unlabeled peptides were expressed in LB
medium. The mutant peptide NS4A(1–48, L6E; M10E) carries two
point mutations: L6E and M10E.

2.2. Lipids

Lipids were all purchased in chloroform solution from Avanti Polar
Lipids (Alabaster, AL, USA) including: 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC); 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
ethanolamine (POPE); 1,2-dioleoyl-sn-glycero-3-phospho-L-serine
(sodium salt) (DOPS); L-α-phosphatidylinositol of bovine liver (sodium
salt) (PI); sphingomyelin from chicken egg (SM); L-α-phosphatidic acid
from chicken egg (sodium salt) (PA); and cardiolipin of bovine heart
(sodium salt) (CL). Cholesterol (N99%) powder (Sigma-Aldrich,
Taufkirchen, Germany) was dissolved in chloroform at 10 mg mL−1.

Besides single component POPC membranes we studied two lipid
mixtures: a POPC/DOPSmixture at amolar ratio of 4:1 and amulticompo-
nentmixture resembling the composition ofmembranes in the ER [22]. A
synthetic ER lipid mix with the following components was used: POPC/
bovine heart CL/bovine liver PI/POPE/DOPS/chicken egg PA/chicken egg
SM/cholesterol with molar ratios of 59:0.37:7.7:18:3.1:1.2:3.4:7.8.

2.3. Nuclear magnetic resonance

NMR samples contained 1 mM [U-15N]- or [U-15N, 13C]-labeled
NS4A(1–48) or NS4A(1–48, L6E; M10E) in 50 mM sodium phosphate
buffer (pH 6.8), 10% (v/v) deuterium oxide, 0.03% (w/v) NaN3, with or
without 100 mM perdeuterated sodium dodecyl sulfate (SDS-d25).
SDS-d25 and 2H2O were obtained from Eurisotop.

NMR experiments were performed at 30 °C on Varian Unity INOVA,
VNMRS and Bruker Avance III HD NMR instruments, equipped with
cryogenic Z-axis pulse-field-gradient (PFG) triple resonance probes op-
erating at proton frequencies of 600, 800, and 900 MHz.

Resonance assignment of protein backbonewas accomplished using
a combined set of heteronuclear multidimensional NMR experiments:
2D (1H-15N)-HSQC [23,24], 2D (1H-15N)-BEST-TROSY (BT) correlation
[25], 2D (1H-13C)-HSQC [26], 3D HNCACB [27], 3D BT-HNCACB [28],
3D HNCO [29], 3D BT-HNCO [28], and 3D HNHA [30]. 1H and 13C chem-
ical shifts were referenced directly to internal DSS at 0 ppm and 15N
chemical shifts were referenced indirectly to DSS using the absolute
ratio of the 15N and 1H zero point frequencies [31]. NMRdatawere proc-
essed using NMRPipe, v.8.1 [32] and evaluated with CcpNmr v.2.3 [33]
and TALOS-N software [34].

Heteronuclear {1H}-15N NOEs (nuclear overhauser effects) were de-
rived from 2D spectra recorded at 18.8 T with or without 6 s of proton
saturation [35]. The heteronuclear NOE is the ratio of the integral peak
intensities of a given 1H-15N correlation measured with and without
saturation, respectively.
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2.4. Chemical shift-based analysis

The software program TALOS-N [34] predicts protein secondary
structure from experimental protein backbone 13Cα, 13Cβ, 13C′, 1Hα,
15N, and 1HN NMR chemical shift data and database knowledge.
TALOS-N classifies secondary structure either as helix (H), extended
strand (E) or coil (L) [34]. In addition, TALOS-N provides insight into
protein backbone dynamics based on the random coil index (RCI)
method. An empirical correlation between the model-free backbone
order parameter S2 [36] and protein backbone secondary chemical
shifts is exploited for deriving the order parameter RCI-S2 [37,38].

2.5. Small unilamellar lipid vesicles (SUVs)

SUVs were prepared by extrusion or sonication using either a single
lipid component or a synthetic mixture of different lipids. Appropriate
volumes of the lipid chloroform stocks were transferred to a glass test
tube at the desired molar ratios with a total amount of 5 mg of lipid
per sample. Chloroform was removed by passing a gentle stream of
nitrogen gas over the solution while slowly rotating the test tube,
resulting in a thin film of lipid on the inner wall of the tube. High
vacuum was applied for at least 3 h to remove chloroform traces. Lipid
films were suspended under vortexing in 500 μL of sodium phosphate
buffer (50 mM sodium phosphate, pH 6.8, 150 mM NaCl). Samples
were subjected to three cycles of freezing and thawing in liquid nitrogen
and a 60 °C water bath. Liposome solutions were passed 15 times or
more through a nuclepore polycarbonate membrane with nominal
pore diameter of either 30 or 50 nm (GE Healthcare, Freiburg,
Germany) using a handheld LiposoFast Extruder (Avestin Europe,
Mannheim, Germany) equipped with two 0.5 mL syringes. Sonicated
lipid vesicles were produced starting from SUV solution obtained by ex-
trusion through a 30 nm nuclepore membrane. Volumes of 500 μL per
sample were transferred to 1.5 mL Eppendorf tubes, kept on ice and
treated with a 3 mm microtip of a Branson 250 sonifier. Ten cycles of
sonication (20 s) and intermediate cooling (2 min) were applied.
Finally, the hydrodynamic radius of the liposomes was determined by
dynamic light scattering. Liposomes were checked for lipid degradation
products by thin layer chromatography (TLC) using Alugram SIL G
sheets (Macherey-Nagel, Düren, Germany) and a mobile phase of chlo-
roform, methanol, and aqueous ammonia (25%) in a volume ratio of
13:7:1.

2.6. Circular dichroism (CD)

CD dataweremeasuredwith a Jasco J-1100 instrument (Jasco, Groß-
Ulmstadt, Germany) at 30 °C using a QS quartz cell with optical path
length of 1 mm (Hellma, Müllheim, Germany). All samples were
prepared in 50 mM sodium phosphate buffer, pH 6.8, 150 mM NaCl.
Appropriate amounts of extruded or sonicated liposome stock and buffer
were supplementedwith peptide stock to give a final lipid concentration
of 10 mg mL−1, i.e., about 13 mM, in all liposome samples. Additional
samples contained peptide in buffer or micelles (100mM SDS). Concen-
tration of NS4A(1–48) or NS4A(1–48, L6E;M10E) peptideswas 40 μM in
all samples. Light scattering due to the large size of liposomes and light
extinction due to high concentration of chloride ions limited acquisition
of CD data to thewavelength range above 205 nm. CD data were record-
ed in continuous scanmode (scan speed 50 nmmin−1, bandwidth 1 nm,
integration time constant 0.5 s, accumulation of 5 scans). Appropriate
background spectra reflecting contributions from the buffer, liposome
or detergent solution were subtracted from each curve.

2.7. Surface plasmon resonance (SPR)

SPR data were collected with a Biacore X instrument using L1 sensor
chips (GE Healthcare, Freiburg, Germany). L1 chips were equilibrated
with 50 mM sodium phosphate buffer pH 6.8 for 30 min and then
stripped with short pulses (1 min at a flow rate of 20 μL min−1) of
20 mM CHAPS (3-((3-cholamidopropyl)-dimethylammonio)-1-pro-
pane sulfonate). The entire flow path was washedwith phosphate buff-
er. For liposome immobilization, the SUV solution (80 μL, with a
nominal lipid concentration of 2 mg mL−1, extruded through a 50 nm
nuclepore membrane) was injected at a flow rate of 2 μL min−1. Three
short pulses of 50 mM NaOH were applied at 10 μL min−1 in order to
remove loosely bound liposomes and to achieve a stable baseline. A
solution of 0.1 mg mL−1 bovine serum albumin (BSA, Sigma-Aldrich)
was injected for 1 min at a flow rate of 10 μL min−1 in order to block
potential non-specific ligand binding sites on the surface. Initial blank
injectionswith runningbuffer only andbindingexperimentswith30 μM
of theNS4Apeptidewere performed at aflow rate of 20 μLmin−1. In the
binding experiments the analyte solution was injected for 30 s (associ-
ation phase) followed by buffer injection for 100 s or longer (dissocia-
tion phase). A corrected sensorgram was obtained by subtracting the
sensorgram of the blank injection from that of the immediately
following binding experiment. Complete return of the response (RU)
signal to pre-injection level could not be achieved, neither by extending
the running buffer injection times to several hours nor by established
regeneration procedures such as high salt concentration or extreme
pH buffers. Therefore, the L1 sensor chip was completely stripped of
lipids and protein with repeated short pulses of 20 mM CHAPS until
the RU value became similar to the original values. Stripping was
repeated after every single binding experiment.

2.8. Dynamic light scattering (DLS)

Data were measured using the Dyna Pro instrument (Protein
Solutions, Lakewood, NJ, USA) equipped with a 3 mm path length
45 μL quartz cell. Liposome solutions (10mgof lipid permL)were dilut-
ed 100-fold with buffer (50 mM sodium phosphate pH 6.8, 150 mM
NaCl) directly after extrusion or sonication and measured immediately.
Datawere analyzedwith Dynamics V6 software distributedwith the in-
strument. Experimental data were fitted to the model of Rayleigh
spheres.

3. Results

3.1. NMR backbone signal assignment

Both wild type and mutant NS4A(1–48) peptides were analyzed
using liquid state NMR spectroscopy in the presence of 100 mM
SDS-d25. An almost complete backbone resonance assignment of the
two peptides was accomplished. In total, 98% of the expected reso-
nances of both NS4A(1–48) and NS4A(1–48, L6E; M10E) were identi-
fied. Resonance assignments for the two NS4A N-terminal peptides
have been deposited at the Biological Magnetic Resonance Data Bank
(BMRB) under accession numbers 25179 (wild type) and 25180
(mutant).

3.2. NMR-based secondary structure analysis

Highly resolved two-dimensional (1H-15N) correlation spectra were
obtained for both wild type and mutant NS4A peptides in membrane
mimicking SDS micelles (Fig. 1) and in detergent-free buffer at 30 °C.
The low spectral dispersion and the occupied range of 1HN chemical
shifts in the NMR spectra of both peptides in buffer (see Fig. 7 in [21])
are in agreement with a random coil conformational ensemble, which
was also suggested by earlier CD data [18]. Addition of SDS increases
the spectral dispersion and causes a clear upfield shift, in particular in
the proton dimension, for many of the observed cross-peaks, very likely
indicating the formation of secondary structure elements.

The experimental data was used for secondary structure prediction
employing the TALOS-N software package [34]. Fig. 2A displays the
resulting chemical shift-based secondary structure prediction for the
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two NS4A peptides. Solid and open bars indicate amino acids with heli-
cal secondary structure in the wild type (residues 5-to-9 and 15-to-31)
and mutant (residues 4-to-7 and 15-to-31) NS4A peptides in the
presence of SDS micelles. The height of the bars reflects the probability
of helical structure for the given residue. No indications for amino acid
residues in extended strand conformations were found. Prediction
was inconclusive for Pro14 (wild type) and for the N- and C-terminal
residues. All remaining residueswere assigned as “coil” by the program.
Clearly, addition of SDS causes formation of two helical segments,
designated helices 1 and 2, connected by an unstructured linker.
This conformation occurred both in the wild type and mutant NS4A
(1–48) peptides.

3.3. Backbone dynamics

RCI-S2 values reported by TALOS-N and heteronuclear {1H}-15N-
NOEs of the two NS4A peptides are presented in Fig. 2B and C, respec-
tively. The model-free backbone order parameter S2 [36] as well as
{1H}-15N-NOE-ratios reflect protein dynamics on the pico- to nanosec-
ond timescale [39]. The magnitude of the parameter values is sensitive
to small scale conformational fluctuations. Rigid secondary structure el-
ements are characterized by large RCI-S2 above 0.85 [38] and large pos-
itive {1H}-15N-NOEs ratios around 0.8 [40], while flexible residues show
significantly lower values. The data in Fig. 2 indicate a rather rigid α-
helix 2 with slightly increased dynamics at the C-terminus of helix 2
in both peptides. Rapid internal motions become increasingly promi-
nent in the following sequence: helix 1, interhelical linker, N- and C-
terminus of the peptide.

3.4. Interaction of NS4A peptides with immobilized liposomes

In an attempt to further assess the role of the N-terminal of NS4Awe
previously determined its ability to bind membranes using SPR
experiments [18]. Here SPR was used to further test the binding of
NS4A(1–48) and NS4A(1–48, L6E; M10E) peptides to lipid bilayers
modeling the lipid composition at the ER membrane [22].

Both the wild type and mutant peptides bound to the studied
liposomes. Association and dissociation of themain fraction of peptides
occurred on a rapid timescale, reflected by the fast rise and steep decline
of the response signal that immediately followed the beginning and the
end of analyte injection. Such fast dissociation is a characteristic of low
stability complexes. The maximum response of wild type peptide was
about sevenfold higher than that of the mutant (Fig. 3) indicating a
higher affinity of the wild type peptide towards the membranes.
Dissociation of the wild type peptide from the membranes was slower
than that of the mutant peptide. Furthermore, the wild type peptide
showed lipid-specific differences in the association and dissociation
kinetics (Fig. 3A). Both processes were more rapid for NS4A(1–48) bind-
ing to POPC and slower for peptide binding to ER mix and POPC/DOPS
membranes. It is conceivable, that peptide association to the liposomes
involves different mechanisms or binding sites with different affinity
and kinetics. The initial fast association and dissociation phases are appar-
ently followed by slower rising and declining responses, respectively
(Fig. 3). This behavior might be explained, for example, by peptide oligo-
merization that follows the initial rapid peptide binding to the liposome.
During the dissociation phase a large fraction of the liposome-associated
peptide is rapidly released, while some of the peptide molecules seem
to be irreversibly bound. These empirical observations are more
pronounced for the wild type peptide. The somewhat different height of
the response signals during association of a given peptide to the three
different membrane compositions studied (Fig. 3) are perhaps due to
differences in the amount of liposomes immobilized on each of the
three L1 chips anddonot necessarily reflect differences in peptide affinity.
In order to show that the SPR results are not due to non-specific direct
binding of the peptide to the chip, 0.1 mg mL−1 BSA immobilization
was used instead of liposomes. In these experiments, both NS4A peptides
yielded responses lower than 20 RU. This observation confirms that the
sensorgrams shown in Fig. 3 are not a result of non-specific interactions
of the NS4A peptides with the L1 chip. Taken together these results sug-
gest that the twopointmutations reduce the strength of liposomebinding
and/or the homo-oligomerization tendency of the NS4A(1–48) peptide.

3.5. Interaction of NS4A peptides with liposomes

CD spectroscopywas used tomonitor formation of helical secondary
structure upon NS4A peptide interaction with liposomes of different
lipid composition and surface curvature. CD spectra of α-helices show
two characteristic minima at 208 and 222 nm. The depth of the minima
increases with the helix content in the sample [41]. CD spectra of NS4A
wild type (left) and mutant peptides (right) in various environments
are presented in Fig. 4. CD data of NS4A peptides recorded in the
presence of liposomes or micelles are population-weighted averages
of the CD curves of free and bound peptide conformations in the corre-
sponding sample. Both peptides display less than 10% helical structure
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in buffer (Fig. 4, dashed black line) but the α-helix content increases to
about 36% (wild type) and 30% (mutant) upon addition of 100 mM SDS
(Fig. 4, solid black line) [18].
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Fig. 3. Surface plasmon resonance sensorgrams reflecting the interaction of NS4A wild
type (A) and mutant peptide (B) with immobilized liposomes composed of POPC
(black); POPC/DOPS (4:1) (blue), and a mix of lipids resembling human ER membranes
(red). Peptide injection started at time 0 s and lasted for 30 s.
Addition of extruded liposomes (hydrodynamic radius rh = 33 nm)
consisting of either POPC, POPC/DOPS (4:1), or a synthetic ER lipid mix,
respectively, to a final concentration of about 13 mM lipid
(10mgmL−1) resulted in an increase in the helicity of thewild type pep-
tide, but did not significantly affect the mutant CD data (Fig. 4, blue).
Almost identical but more noisy CD curves were obtained when using
extruded liposomes at the same lipid concentration but with rh =
48 nm instead of 33 nm (data not shown). When sonicated liposomes
(rh = 26 nm) instead of extruded ones were added at the same lipid
concentration (Fig. 4, red), higher helix content is found in the wild
type peptide samples. Only marginal changes occur with the mutant
peptide.

CD curves of wild type NS4A peptide in the presence of SDSmicelles
or either one of the three differently composed, sonicated liposomes
display high similarity (Fig. 4A, C and E). A possible interpretation of
the almost matching CD curves is a similar conformation and a similar
fraction of boundNS4A peptide in all four samples. If we further assume
that NS4A(1–48) binds all types of liposomes in an identical conforma-
tion, then it becomes clear from Fig. 4 that a significantly smaller
fraction of NS4A(1–48) binds to the larger (extruded) liposomes in
comparison to smaller (sonicated) ones. Apparently, NS4A(1–48)
binding to liposomes is sensitive to membrane curvature and shows a
steep dependence on liposome size when rh is close to 30 nm. The
difference in the lipid composition of the membranes used for the CD
measurements shown in Fig. 4 does not have a strong influence on
NS4A peptide binding. The mutant NS4A peptide shows no increase
in helical secondary structure upon addition of either extruded or
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sonicated liposomes at the lipid and peptide concentrations used in
these experiments.

4. Discussion

4.1. Implications of the NS4A peptide structure

We conducted the first characterization of the three-dimensional
structure and dynamics of the N-terminal 48 amino acid peptide of
DENV NS4A protein in membrane mimicking micelles. The amino acid
sequence of NS4A(1–48) shows an intrinsic bias for α-helix formation.
Application of multiple secondary structure prediction algorithms re-
sults in a consensus structurewith three helices, encompassing residues
4–10, 15–35, and 40–47 of NS4A(1–48) [18]. In the case of the NS4A
mutant peptide, different algorithms strongly disagree on length and
position of themost N-terminal helix. Very little, if any secondary struc-
ture was experimentally detected for the NS4A peptides in aqueous
buffer devoid of membranes and detergent micelles. Addition of mem-
brane mimicking SDS micelles induced formation of two helices in
each of the peptides. The predicted N-terminal helix 1 in the wild type
peptide almost matches the NMR data. The experimentally determined
helix 2 (amino acid residues 15–31) is slightly shorter than the predic-
tion (residues 15–35). The third predicted helix could not be experi-
mentally confirmed under the conditions used.

Helices 1 and 2were found to be connected via an unstructured linker.
Reduced RCI-S2 values of the amino acid residues in the linker (Fig. 2B)
indicate higher dynamics in comparison to the helices. According to our
results the starting point of helix 2 is Tyr15. Interestingly, the preceding
residue is a proline (Pro14). Proline has the lowest helix propensity
among all 20 naturally occurring amino acids due to both its unique
geometry and the lack of an amide hydrogen required for helix stabilizing
hydrogen bonding [42]. The relatively few proline residues found in the
interior ofα-helices cause a disruptionor a kink of the helix because steric
restrictions prevent proline from forming canonical α-helical geometry
[43]. Mutation of Pro14 to alanine in the context of a DENV reporter
replicon abolished viral replication [18]. This mutation may cause an
N-terminal extension of α-helix 2, since alanine is the amino acid with
highest helix propensity [42]. It is conceivable that the separation of
helices 1 and 2 by a flexible linker or at least a kink is a crucial require-
ment for functional interaction of NS4Awithmembranes and/or proteins.
Interestingly, a recent study showed that a specific interaction between
the N-terminal of NS4A (amino acids 1–50) and cytoskeleton protein
vimentin is crucial for correct regulation of DENV replication complex
construction [44], indicating that this idea is feasible.

The observed helices display an amphipathic character. A regular
α-helix formed byNS4Aamino acid residues 15–31 (helix 2) has amod-
erate hydrophobic moment b μh N of 0.287 (http://heliquest.ipmc.cnrs.
fr) [19]. However, the central 13 amino acid residues of this α-helix
display a very strongly amphipathic character (bμh N = 0.512). Helical
wheel plots of the very short helix 1 of wild type and mutant NS4A,
respectively, reveal distinct polar and hydrophobic faces, too. However,
the two mutations of hydrophobic amino acids Leu6 and Met10 to an-
ionic glutamate cause a counterclockwise rotation of the hydrophobic
face of this short helix by ~45°, perhaps explaining the observed shift
of helix 1 by one residue along the sequence. Acknowledging the am-
phipathic character of the experimentally identified helices 1 and 2,
they will be referred to as AH1 and AH2 of dengue virus protein NS4A
in what follows.

Dengue virus carrying the twomutations L6E andM10E in the NS4A
protein is replication-deficient. However, the structural consequences
of the two mutations are rather small in the micelle bound peptide
and appear to be limited to the N-terminal AH1, which includes one
and is very close to the second mutation site. Most likely, AH1 extends
from Asn5 to Glu9 in wild type NS4A(1–48) and from Leu4 to Ile7 in
the mutant. In addition to its apparent shift by one residue towards
the N-terminus, helix 1 of the mutant shows a lower helix probability
for the individual amino acid residues and has lower order parameters
indicating increased conformational fluctuations in comparison to the

http://heliquest.ipmc.cnrs.fr
http://heliquest.ipmc.cnrs.fr
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wild type sequence (Fig. 2A, B). Taken together these small changesmay
reflect a reduced free energy gain uponmicelle binding of themutant as
compared to thewild type peptide. Nevertheless, at the high concentra-
tion of potential peptide binding sites present at 100 mM SDS, a large
fraction of both wild type and mutant peptide binds and shows
α-helix formation. The dramatically different amounts of helical confor-
mation observed in the wild type vs. mutant peptide upon addition of
liposomes (cf. Fig. 4) are perhaps caused by a reduced membrane affin-
ity of the mutant in comparison with the wild type peptide.

Putative AH forming peptides are often unstructured in aqueous
buffer while addition of liposomes or detergent micelles induces helix
formation. SDS micelles and lipid bilayers both have a polar head
group water interface and a hydrophobic interior. Differences between
the two membrane mimics include the nature of the head groups and
hydrocarbon chains as well as the surface curvature. Micelles are highly
dynamicwith continuous exchange of detergentmolecules between the
monomeric andmicellar state. NMRprovides a detailed characterization
of the structure and dynamics of micelle-bound peptide. However,
membrane- andmicelle-boundpeptide conformations are not necessar-
ily identical. Similar CD data of the wild type NS4A peptide in SDS mi-
celles and sonicated liposomes (Fig. 4) are merely an argument for
similar structures of the bound peptide in both systems. The experimen-
tally determined structure of NS4A(1–48) in SDSmicelles serves as a hy-
pothetical model of the membrane-bound peptide structure.

4.2. NS4A(1–48) binds preferentially to highly curved liposomes

A protein might bind to a membrane without undergoing a confor-
mational change. On the other hand, the increase of helical secondary
structure of the wild type NS4A(1–48) observed upon addition of lipo-
somes clearly indicates binding. Assuming a partially helical
membrane-bound and an almost random coil unbound NS4A(1–48)
conformation, we can use the degree of helicity reflected in the CD
curves of wild type NS4A(1–48) as an indicator of peptide binding to
liposomes. The CD data in Fig. 4 suggest preferential binding of
NS4A(1–48) to the convex face of highly curved lipidmembranes. Inser-
tion of hydrophobic amino acid side chains into tightly packed mem-
branes is energetically less favorable than intercalation into existing
lipid bilayer packing defects. Such defects are abundant in the strained
outer leaflet of small liposomes and have been implicated in curvature-
dependent binding of a number of AH motifs to membranes [11,45,46].

The L6E; M10E mutations reduced the affinity of the N-terminal
NS4A peptide for immobilized liposomes (Fig. 3) and virtually aban-
doned helix formation upon addition of all liposome types tested in
the CD experiments (Fig. 4). Variation of the lipid composition had
only small effects on the interaction of NS4A(1–48) with liposomes in
comparison to the introduction of mutations (L6E; M10E) or the influ-
ence of membrane curvature (Figs. 3 and 4). Exploration of the more
subtle effects of membrane composition will require additional system-
atic and quantitative studies.

4.3. Potential role of curvature sensing motif in NS4A(1–48)

NS4A localizes to the ER and to virus-induced ER-derived mem-
branes. Individual expression of DENV NS4A lacking the 2 K fragment
was previously shown to be sufficient to induce comparable membrane
alterations [3]. Our results may suggest a role for NS4A in the formation
of highly curved membrane entities. Such entities occurring during
DENV replication were previously described as vesicular structures
that are ~80 to 90 nm in diameter. These vesicles show tubular connec-
tions to the cytoplasmwith a radius of ~10nm [7,47]. The N-terminus of
NS4A maps to the cytoplasmic side, i.e., the inner side of these struc-
tures. Both spherical vesicles and tubules are concave on the inner
side. However, a more complex, saddle-shaped geometry with both
negative and positive curvature occurs in neck regions connecting ves-
icles and tubules [9]. The vesicular structures are thought to develop
from invaginations of the ER membrane. Recent molecular dynamics
simulations on a NS4A model encompassing the membrane spanning
domains pTMS1 and pTMS3 as well as the membrane-associated do-
main pTMS2 indicate, that this NS4Amodel inducesmembrane undula-
tion and local bending with a radius comparable to the reported
vesicular structures [47]. The N-terminal region of NS4A inclusive of
AH1 and AH2 was not part of the NS4A model studied by Lin et al.
[47]. These AHsmay drive the protein into convex regions of the undu-
lated ER membrane where the protein could accumulate, oligomerize,
or participate in complex formation and perhaps induce or support for-
mation of the vesicle neck. Energetically favorable insertion of hydro-
phobic amino acid side chains into existing defects in the cytoplasmic
leaflet of locally bend ER membranes could stabilize existing curvature
of the membrane while subsequent NS4A oligomerization or complex
formation in or on the membrane may increase, modify or induce
local curvature. This, of course, is a highly speculativemodel that should
be further confirmed by additional experimental evidence.

In summary, we provide the first characterization of the three
dimensional structure of the N-terminal of NS4A, a central protein in
the life cycle of DENV. The NS4A N-terminal was found to contain two
AHs separated by anunstructured linker in the presence of SDSmicelles.
The NS4A(1–48) peptide binds to liposomes in a membrane curvature-
dependentmanner. The doublemutation L6E andM10E in theNS4A se-
quence abandons DENV replication in a replicon system [18]. The same
twomutations strongly reduce lipidmembrane binding. The two AHs in
the N-terminus of NS4A may be crucial for membrane binding, curva-
ture sensing and perhaps curvature stabilization.
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