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Non-structural (NS) proteins of dengue virus (DENV) are important for viral replication. There are four
membrane proteins that are coded by viral genome. NS2B was shown to be one of the membrane proteins and
its main function was confirmed to regulate viral protease activity. Its membrane topology is still not known
because only few studies have been conducted to understand its structure. Here we report the determination
of membrane topology of NS2B from DENV serotype 4 using NMR spectroscopy. NS2B of DENV4 was expressed
and purified in detergent micelles. The secondary structure of NS2B was first defined based on backbone

ﬁéﬂg;ﬂ;‘e protein chemical resonance assignment. Four helices were identified in NS2B. The membrane topology of NS2B was
NMR defined based on relaxation analysis and paramagnetic relaxation enhancement experiments. The last three
NS2B helices were shown to be more stable than the first helix. The NS3 protease cofactor region between o2 and
Dengue virus a3 is highly dynamic. Our results will be useful for further structural and functional analysis of NS2B.

Protein dynamics

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Dengue virus (DENV) belongs to the Flaviviridae family and consists
of four serotypes (DENV1-4) [1]. DENV has become a public health
threat affecting people living in the tropical and sub-tropical regions
[2]. DENV infection can cause serious diseases such as dengue fever,
dengue hemorrhagic fever (DHF) or dengue shock fever (DSS). It is
estimated that approximately 100 million people are infected by
DENV annually and serious cases can cause death. Currently, there is
still no efficient chemotherapy or vaccine available to treat or prevent
DENV infection [3].

DENV RNA encodes a poly-protein that can be further processed into
three structural and several non-structural (NS) proteins including NS1,
NS2A, NS2B, NS3, NS4A, NS4B and NS5. Viral protease NS3 and host
proteases are responsible for the processing of the poly-peptide into
functional proteins [4]. Four non-structural proteins including NS2A,
NS2B, NS4A and NS4B are indentified to be membrane proteins [5-7].
Membrane topologies and functions of NS2A, NS4A and NS4B have
been studied and these proteins are shown to be important for viral
replication by forming complexes with other NS proteins [7-9]. For
the NS2B, it was a membrane protein localizing on the cell membrane.
It mainly functions as a co-factor of the NS3 protease activity [10,11].
Studies have been conducted on the cofactor region containing
approximately 40 residues that are indispensible for the NS3 protease
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activity and folding [12-16]. Its membrane regions may be important
for its location on the membrane [17].

Although the membrane topology of NS2B has been proposed in
different studies based on amino acid sequence [17], the details of
NS2B membrane topology are still needed for structural studies. Dengue
NS3 is a validated drug target. NS2B plays import roles in NS3 protease
activity. Thus understanding NS2B membrane topology will be helpful
for drug discovery against DENV. Here we report the determination of
the NS2B membrane topology based on the secondary structural infor-
mation obtained from chemical shifts of backbone atoms, '°N relaxation
analysis, H-D exchange and paramagnetic relaxation enhancement
(PRE) experiments.

2. Materials and methods
2.1. Sample preparation

The cDNA for coding the full-length NS2B of Dengue 4 was synthe-
sized (Genscript) and cloned into Ndel and Xhol sites of pET29b. The
plasmid encodes NS2B with a 6 x histidine tag at the C-terminus.
Plasmid was transformed into Escherichia coli (BL21DE3) competent
cells and grown on LB plates containing kanamycin. Several colonies
were picked up and incubated in 50 ml of M9 medium or 10 ml of LB
medium with antibiotics. The overnight culture was transferred into
11 of LB medium or M9 medium supplied with antibiotics. When
ODgqo of the culture reached 0.8, NS2B protein was induced by adding
{3-p-1-thiogalactopyranoside (IPTG) to a 1 mM final concentration for
18 h at 18 °C. The E. coli cells were harvested by centrifugation at
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Fig. 1. Membrane topology prediction of NS2B of DENV4 using different web-based servers. The information of the web servers used in this study is listed in the Materials and
methods section. Box indicates the predicted transmembrane region and line indicates a non-transmembrane region. The NS3 cofactor region is underlined. The four residues (SMPL)

at NS2B N-terminus was replace with a Met.

10,000 x g for 10 min at 4 °C. Cell pellets were re-suspended into a
lysis buffer containing 20 mM sodium phosphate, pH 7.8, 300 mM
NaCl, 1% Lyso-myristoyl phosphatidylglycerol (LMPG) and 2 mM
3-mercaptoethanol. Cells were broken up by sonication on ice.
The cell lysate was first cleared by centrifugation at 20,000 x g for
20 min at 4 °C. Supernatant was mixed with Ni*"-NTA and NS2B
was eluted using an elution buffer containing 500 mM imidazole,
0.1% Lyso-myristoyl phosphatidylglycerol (LMPG) and 2 mM
{3-mercaptoethanol. Purified sample was further purified using gel fil-
tration chromatography and concentrated for NMR studies. Selectively
15N-Met labeled protein was prepared by growing E. coli cells in M9 me-
dium containing 0.5 g/l NH4Cl. During protein induction, '>N-Met
(0.1 g) and 19 unlabeled amino acids (0.2 g each) were added before
the addition of IPTG. Protein was purified as described above.

2.2. Membrane topology analysis of NS2B using different servers

The following server-based bioinformatics tools were used to ana-
lyze NS2B sequence [7]. These servers include HMMTOP (http://www.
enzim.hu/hmmtop/index.php), TMHMM2 (http://www.cbs.dtu.dk/

services/TMHMMY/), DAS (http://www.sbc.su.se/_miklos/DAS/maindas.
html), TOPCONS (http://topcons.cbr.su.se/), Split (http://split.pmfst.
hr/split/4), PRED-TMR (http://athina.biol.uoa.gr/PRED-TMR/) and
TMpred (http://www.ch.embnet.org/software/TMPRED_form.html).

2.3. Backbone resonance assignment

Uniformly '3C, >N- or '3C, >N and 2?H-labeled NS2B proteins
were concentrated to 0.8-1.0 mM in a buffer containing 20 mM
sodium phosphate, 1 mM DTT and 1-2% LMPG. Backbone resonance
assignment was obtained based on two- (2D) and conventional three-
dimensional (3D) experiments and transverse relaxation-optimized
spectroscopy (TROSY) [18,19] -based experiments including 2D-HSQC,
3D-HNCACB, 3D-HNCOCACB, 3D-HNCOCA, 3D-HNCA, 3D-HNCACO,
3D-HNCO and NOESY-TROSY (100 ms mixing time) experiments.
All the spectra were collected on a Bruker Avance Il 700 MHz or
600 MHz spectrometer. All the pulse sequences were from a standard
Bruker pulse program library (Topspin 2.1). Spectra were processed
with NMRPipe [20] or Topspin and analyzed using NMRView
[21] and CARA (http://www.mol.biol.ethz.ch/groups/wuthrich_group).
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Fig. 2. Purification and structural analysis of NS2B. A. Purification of NS2B. Protein was purified in LMPG micelles. SDS-PAGE analysis of the purified protein is shown. B. CD spectrum of

NS2B in LMPG micelles.
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Fig. 3. "H-'"N-HSQC spectrum of [U-'°N, '>C]-labeled NS2B at 40 °C in LMPG micelles. Peaks are labeled with residue name and sequence number.

Secondary structure was analyzed using TALOS + [22] and Coe chemical
shifts [23]. For the Ty, T, and '°N steady-state heteronuclear NOE
(hetNOE) experiments [24], a '°N-labeled NS2B and a '>N-Met labeled
NS2B were used. All the experiments were measured at 40 °C on a Bruker
Avance 600 MHz spectrometer. For the T; measurement of NS2B, the data
with relaxation delays of 10, 50, 100, 200, 400, 800, 1200, 1400, 1600 and
1800 ms were recorded and processed. For the T, measurement, the data
were acquired with delays of 16.9, 34, 51, 68, 85, 102, 119, 136 and
153 ms. The spectra were processed and analyzed. The hetNOEs were ob-
tained using two datasets that were collected with and without initial
proton saturation for a period of 3 s [25].

2.4. H-D exchange experiment

The H-D exchange experiment was performed at 40 °C using the
aforementioned sample. 200 pl of the sample was first frozen in liquid
nitrogen and lyophilized under low pressure and temperatures. 200 pl
of pure D,0 was then added into the sample and 2D 'H-'>N-HSQC
spectrum with 2048 x 128 complex points was collected after the
powder was completely dissolved (~20 min). Cross-peaks appeared in
the spectrum suggest that these residues are protected from exchanges
and might be protected by micelles. Another method for the H-D
exchange experiment was also conducted and compared [26].

2.5. Circular Dichroism (CD) analysis

The CD spectrum of NS2B was collected using a Chirascan™ Circular
Dichroism Spectrometer at 25 °C. Protein at a concentration of 50 ug/ml
was prepared in a buffer that contained 20 mM sodium phosphate at a
pH of 6.5, 0.1% LMPG, and 2 mM [3-mercaptoethanol. The CD data was
acquired in the continuous mode with a 1-nm data pitch and a 1-nm
bandwidth [27].

2.5.1. PRE experiment

To probe residues that are exposed to the solvent, the PRE experi-
ment was conducted using the similar method described previously
except gadolinium was used [28]. One '>N-labeled NS2B was prepared
in LMPG micelles. Freshly prepared gadolinium solution containing
50 mM GdCl; and 150 mM ethylenediaminetetraacetic acid (EDTA)
was added into the protein sample. The 'H-'°N-HSQC spectra of NS2B
in the absence and presence of gadolinium were obtained and analyzed.

3. Results
3.1. Membrane topology analysis of NS2B based on sequence

Sequence analysis of NS2B revealed that there are three hydrophobic
regions in NS2B that are possible transmembrane segments [17]. To
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Fig. 4. Secondary structural analysis of NS2B. A. TALOS + prediction as a function of residue number is plotted. TALOS + prediction indicates the possibility of a residue to be helical. B. The
Ca chemical shifts observed for NS2B subtracted from the Co random-coil values (ACat) were plotted as a function of residue number. A residue with a positive value indicates that it may
adopt a helical structure and with a negative value indicates that it may adopt a 3-strand structure. The secondary structure prediction based ACa also suggested that the region between
a2 and a3 also has a tendency to from B-strands. This region was shown to form strands in the presence of NS3 protein.

explore NS2B membrane topology, several membrane topology predic-
tion severs were used to analyze NS2B sequence. Interestingly, several
membrane topology prediction algorithms gave different topologies
(Fig. 1). The number and length of transmembrane regions were differ-
ent (Fig. 1). The only consistent result was that the cofactor region of
NS3 protease was not a transmembrane region (Fig. 1). The differences
observed from several servers might arise from their algorithms in
transmembrane domain prediction and NS2B sequence. For example,
TMHMM prediction showed that NS2B contained one transmembrane
domain (Fig. 1). The N-terminal region of NS2B was also predicted by
TMHMM to have two hydrophobic regions (data not shown). To further
understand NS2B membrane topology, we expressed and purified NS2B
and conducted membrane topology analysis using NMR spectroscopy.

3.2. Expression and purification of NS2B of DENV4

The procedure of expression and purification of NS2B of DENV2 was
set up in our previous study [27]. We then expressed and purified NS2B
of DENV4 using the same protocol as that of DENV2 (Fig. 2A). NS2B of
DENV4 was expressed in E. coli and purified into in Lyso-myristoyl

phosphatidylglycerol (LMPG) micelles. The folding of NS2B was first
confirmed using CD spectroscopy, which showed that purified protein
contained mainly helical structures (Fig. 2B). Our previous study
showed that it is feasible to conduct structural study on NS2B using
NMR spectroscopy [27]. A "H-'°N-heteronuclear single-quantum corre-
lation (HSQC) spectrum of NS2B of DENV4 was collected and the
dispersed peaks in the spectrum suggested that it is feasible to conduct
further NMR experiments to understand its structure (Fig. 3).

3.3. Secondary structure analysis of NS2B

The backbone assignment of the NS2B of DENV4 in LMPG micelles
was achieved using conventional 3D experiments and TROSY [18,19] -
based experiments. Cross peaks were overlapped in the central part of
the HSQC spectrum (Fig. 3), which is not surprising for such a helical
membrane protein. With backbone assignment of NS2B (Table S1),
the secondary structure for NS2B in LMPG micelles was obtained. The
secondary structure of NS2B was determined using TALOS + based on
the backbone resonance chemical shifts [22] and Ca chemical shift
compared with random coil values [23]. Both methods gave similar
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Fig. 5. Relaxation analysis of a uniformly '°N-labeled NS2B. T;, T, and hetNOE values were
plotted as a function of residue number. Residues including prolines, unassigned and over-
lapped ones are not shown. RCS-S2 values were obtained using TALSON server (http://
spin.niddk.nih.gov/bax/software/TALOS-N/) and were plotted against residue number.

results (Fig. 4). The secondary structural analysis showed that there are
four helical segments in NS2B, namely a1 formed by residues G4 to L19,
a2 formed by residues L25 to M41, a3 formed by residues N90 to G105
and o4 formed by residues P112 to T125 (Fig. 4). There is a break ob-
served between o3 and o4, which might be the reason that the residues
from Y107 to L109 could not been assigned because of conformational
exchanges. The prolines residues, P108 and P112 might be responsible
for the break and conformation exchanges. Functional and structural
studies have shown that NS3 follows the C-terminus of a4 and interacts
with the region between a2 and o3, which suggests that there must be
a break present between a3 and a4 so that the C-terminus of a4 can
point to the same direction as the cofactor region. Secondary structure
analysis also showed that the NS3 protease cofactor region between
a2 and a3 was not helical and had a tendency to form p-strands
(Fig. 4B). In the NS2B-NS3 complex structure solved in previous studies,
this region can form B-strand structures when it formed a complex with
NS3[11,29-31]. This region might not form a stable structure in the ab-
sence of NS3 protein.

3.4. Dynamic analysis of NS2B in LMPG micelles

With the secondary structural information obtained based on the
backbone resonance assignment, relaxation experiments including T,
T, and N steady-state heteronuclear NOE (hetNOE) experiments
were performed to understand protein dynamics in solution. It is
challenging to analyze the relaxation data using a uniformly-'>N-
labeled sample due to the signal overlap (Fig. 3). We analyzed 66 of
the 127 residues and the unanalyzed residues included prolines, and
overlapped and unassigned residues. The cofactor region is highly
dynamic characterized by low and negative hetNOEs, and high T, and
low T; values (Fig. 5). The a1 is more dynamic than other helices due
to its slightly lower Ty and hetNOE and higher T, values. Overall, the
relaxation data is consistent with the RCI-S? values obtained using a

TALOSN package [32,33] except that the a1 was shown to be more
flexible than other residues. Due to the signal overlap, we then tested
whether we could use a sample that is selectively labeled with a '>N-
labeled amino acid for relaxation analysis because such sample will
have few peaks present in the HSQC spectrum. Although several types
of residues can be selectively labeled for NMR studies, a >N-methionine
(Met)-labeled sample was used for relaxation analysis because the eight
Met residues present in NS2B sequence are localized in all the helices
and the loop region of NS2B (Fig. 6A). This sample produced dispersed
cross-peaks in the "H-'>N-HSQC spectrum (Fig. S1). Multiple cross
peaks were observed for M6 and M61, which might arise from
exchanges (Fig. S1). The >N Ty, T, T1/T> and hetNOE for the eight Met
residues were obtained (Fig. 6B). The result is consent with the one
obtained from the uniformly '°N-labeled sample (Fig. 5).

3.4.1. Membrane topology of NS2B

The N- and C-termini of NS2B are pointing to the cytoplasm direc-
tion. With the confirmed secondary structure based on backbone chem-
ical shifts, the four helices are possible transmembrane helices (Fig. 6A).
To further investigate its membrane topology, we first conducted the H-
D exchange experiment (Fig. 6A, Fig. S2). The result showed that resi-
dues from these four helices were protected from exchanges, suggesting
that these helices were forming stable structures in micelles. A few res-
idues in the a1 were not protected from exchanges, suggesting that it
might be flexible or behave like an amphiphilic helix. We then conduct-
ed helix wheel analysis for these four helices (Fig. 7A). Interestingly, all
these helices contain small-XXX-small motifs [34] that are important for
TM-TM interactions (Fig. 7A). Although the at1 was shown to be more
dynamic than other helices, helix wheel presentation showed that it is
not an amphiphilic helix (Fig. 7A). We also submitted the chemical
shifts to the CS-ROSETTA server (https://csrosetta.bmrb.wisc.edu/
csrosetta) and the result suggested that these four helices could form
a helix bundle (Fig. 7B).

To confirm the membrane topology of NS2B, the PRE experiment
was conducted (Fig. 8). The residues that are buried in the micelles
will not be affected by the addition of gadolinium. The intensities of
the cofactor region are significantly reduced in the presence of gadolin-
ium (Fig. 8), suggesting that these residues are exposed to the solution
(Fig. 8B). The intensities of most residues from the four helices were not
strongly affected, suggesting that these helices are buried in the
micelles. Based on all the results, the membrane topology of NS2B was
proposed (Fig. 6A).

4. Discussion

Membrane proteins are predicted to constitute approximately one
third of the genome and many of them are important drug targets [35,
36]. Structural studies on membrane proteins will not only provide use-
ful information to understand their functions, but also facilitate
structure-based drug design [37]. Although X-ray crystallography is a
powerful tool to determine structures of many membrane proteins
such as G-protein coupled receptors, ion channels and transporters
[38-41], NMR spectroscopy will also play an important role in deter-
mining membrane protein structure and understanding their dynamics
under different conditions [42-45]. We carried out structural studies of
NS2B of DENV4 to understand its membrane topology. We focused on
NS2B of DENV4 instead of DENV2 because the assignment of NS2B of
DENV2 was challenging due to signals from the affinity tag [27]. NS2B
was shown to be a regulator of NS3 protease that was confirmed to be
a validated drug target. Extensive studies have been carried out to
develop potent inhibitors that are active against DENV protease, but
there is still no potent dengue protease inhibitor available [46-49].
Most of the structural and functional studies of NS2B are using a NS2B
construct without the hydrophobic regions [11,13,15,16]. The failure
in developing DENV protease inhibitors might arise from the fact that
little is known about the molecular interaction between full length
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Fig. 6. Relaxation analysis of '°N-Met-labeled NS2B. A. Predicted membrane topology of NS2B. Methionine residues having different relaxation parameters are classified into four groups
shown in red, green, blue and pink, respectively. The first Met residue arisen from molecular cloning to replace the four residues (SMPL) at NS2B N-terminus is shown in orange. Relaxation
rates Ty, To, T1/T, and HetNOE are plotted as a function of residue number and shown in B. The color scheme is the same as A.

Fig. 7. Helix wheel representation of NS2B. A. Helix wheel analysis of the four helices in NS2B. B. One of the models of NS2B obtained from the CS-ROSETTA server. The four helices and the
cofactor region are shown in different colors.
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Fig. 8. PRE analysis of NS2B. A. "TH-"N-HSQC spectra of NS2B in the absence (black) and presence of 5 mM gadolinium (red). The assignment for some residues in a1 is shown. B. Changes
of peak intensities in the absence of gadolinium. The relative ratio of intensities in the absence (Iy) and presence (I;,) of gadolinium was plotted. A value of 1 was given to some residues
such as G105 whose intensity was increased after addition of gadolinium. The signals with reduced intensities suggest that the residue is exposed to the solvent.

NS2B and NS3 [50]. In this study, we have obtained NS2B of DENV4 in a
large quantity for structural studies in LMPG micelles, which will make
it possible to explore molecular interaction between full length NS2B
and NS3 or other dengue membrane proteins. Although we were able
to assign backbone resonances of NS2B in LMPG micelles (Fig. 3), line
broadening of cross peaks and existence of multiple peaks for single res-
idue were observed in the spectra (Fig. 3, Fig. S1). This might arise from
the fact that NS2B contains regions with different dynamic natures and

conformational exchanges (Fig. 5). Residues which exhibited broadened
peaks might also arise from protein oligomerization. A previous study
showed that NS2B could form oligomers [51].

NS2B can form a complex with NS3 that also interacts with other
dengue membrane proteins such as NS4A and NS4B [5,6]. It is still
unknown whether NS2B interacts directly with NS4A or NS4B. The
only known function of the transmembrane segments of NS2B is that
these regions might be important for membrane localization [17].
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Using NMR spectroscopy, we analyzed the secondary structures and
defined the membrane topology of NS2B (Fig. 6). There are four trans-
membrane helices present in NS2B (Fig. 6). The structural information
of NS2B was obtained in LMPG micelles. It still debated whether mi-
celles might or might not mimic the native membrane environment.
We showed that detergent such as Lyso-myristoyl phosphatidylcholine
(LMPC) can sustain the dengue protease activity [50]. Due to the similar
structure between LMPG and LMPC, this secondary structural informa-
tion obtained in this study is similar to its structure under physiological
conditions. Both '>N- and '’N-Met-labeled NS2B showed the similar
result that the a1 is more dynamic than other helices and the cofactor
region is flexible in the absence of NS3 (Fig. 5). Signal overlap is always
observed in the "H-'>N-HSQC spectrum for a-helical membrane pro-
teins [52]. Residue-specific '’N-labeling of a protein has been proven
to be useful in structural and dynamic analysis of proteins [53]. Our
result also showed that dynamic analysis of a '>’N-amino acid-specific
labeled sample will provide useful information to understand protein
dynamics. Further sequence analysis showed that all these four helices
contain several hydrophilic residues and residues with short side chains
such as Gly and Ser, which might explain the reason that several servers
produced different membrane topologies (Figs. 1, 6). These hydrophilic
residues in the helices might be important for helix-helix packing. We
also submit the chemical shift values to CS-ROSETTA sever [54] and
the result suggested that NS2B could form a helix bundle. These results
will be useful for further functional analysis of NS2B, which will provide
novel insight into drug discovery targeting DENV. It has been noted that
the length of these four helices is shorter than a transmembrane domain
(~21 amino acids) of other membrane proteins such as cytokine
receptors [55]. A transmembrane domain with such length might have
freedom to induce conformational changes in the cell membrane
under different conditions. It is possible that NS2B can interact with
other dengue membrane proteins through its transmembrane regions.
Further functional studies will provide more information of NS2B in
viral replication.

In summary, we have presented secondary structural analysis of
NS2B of DENV4 base on backbone assignment. The membrane topology
of NS2B was defined based on secondary structure determination,
relaxation and PRE experiments. The results obtained in this study will
facilitate structural study on NS2B, which will be useful to understand
its role in NS3 protease activity and viral replication.

Conflict of interest

The authors declare that there is no conflict of interest.

Acknowledgements

We thank the financial support from A*STAR JCO grants (1331A028,
1231B015). We thank Profs Pei-Yong Shi and Julien Lescar for their
helpful discussion and Dr. Young Mee Kim and Qiwei Huang for the
technical support. We also thank Prof Ho Sup Yoon and Dr. Hong Ye
for the NMR data acquisition.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.bbamem.2015.06.010.

References

[1] R. Perera, R}J. Kuhn, Structural proteomics of dengue virus, Curr. Opin. Microbiol. 11
(2008) 369-377.

[2] J.S. Mackenzie, DJ. Gubler, L.R. Petersen, Emerging flaviviruses: the spread and re-
surgence of Japanese encephalitis, West Nile and dengue viruses, Nat. Med. 10
(2004) S98-109.

[3] AlJ. Stevens, M.E. Gahan, S. Mahalingam, P.A. Keller, The medicinal chemistry of
dengue fever, ]. Med. Chem. 52 (2009) 7911-7926.

[4] S.A.Shiryaev, B.I. Ratnikov, A.E. Aleshin, LA. Kozlov, N.A. Nelson, M. Lebl, ] W. Smith,
R.C. Liddington, A.Y. Strongin, Switching the substrate specificity of the two-
component NS2B-NS3 flavivirus proteinase by structure-based mutagenesis, J.
Virol. 81 (2007) 4501-4509.

[5] J.Zou, L.T. Lee, Q.Y. Wang, X. Xie, S. Lu, Y.H. Yau, Z. Yuan, S. Geifman Shochat, C. Kang,
J. Lescar, P.Y. Shi, Mapping the interactions between the NS4B and NS3 proteins of
dengue virus, J. Virol. 89 (2015) 6171-6183.

[6] J.Zou, X. Xie, Q.Y. Wang, H. Dong, M.Y. Lee, C. Kang, Z. Yuan, P.Y. Shi, Characteriza-
tion of dengue virus NS4A and NS4B protein interaction, J. Virol. 89 (2015)
3455-3470.

[7] X. Xie, S. Gayen, C. Kang, Z. Yuan, P.Y. Shi, Membrane topology and function of
dengue virus NS2A protein, J. Virol. 87 (2013) 4609-4622.

[8] J.M. Mackenzie, A.A. Khromykh, M.K. Jones, E.G. Westaway, Subcellular localization

and some biochemical properties of the flavivirus Kunjin nonstructural proteins

NS2A and NS4A, Virology 245 (1998) 203-215.

S. Miller, S. Sparacio, R. Bartenschlager, Subcellular localization and membrane

topology of the Dengue virus type 2 Non-structural protein 4B, J. Biol. Chem. 281

(2006) 8854-8863.

[10] D. Leung, K. Schroder, H. White, N.X. Fang, M.J. Stoermer, G. Abbenante, J.L. Martin,
P.R. Young, D.P. Fairlie, Activity of recombinant dengue 2 virus NS3 protease in the
presence of a truncated NS2B co-factor, small peptide substrates, and inhibitors, J.
Biol. Chem. 276 (2001) 45762-45771.

[11] Y.M. Kim, S. Gayen, C. Kang, J. Joy, Q. Huang, A.S. Chen, ].L. Wee, M.J. Ang, H.A. Lim,
AW. Hung, R. Li, C.G. Noble, T. Lee le, A. Yip, Q.Y. Wang, C.S. Chia, ]. Hill, P.Y. Shi,
T.H. Keller, NMR analysis of a novel enzymatically active unlinked dengue NS2B-
NS3 protease complex, J. Biol. Chem. 288 (2013) 12891-12900.

[12] CF. Wu, S.H. Wang, C.M. Sun, S.T. Hu, W.J. Syu, Activation of dengue protease
autocleavage at the NS2B-NS3 junction by recombinant NS3 and GST-NS2B fusion
proteins, ]. Virol. Methods. 114 (2003) 45-54.

[13] KJ. Chappell, M.J. Stoermer, D.P. Fairlie, P.R. Young, Mutagenesis of the West
Nile virus NS2B cofactor domain reveals two regions essential for protease activity,
J. Gen. Virol. 89 (2008) 1010-1014.

[14] AK.Bera, RJ. Kuhn, J.L. Smith, Functional characterization of cis and trans activity of
the Flavivirus NS2B-NS3 protease, J. Biol. Chem. 282 (2007) 12883-12892.

[15] W.Y. Phong, N.J. Moreland, S.P. Lim, D. Wen, P.N. Paradkar, S.G. Vasudevan, Dengue
protease activity: the structural integrity and interaction of NS2B with NS3 protease
and its potential as a drug target, Biosci. Rep. 31 (2011) 399-409.

[16] R. Yusof, S. Clum, M. Wetzel, HM.K. Murthy, R. Padmanabhan, Purified NS2B/NS3
serine protease of dengue virus type 2 exhibits cofactor NS2B dependence for
cleavage of substrates with dibasic amino acids in vitro, J. Biol. Chem. 275 (2000)
9963-9969.

[17] S. Clum, K.E. Ebner, R. Padmanabhan, Cotranslational membrane insertion of the
serine proteinase precursor NS2B-NS3(Pro) of dengue virus type 2 is required for
efficient in vitro processing and is mediated through the hydrophobic regions of
NS2B, J. Biol. Chem. 272 (1997) 30715-30723.

[18] K. Pervushin, A. Ono, C. Fernandez, T. Szyperski, M. Kainosho, K. Wuthrich, NMR
scalar couplings across Watson-Crick base pair hydrogen bonds in DNA observed
by transverse relaxation-optimized spectroscopy, Proc. Natl. Acad. Sci. U. S. A. 95
(1998) 14147-14151.

[19] M. Salzmann, K. Pervushin, G. Wider, H. Senn, K. Wuthrich, TROSY in triple-
resonance experiments: new perspectives for sequential NMR assignment of large
proteins, Proc. Natl. Acad. Sci. U. S. A. 95 (1998) 13585-13590.

[20] F. Delaglio, S. Grzesiek, G.W. Vuister, G. Zhu, ]. Pfeifer, A. Bax, NMRPipe: a
multidimensional spectral processing system based on UNIX pipes, J. Biomol. NMR
6 (1995) 277-293.

[21] B.A. Johnson, Using NMRView to visualize and analyze the NMR spectra of macro-
molecules, Methods Mol. Biol. 278 (2004) 313-352.

[22] Y. Shen, F. Delaglio, G. Cornilescu, A. Bax, TALOS+: a hybrid method for predicting
protein backbone torsion angles from NMR chemical shifts, ]. Biomol. NMR 44
(2009) 213-223.

[23] D.S. Wishart, B.D. Sykes, F.M. Richards, The chemical shift index: a fast and simple
method for the assignment of protein secondary structure through NMR spectrosco-
py, Biochemistry 31 (1992) 1647-1651.

[24] LE. Kay, D.A. Torchia, A. Bax, Backbone dynamics of proteins as studied by N in-
verse detected heteronuclear NMR spectroscopy: application to staphylococcal
nuclease, Biochemistry 28 (1989) 8972-8979.

[25] S.Gayen, Q.Li, AS. Chen, T.H. Nguyen, Q. Huang, J. Hill, C. Kang, An NMR study of the
N-terminal domain of wild-type hERG and a T65P trafficking deficient hERG mutant,
Proteins (2011) 2557-2565.

[26] G. Veglia, A. Carolina Zeri, C. Ma, SJ. Opella, Deuterium/hydrogen exchange factors
measured by solution nuclear magnetic resonance spectroscopy as indicators of
the structure and topology of membrane proteins, Biophys. J. 82 (2011) 2176-2183.

[27] Q. Huang, A.S. Chen, Q. Li, C. Kang, Expression, purification, and initial structural
characterization of nonstructural protein 2B, an integral membrane protein
of Dengue-2 virus, in detergent micelles, Protein Expr. Purif. 80 (2011) 169-175.

[28] G.A.Cook, LA. Dawson, Y. Tian, SJ. Opella, Three-dimensional structure and interac-
tion studies of hepatitis C virus p7 in 1,2-dihexanoyl-sn-glycero-3-phosphocholine
by solution nuclear magnetic resonance, Biochemistry 52 (2013) 5295-5303.

[29] P. Erbel, N. Schiering, A. D'Arcy, M. Renatus, M. Kroemer, S.P. Lim, Z. Yin, T.H. Keller,
S.G. Vasudevan, U. Hommel, Structural basis for the activation of flaviviral NS3
proteases from dengue and West Nile virus, Nat. Struct. Mol. Biol. 13 (2006)
372-373.

[30] C.G.Noble, C.C. Seh, A.T. Chao, P.Y. Shi, Ligand-bound structures of the dengue virus
protease reveal the active conformation, J. Virol. 86 (2012) 438-446.

[31] L. de la Cruz, T.H. Nguyen, K. Ozawa, ]. Shin, B. Graham, T. Huber, G. Otting, Binding
of low molecular weight inhibitors promotes large conformational changes in the

[9


http://dx.doi.org/10.1016/j.bbamem.2015.06.010
http://dx.doi.org/10.1016/j.bbamem.2015.06.010
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0005
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0005
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0010
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0010
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0010
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0015
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0015
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0020
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0020
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0020
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0020
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0025
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0025
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0025
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0030
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0030
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0030
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0035
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0035
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0040
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0040
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0040
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0045
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0045
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0045
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0050
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0050
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0050
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0050
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0055
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0055
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0055
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0055
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0060
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0060
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0060
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0065
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0065
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0065
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0070
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0070
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0075
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0075
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0075
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0080
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0080
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0080
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0080
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0085
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0085
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0085
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0085
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0090
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0090
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0090
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0090
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0095
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0095
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0095
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0100
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0100
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0100
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0105
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0105
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0110
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0110
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0110
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0110
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0115
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0115
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0115
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0120
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0120
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0120
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0120
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0125
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0125
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0125
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf1105
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf1105
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf1105
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0135
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0135
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0135
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0140
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0140
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0140
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0145
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0145
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0145
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0145
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0150
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0150
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0155
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0155

Y. Li et al. / Biochimica et Biophysica Acta 1848 (2015) 2244-2252

dengue virus NS2B-NS3 protease: fold analysis by pseudocontact shifts, J. Am.
Chem. Soc. 133 (2011) 19205-19215.

M.V. Berjanskii, D.S. Wishart, A simple method to predict protein flexibility using
secondary chemical shifts, ]. Am. Chem. Soc. 127 (2005) 14970-14971.

Y. Shen, A. Bax, Protein structural information derived from NMR chemical
shift with the neural network program TALOS-N, Methods Mol. Biol. 1260 (2015)
17-32.

A. Fink, N. Sal-Man, D. Gerber, Y. Shai, Transmembrane domains interactions within
the membrane milieu: principles, advances and challenges, Biochim. Biophys. Acta
Biomembr. 1818 (2012) 974-983.

L. Fagerberg, K. Jonasson, G. von Heijne, M. Uhlen, L. Berglund, Prediction of the
human membrane proteome, Proteomics 10 (2010) 1141-1149.

Y. Arinaminpathy, E. Khurana, D.M. Engelman, M.B. Gerstein, Computational
analysis of membrane proteins: the largest class of drug targets, Drug Discov.
Today 14 (2009) 1130-1135.

[37] A.D. Ferguson, Structure-based drug design on membrane protein targets: human

integral membrane protein 5-lipoxygenase-activating protein, Methods Mol. Biol.
841 (2012) 267-290.

E. Ghosh, P. Kumari, D. Jaiman, A.K. Shukla, Methodological advances: the unsung
heroes of the GPCR structural revolution, Nat. Rev. Mol. Cell Biol. 16 (2015) 69-81.
S.B. Long, X. Tao, E.B. Campbell, R. MacKinnon, Atomic structure of a voltage-
dependent K channel in a lipid membrane-like environment, Nature 450 (2007)
376-382.

S.B. Long, E.B. Campbell, R. Mackinnon, Voltage sensor of Kv1.2: structural basis of
electromechanical coupling, Science 309 (2005) 903-908.

H. Yan, W. Huang, C. Yan, X. Gong, S. Jiang, Y. Zhao, J. Wang, Y. Shi, Structure and
mechanism of a nitrate transporter, Cell Rep. 3 (2013) 716-723.

S.J. Opella, F.M. Marassi, Structure determination of membrane proteins by NMR
spectroscopy, Chem. Rev. 104 (2004) 3587-3606.

F.M. Marassi, S.J. Opella, NMR structural studies of membrane proteins, Curr. Opin.
Struct. Biol. 8 (1998) 640-648.

S. Gayen, Q. Li, C.B. Kang, Solution NMR study of the transmembrane domain of
single-span membrane proteins: opportunities and strategies, Curr. Protein Pept.
Sci. 13 (2012) 585-600.

[45] C.Kang, Q.Li, Solution NMR study of integral membrane proteins, Curr. Opin. Chem.

Biol. 15 (2011) 560-569.

C. Steuer, C. Gege, W. Fischl, KH. Heinonen, R. Bartenschlager, C.D. Klein, Synthesis
and biological evaluation of alpha-ketoamides as inhibitors of the Dengue virus
protease with antiviral activity in cell-culture, Bioorg. Med. Chem. 19 (2011)
4067-4074.

D. Ekonomiuk, X.C. Su, K. Ozawa, C. Bodenreider, S.P. Lim, Z. Yin, T.H. Keller, D. Beer,
V. Patel, G. Otting, A. Caflisch, D. Huang, Discovery of a non-peptidic inhibitor of
West Nile virus NS3 protease by high-throughput docking, PLoS Negl. Trop. Dis. 3
(2009) e356.

[48] ]. Lescar, D. Luo, T. Xu, A. Sampath, S.P. Lim, B. Canard, S.G. Vasudevan, Towards the

design of antiviral inhibitors against flaviviruses: the case for the multifunctional
NS3 protein from Dengue virus as a target, Antivir. Res. 80 (2008) 94-101.

A. Poulsen, C. Kang, T.H. Keller, Drug design for flavivirus proteases: what are we
missing? Curr. Pharm. Des. 20 (2014) 3422-3427.

Q. Huang, Q. Li, J. Joy, AS. Chen, D. Ruiz-Carrillo, J. Hill, J. Lescar, C. Kang, Lyso-
myristoyl phosphatidylcholine micelles sustain the activity of Dengue non-
structural (NS) protein 3 protease domain fused with the full-length NS2B, Protein
Expr. Purif. 92 (2013) 156-162.

0. Choksupmanee, K. Hodge, G. Katzenmeier, S. Chimnaronk, Structural platform for
the autolytic activity of an intact NS2B-NS3 protease complex from dengue virus,
Biochemistry 51 (2012) 2840-2851.

[52] T.Zhuang, C. Chisholm, M. Chen, L.K. Tamm, NMR-based conformational ensembles

explain pH-gated opening and closing of OmpG channel, J. Am. Chem. Soc. 135
(2013) 15101-15113.

[53] J. Fiaux, E.B. Bertelsen, A.L. Horwich, K. Wuthrich, Uniform and residue-specific '°N-

labeling of proteins on a highly deuterated background, J. Biomol. NMR 29 (2004)
289-297.

R. Vernon, Y. Shen, D. Baker, O.F. Lange, Improved chemical shift based fragment
selection for CS-Rosetta using Rosetta3 fragment picker, ]. Biomol. NMR 57 (2013)
117-127.

Q. Li, Y.L. Wong, Q. Huang, C. Kang, Structural insight into the transmembrane
domain and the juxtamembrane region of the erythropoietin receptor in micelles,
Biophys. J. 107 (2014) 2325-2336.


http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0155
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0155
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0160
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0160
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0165
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0165
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0165
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0170
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0170
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0170
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0175
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0175
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0180
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0180
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0180
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0185
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0185
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0185
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0190
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0190
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0195
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0195
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0195
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0195
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0200
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0200
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0205
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0205
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0210
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0210
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0215
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0215
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0220
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0220
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0220
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0225
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0225
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0230
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0230
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0230
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0230
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0235
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0235
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0235
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0235
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0240
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0240
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0240
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0245
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0245
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0250
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0250
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0250
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0250
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0255
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0255
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0255
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0260
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0260
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0260
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0265
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0265
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0265
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0265
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0270
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0270
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0270
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0275
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0275
http://refhub.elsevier.com/S0005-2736(15)00190-X/rf0275

	Membrane topology of NS2B of dengue virus revealed by NMR spectroscopy
	1. Introduction
	2. Materials and methods
	2.1. Sample preparation
	2.2. Membrane topology analysis of NS2B using different servers
	2.3. Backbone resonance assignment
	2.4. H–D exchange experiment
	2.5. Circular Dichroism (CD) analysis
	2.5.1. PRE experiment


	3. Results
	3.1. Membrane topology analysis of NS2B based on sequence
	3.2. Expression and purification of NS2B of DENV4
	3.3. Secondary structure analysis of NS2B
	3.4. Dynamic analysis of NS2B in LMPG micelles
	3.4.1. Membrane topology of NS2B


	4. Discussion
	Conflict of interest
	Acknowledgements
	Appendix A. Supplementary data
	References


