
German Edition: DOI: 10.1002/ange.201606609Protein Structure
International Edition: DOI: 10.1002/anie.201606609

Secondary Structure and Membrane Topology of the Full-Length
Dengue Virus NS4B in Micelles
Yan Li, Ying Lei Wong, Michelle Yueqi Lee, Qingxin Li, Qing-Yin Wang, Julien Lescar, Pei-
Yong Shi, and CongBao Kang*

Abstract: Dengue virus nonstructural protein 4B (NS4B) is
a membrane protein consisting of 248 residues with a crucial
role in virus replication and interference with the host innate
immunity. The dengue virus serotype 3 NS4B was reconstituted
into lyso-myristoyl phosphatidylglycerol (LMPG) micelles.
Backbone resonance assignment of NS4B was obtained using
conventional solution NMR experiments. Further studies
suggested that NS4B contained eleven helices and six of them
form five potential transmembrane regions. This study pro-
vides atomic level information for an important drug target to
control flavivirus infections.

Flaviviruses, such as dengue virus, Zika virus, and West Nile
virus, are small enveloped viruses. Their viral genome is
a single plus-stranded RNA that encodes a polypeptide which
is enzymatically processed into three structural proteins
(capsid, membrane, and envelope) and seven nonstructural
(NS) proteins: NS1, NS2A, NS2B, NS3, NS4A, NS4B, and
NS5. All NS proteins play important roles in viral replication
and assembly.[1] NS1 is a glycoprotein, playing essential roles
in viral RNA synthesis.[2] NS3 and NS5 are soluble proteins
with enzymatic activities. The N-terminal region of NS3
containing approximately 180 residues is a serine protease
responsible for the maturation of viral polyprotein.[3] The C-
terminal region of NS3 harbors both RNA triphosphatase and
RNA helicase activities.[4] In addition to its enzymatic

activities, NS3 also plays a role in viral assembly.[5] NS5 has
both methyltransferase and RNA-dependent RNA poly-
merase activities.[6] Structural studies for NS1, NS3, and NS5
have been carried out using various methods, such as X-ray
crystallography, NMR spectroscopy, and cryo-electron mi-
croscopy, which shed light on their functions and led to the
development of potent inhibitors.[7]

Four of the flavivirus NS proteins: NS2A, NS2B, NS4A,
and NS4B are integral membrane proteins and, compared to
the soluble viral proteins, very little is known for them. For
the dengue virus, these four membrane proteins play impor-
tant roles within the viral replication complex. NS2A contains
five transmembrane helices and is critical for viral RNA
synthesis, viral assembly, and inhibiting the interferon a/b
response.[8] The N-terminal fragment of NS2A may be
important for production of viral infectious particles.[9]

NS2B is a four-span membrane protein.[10] Its main function
is to determine the folding and localization of the NS3
protease domain. The cofactor region of NS2B forms a tight
non-covalent complex with the NS3 protein, which is required
for proper folding of the protease and its activity. A recent
study suggested that NS2B can also function as a viroporin.[11]

NS4A is a membrane protein with two transmembrane
helices.[12] NS4A and NS4B form a complex and can induce
membrane rearrangement.[12b, 13] Among the NS integral
membrane proteins, NS4B is a particularly attractive target
to treat dengue and other diseases caused by flaviviruses
because several potent inhibitors identified from high
throughput screening campaigns using a dengue virus repli-
con assay have been shown to target NS4B.[14]

Pioneering biochemical studies have shown that NS4B
contains three transmembrane helices and the N-terminal
region of NS4B contains two membrane interacting helices.[15]

Our previous study suggested that the N-terminal two
membrane-interacting helices may form transmembrane
helices as they are buried in micelles.[16] Unsuccessful
attempts to crystallize the NS4B protein suggest that it will
be challenging to determine the structure of intact NS4B
using X-ray crystallography because NS4B contains a long
cytoplasmic region and its N-terminal fragment is
dynamic.[13, 16] We therefore decided to explore its secondary
structure and membrane topology using solution NMR
spectroscopy.

The full-length NS4B proteins from all four dengue
serotypes can be expressed and purified from E. coli. Purified
proteins were reconstituted in detergent micelles that are
required for both protein purification and folding. NS4Bs
exhibited dispersed cross peaks in the 1H-15N-HSQC NMR
spectra (Figure S1 in the Supporting Information). Among
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these four NS4B proteins, further structural studies were
carried out for NS4B from dengue virus serotype 3 in lyso-
myristoyl phosphatidylglycerol (LMPG) micelles, because of
its high yield and increased protein stability. Two strategies
were used to prepare samples for NMR study (Figure S2).
NS4B was first expressed at low temperature in E. coli and
bacterial membrane was harvested by ultra-centrifugation.
LMPG was then used to extract recombinant protein from the
cell membrane and protein was purified by affinity chroma-
tography and gel filtration chromatography. The other
purification step was to add LMPG (2%, w/v) in the re-
suspension buffer during sonication to extract proteins with-
out membrane enrichment. Recombinant protein was then
purified as aforementioned. Dimeric NS4B was observed
even in SDS-PAGE, when the sample was prepared using the
first method (Figure S2) and recombinant protein was mainly
in monomeric form when it was purified using the second
strategy. As NS4B can form functional dimers during viral
replication,[17] enriching E. coli cell membrane containing
recombinant NS4B through ultra-centrifugation might favor
dimer formation. In the second purification method, E. coli
cell membrane was not enriched and high concentration of
detergent micelles may prevent recombinant proteins from
forming dimers. NS4B prepared from these two methods
exhibited similar 1H-15N-HSQC spectra (Figure S2), which
may arise from the fact that the signals from dimeric NS4B
could not be observed due to the large molecular weight of
the dimer–micelle complex. We used the sample prepared
with the second method for NMR studies as the sample was
more homogeneous. The first method will be suitable for
obtaining a sample with dimeric NS4Bs, but it has been noted
that a suitable membrane mimicking system should be chosen
because most detergent micelles may not be the idealist
system for dimeric protein structural characterization in
solution.[18]

NS4B consists of 248 residues and is the largest dengue NS
membrane proteins. Assignment of such a protein with helical
structures is challenging due to signal overlap and the close
values of Ca and Cb chemical shifts of hydrophobic resi-
dues.[19] To obtain backbone assignment, we made another
construct containing N-terminal 130 residues of NS4B of
dengue 3 (NTD). The 1H-15N-HSQC NMR spectrum of NTD
was superimposed with that of the full length (Figure S3),
which was used to aid in backbone assignment. Backbone
resonance assignments of the full-length NS4B protein were
achieved using transverse relaxation-optimized spectroscopy
(TROSY)[20]- based 3D heteronuclear experiments based on
connections of Ca, Cb, and C’ carbons (Figure S4). Most
backbone amides and amide protons in the 1H-15N-HSQC
NMR spectrum were assigned except for residues M1, N2,
T50, L156, D157, D162, and C192. 230 peaks out of 236
(excluding 12 proline and 8 residues from the C-terminal
LEHHHHHH tag used for protein purification) in the
spectrum were assigned (Figure 1 A). The assignment has
been deposited in the Biological Magnetic Resonance Bank
with access number 26 846. The secondary structure of NS4B
was determined using TALOS + [21] by analyzing the back-
bone chemical shifts, suggesting that NS4B contains eleven a-
helices (Figure 1 B). TALOS + prediction agrees well with the

result of chemical shift index[22] by comparing the Ca

chemical shifts with the values from random coil structures
(Figure S5). Helix a1 is formed by residues L6 to D13, a2 by
A38 to E58, a3 by L66 to M77, a4 by P93 to L97, a5 by P105
to Y119, a6 by G125 to K136, a7 by K164 to M185, a8 by
E193 to A198, a8’ by P201 to W206, a9 by T217 to R227, and
a9’ by Y230 to V244. Among these well identified helical
elements, a4 is a short helix. A break between a8 and a8’ is
introduced by a proline residue, which was also observed for
a9 and a9’ (Figure 1B). The lengths of these helices were
further defined by studying the NOE connectivities (Fig-
ure S6). Based on both TALOS + prediction and NOE
analysis, NS4B in LMPG micelles contains eleven helices:
a1 (E3–D13), a2 (S37–S60), a3 (T61–G82), a4 (P93–Y100),
a5 (P105–G123), a6 (G125–R137), a7 (S163–M185), a8
(E193–G200), a8’ (P201–E207), a9 (T217–R227), and a9’
(Y230–V244). The precise lengths and boundaries of these
identified helices are slightly different. This may be due to
different characteristics and exposures such as solvent
accessibility, membrane interactions, and transmembrane.
The secondary structures of first 125 residues in full-length
NS4B were similar to those of a construct from the previous
study in which only these residues of dengue 2 NS4B were
purified and characterized.[16] The long cytoplasmic loop
(G125–D162) was shown to be important for NS3 binding.[13]

Previous NMR study on this loop suggested that there may be
a short helix formed by residues Q127 to Q135.[13] This region
was also shown to be a helix (part of a6) in this study,
supporting the previous findings. Helices a8 and a8’ are
separated by a proline residue, suggesting that these two
helices may form a single kinked helix. Likewise, helices a9
and a9’ may form a kinked transmembrane helix and G228
and S229 form a kink in this helix. NS4B contains several
proline residues that can serve as a helix breaker. There is
a proline in a2 and this residue is conserved in the NS4Bs
from the flavivirus.[23] The proline (P201) between a8 and a8’
is conserved among the four dengue serotypes, not in other
flaviviruses such as West Nile virus and Zika virus, which
suggests that the structure of this helix might be different
between dengue NS4Bs and other flaviviruses (Figure S7).[23]

Studies have also shown that some proline residues are critical
for NS4B function. For instance, the mutation of proline in
dengue 4 NS4B (P104/L) can abolish its interaction with NS3
protein.[24] These helix breakers in NS4B might have impor-
tant functions by altering the continuity of a helix.

NS4B contains three cysteine residues, namely, C99, C178,
and C192. Only C99 is conserved in flavivirus and the other
two are conserved among dengue four serotypes (Figure S7).
Cb chemical shifts of C99 and C178 were d = 40.95 and
40.17 ppm, respectively. The redox states of these two
residues are oxidized as the Cb chemical shifts are above
35 ppm, suggesting that these two residues might form
a disulfide bond under such conditions, which might be
important for NS4B function if this bond exists.[25] C192 was
not unambiguously assigned, which may be due to its
dynamics or exchanges.

The dynamics of NS4B were analyzed by obtaining 15N T1,
T2, and heteronuclear NOEs (hetNOEs; Figure 2). It has been
noted that most residues in the transmembrane regions could
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not be analyzed due to signal overlaps, which is not surprising
for a membrane protein with such size. Based on the analysis
of residues that have no signal overlap, the relaxation results
are still helpful to understand the dynamic nature of NS4B in
micelles. It is clear that the first 30 residues including a1 are
dynamic, which is supported by the low hetNOE values (less
than 0.6). The longest cytoplasmic loop region containing
G125 to D162 was shown to be highly dynamic in micelles,
which is characterized by the low hetNOE values when it was
expressed and purified alone in solution.[13] In the full-length
NS4B, only the C-terminal region of the loop exhibited low
and negative hetNOEs, suggesting high mobility. The N-
terminal region of the loop region containing a6 was more
stable than the C-terminus, suggesting that micelle or
membrane environment may stabilize the helical structures.
Residues from helices a2, a3, a5, a7, a8, and a9 exhibited
higher T1 than those from other regions.

To understand the membrane topology of NS4B in LMPG
micelles, we carried out a paramagnetic relaxation enhance-
ment (PRE) experiment. The solvent accessibility of NS4B
was explored by comparison of the peak intensities of
a residue in the absence and presence of gadolinium (Fig-
ure S8). Residues from 142 to 160 and residues from the N-

Figure 1. A) Assignment of dengue 3 NS4B in LMPG micelles. 1H–15N-TROSY NMR spectrum of NS4B was collected at 313 K. The assignment of
each peak is labeled with residue name and sequence number. The middle region is shown on the right side. B) Secondary structure analysis
using TALOS and NOE connections. TALOS+ analysis was carried out using an input file containing HN, N, Ca, Cb, and C’ chemical shifts. The
possibility is plotted against residue number. The possible to be a helix is ranked from 0 (not a helix) to 1 (helix). The helix and coil structures are
shown as boxes and lines, respectively.

Figure 2. 15N T1, T2, and hetNOE relaxation data for NS4B. The data
was collected at 700 MHz. Only residues that can be analyzed are
shown.
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terminus exhibited significant changes in peak intensities
upon addition of gadolinium, suggesting that these residues
are exposed to the solvent. Residues from 5 to 30, 125 to 140
exhibited medium changes, suggesting that they were inter-
acting with micelles. Other residues were shown to be
protected from exposure to gadolinium, suggesting that they
may be transmembrane regions or buried in the micelles. We
also used hydrogen–deuterium (H–D) exchange experiments
to further understand the structure and membrane topology
of NS4B (Figure S9). When NS4B was exposed to D2O, most
peaks in the 1H-15N-HSQC spectrum disappeared except for
residues from a2, a3, a5, a7, and a9. Most protected residues
were hydrophobic ones such as Leu, Ala, and Val. These
residues were protected from H–D exchanges by forming
a secondary structure or/and being buried deeply in detergent
micelles. A biochemical study suggested that a5 and a7 are
transmembrane helices.[15] Several residues from these two
helices were protected from exchanges, confirming that they
are transmembrane helices. Several residues from a2 and a3
were also protected from exchanges with faster exchange
rates than those of residues from a5 and a7. Only one residue
from a9 and a9’ exhibited a cross peak in the 1H-15N-HSQC
spectrum, suggesting that these helices are different from the
other four helices (Figure S9). Based on our PRE and H–D
exchange experiments, NS4B might contain five transmem-
brane helices-a2, a3, a5, and a7 (Figure 3A). Helices a9 and
a9’ should be a transmembrane domain with a break in viral
poly protein because NS5 protein is present in the cytoplasm
(Figure 3B). These two helices were protected in the PRE

experiment (Figure S8), suggesting that it may be a trans-
membrane helix. H–D exchange experiment demonstrated
that a9 and a9’ were not protected from exchanges, indicating
that these helices are not behaving similarly to other trans-
membrane regions in vitro, suggesting that this transmem-
brane domain may undergo conformational changes when
NS5 is released from NS4B (Figure 3 C). This result is also
consistent with the previous finding that this region may flip
over the cell membrane.[15]

In summary, we conducted backbone resonance assign-
ments of full-length NS4B in LMPG micelles. Secondary
structures of NS4B were obtained based on analysis of the
obtained chemical shifts and NOE connections. NS4B might
contain five transmembrane helices based on H–D exchange
and PRE experiments. The last transmembrane helix which
contains a break, is membrane interacting, and is buried in
micelles. Residues from 142 to 160 were found to be exposed
to the solvent, which is consistent with the finding that they
form part of the cytoplasmic loop that interacts with the NS3
protein.[24] Overall this study provides, to our knowledge, the
most detailed structural description of NS4B that will be of
great use to develop specific inhibitors against flaviviruses.
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