1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duasnue Joyiny vd-HIN

éPL "VS)))\

NIH Public Access

Y (A
] a2 & Author Manuscript

o
R s

Published in final edited form as:
Curr Opin Microbiol. 2008 August ; 11(4): 369-377. doi:10.1016/j.mib.2008.06.004.

Structural Proteomics of Dengue Virus

Rushika Perera and Richard J. Kuhn®
Markey Center for Structural Biology & Department of Biological Sciences, Purdue University, West
Lafayette, IN 47907

Summary

In this paper, we discuss recent advances in our knowledge of the dengue virus life cycle based on
new structural data of the virus and its proteins. Specifically, we focus on the structure of the pre-
membrane protein, prM and its role in virus assembly, the first full-length structure of a multi-domain
dengue virus replication protein, NS3, and the recently solved structures of NS5 methyltransferase
and polymerase domains. These structures provide a basis for describing function and predicting
putative host interactions.

Introduction

Dengue fever (DF) and dengue hemorrhagic fever (DHF)/dengue shock syndrome (DSS) have
become a global health burden in recent decades affecting more than 50 million people a year
in southeast Asia, the western Pacific, Central and South America. Dengue virus (DENV), the
causative agent of these diseases is continuing to spread and has emerged as a significant health
threat throughout the world [1,2]. Currently, there is no vaccine or effective antiviral against
the virus. However, significant effort has been put forth towards developing vaccines and
antivirals by increasing our understanding of the viral life cycle, the interaction of the virus
with the host, and identifying factors important for transmission of the virus. At the forefront
of these studies are structural analyses of the virus and viral proteins that have provided valuable
insight into the mechanism of DENV pathogenesis.

DENV is a member of the Flaviviridae family and is grouped within the flavivirus genus
together with other pathogenic viruses including West Nile virus (WNV), Japanese encephalitis
virus (JEV), tick-borne encephalitis virus (TBEV) and yellow fever virus (YFV) [3]. The viral
genome consists of a positive-sense RNA of ~11kb. This RNA encodes 3 structural proteins
(C, prM and E) that form the components of the virion, and 7 non-structural proteins (NS1,
NS2A/B, NS3, NS4A/B, NS5) involved in viral RNA replication (Figure 1). The atomic
structures for many of these viral proteins have been solved. In this review, we will highlight
recent advances in structural studies on DENV and its proteins. We will discuss the relevance
of these studies with regard to the functional mechanisms of the viral proteins, their interactions
with host proteins, and their role in the viral life cycle.

Virus assembly and maturation

The structure of DENV was previously solved through a combination of cryo-electron
microscopy and X-ray crystallography [4-13]. Recently, the structures of intermediates in the
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assembly process have also been obtained and these provide insight into the assembly and
maturation process of DENV [13,14]. In supernatants of infected cells, the virus is found either
as a mature or immature particle with a diameter of about 50 nm and 60 nm, respectively. Both
particles consist of an outer glycoprotein shell and an internal host derived lipid bilayer. Within
this bilayer is an RNA-protein core consisting of genome RNA and capsid proteins (C). The
glycoprotein shell is well defined and consists of 180 copies each of an envelope (E) and
membrane protein (prM/M). These two proteins have different conformations in the immature
and mature DENV particles and therefore, confer unique structural features to both forms of
particles. In the immature virion, prM and E form 90 heterodimers that extend as 60 trimeric
spikes from the particle surface (figure 2A). In the mature virion, E is found as 90 homodimers
that lie flat against the viral surface forming a ‘smooth’ protein shell (figure 2D). The “pr’
peptide is cleaved from prM during maturation and M remains in the mature particle as a
transmembrane protein beneath the E protein shell. The structural transitions from immature
(“spiky’) to mature (‘smooth”) morphology (described in figure 2) occur while in transit through
the Trans-Golgi Network (TGN) and are driven predominantly by conformational changes in
the E protein [5,6,12]. These conformational changes in E are triggered by low pH (~5.8-6.0)
and occur prior to the maturation cleavage of prM by a host encoded furin protease (figure 2B)
[14]. It was demonstrated that these conformational changes were reversible (based on pH).
This suggested that the immature particle could exist reversibly in either ‘spiky’ or *smooth’
forms depending on the pH of the cellular environment. This is a remarkable observation
considering that such reversible conformational changes require the E protein to toggle between
forming heterodimeric interactions with prM in spikes that projects vertically outwards from
the particle to forming homodimeric structures that lie flat against the viral surface. The
molecular reorganization required for these changes are extensive, the details of which still
remain illusive. Following maturation however, the mature particle cannot revert back to its
immature morphology. Once cleaved, the pr peptide remains associated with E (figure 2C)
until the mature particle is released into the neutral pH of the extracellular environment.
Therefore, it was proposed that the pr peptide functioned as a cap-like structure that protected
the fusion peptide on E from undergoing premature fusion prior to virus release [14].

Recently, the atomic structures of prM were solved at pH 5.5 (2.2A) and 7.0 (2.6A) [13]. Both
structures were similar indicating that pH did not affect the tertiary structure of prM. The
construct consisted of a prM-E fusion protein where the prM protein was fused to the
ectodomain of E. The transmembrane domain of prM was replaced by a linker. The furin
cleavage site was also mutated. The resulting structure of prM has a unique fold and consists
of 7 antiparallel B-strands, stabilized with three S-S bonds. The glycosylation modification at
asparagine 69 was also observed. The structure of E in this construct was similar to its pre-
fusion dimeric conformation [12]. As predicted previously, the pr peptide was positioned as a
‘cap’ on E protecting the hydrophobic fusion loop [13]. These recent studies on the immature
virions and proteins have provided new details of DENV assembly and maturation. They have
also opened new avenues that can be explored toward understanding the molecular mechanism
behind E protein dynamics and the role of the immature particles in the virus life cycle.

The E protein also provides the first point of contact between the virus and the host cell. Several
cellular proteins and carbohydrate molecules that function as attachment factors mediating
viral entry have been identified, and these molecules have been shown to interact with the E
protein [15-21]. These attachment factors assist in concentrating the virus on the cell surface
increasing its access to specific cellular receptor/s. Structural insight into the interaction of E
with one of these attachment factors, dendritic-cell-specific ICAM3-grabbing non-integrin
(DC-SIGN) [22] has been obtained. Unfortunately, a specific cellular receptor for dengue has
not yet been identified. It is possible that currently identified attachment molecules could
function as specific cellular receptors for dengue. However, it would be necessary to
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demonstrate that they mediate clathrin-mediated endocyotsis of the particle and this has not
been shown for any of these putative receptors to date.

Viral RNA replication

Replication of the viral genome primarily occurs in the cytoplasm of infected cells. Initially,
the incoming viral RNA is translated into a polyprotein, which is then directed to the
endoplasmic reticulum (ER). Signal sequences within the polyprotein translocate NS1 and the
ectodomains of prM and E into the lumen of the ER while the C, NS3 and NS5 proteins are
localized to the cytoplasm. NS2A/B and NS4A/B remain predominantly as transmembrane
proteins. Processing of this polyprotein is a fundamental process that must occur before viral
RNA replication can proceed (figure 1). This task is carried out by host signalases that reside
in the lumen of the ER and the viral NS3 protein and its co-factor, NS2B that reside in the
cytoplasm [23-25]. Structural insights into the viral replication proteins have been limited to
NS2B/NS3 and NS5. However, a number of ultrastructural studies have also been done that
demonstrate substantial re-arrangements of internal membranes permitting facile virus RNA
synthesis and assembly [26]. The NS4A protein has been implicated in this alteration of
intracellular host membranes but the mechanism by which this occurs is unknown [27].

NS3 protease-helicase

NS3 is a multifunctional protein of 618 amino acids that functions both as a chymotrypsin like
serine protease as well as an RNA helicase and RTPase/NTPase. The protease domain is N-
terminal in NS3 (residues 1-180) and cleaves the viral polyprotein at several sites as depicted
in figure 1. The enzyme consists of 6 B-strands that form two p-barrels with the catalytic triad
(His-51, Asp-75 and Ser-135) sandwiched between them. Activity of the protease is critically
dependent upon the presence of its co-factor, NS2B which is conserved among the flaviviruses
[24,28,29]. Recently, the structure of the full-length NS3 of DENV-4 was solved to 3.15A
resolution (figure 3) [30]. This structure suggests that NS3 is an extended molecule with the
protease domain spatially oriented on top of subdomains I and 11 of the helicase. The NS3
protein included residues 49-66 from the NS2B which were linked to the N-terminus of full-
length NS3 by a Gly-Ser linker. However, its protease domain was inactive but retains the same
active site conformation and overall fold as an active form of the DENV-2 protease domain
that included an extended region of NS2B (residues 40-80) [31]. Analysis of these two
structures as well as the structure of the substrate-bound form of the WNV protease domain
[32] indicated that residues 67-80 of NS2B are critically important for protease activity of
NS3. This is due to NS2B wrapping around the protease domain as a 'belt-like' structure and
forming an integral part of the protease active site. While the central region of NS2B (residues
67-80) interacts with the protease, flanking hydrophobic regions of NS2B are predicted to
anchor the NS2B-NS3 complex in the ER membrane [33]. This geometry places the protease
active site close to predicted transmembrane domains that must be cleaved within the
polyprotein. The consensus cleavage site of NS3 requires a dibasic (Arg/Lys)-Arg motif at the
P2 and P1 positions respectively and a small amino acid (Gly) at the P1’ position. The substrate
specificity as well as the cis/trans activity of many of the flavivirus proteases have also recently
been characterized [34,35]. These studies provided evidence of a required cis-cleavage of the
NS3 helicase domain at a site hidden from exposure to the protease domain. This indicated
that the NS3 is structurally dynamic and may indeed require an extended conformation (as
observed in this recent structure) for its function. Such a conformation of NS3 could explain
the ability of the NS2B-NS3 protease to function on sites not readily accessible to it. These
same studies have also suggested that the cis-trans activity of the protease may play an
important role in controlling the dynamics of viral protein translation versus RNA replication
by controlling the availability of viral proteins.
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The helicase domain of NS3 (residues 180-618) has seven structural motifs reminiscent of
superfamily 2 helicases [36]. It has three subdomains with significant sequence identity and
structural similarity to other flavivirus helicases [30,37-39]. Subdomains I and Il are also
structurally similar to the corresponding domains in hepatitis C virus suggesting a common
functional mechanism [40,41], however, the fold of subdomain 111 is unique to the flaviviruses,
and may be a site for protein binding. Both subdomains I (residues 181-326) and I (residues
327-481) are composed of a central six-stranded parallel B-sheet, which is flanked by 4 a-
helices. Subdomain 11 (residues 482—618) has 4 approximately parallel a-helices surrounded
by three shorter a-helices and two solvent-exposed antiparallel B-strands. In the recent structure
of full-length NS3 [30], the helicase domain adopts a similar structure to the isolated DENV
helicase [37], with the exception that several regions previously disordered in the isolated
domain structure are now visible. However, the helicase activity of the full-length NS3 protein
is ~30-fold higher than the isolated domain [37] indicating that the protease domain may
influence the enzymatic activities of the helicase. The protease and helicase are linked by an
interdomain linker that shares little conservation between the flaviviruses, but plays an
important role in the association between the two domains in NS3 (the buried surface area
between the domains is ~1380A2 and ~380A2 with and without the linker, respectively). The
helicase domain of NS3 is also implicated in interacting with the polymerase, NS5 [42] and in
WNYV implicated in virulence [43]. Recently, a residue in the NS3 helicase domain (W349)
was shown to be involved in virus assembly suggesting that NS3 plays an additional role in
the life cycle following viral RNA replication [44]. The NS3 protein has also been implicated
in inducing apoptosis in infected cells [45]. Overall, the full-length structure of NS3 represents
a significant milestone in flavivirus biology as crystallization of full-length viral proteins has
long been a challenge.

NS5 methyltransferase-polymerase

The largest (900 residues, 104kDa) and the most conserved protein in DENV is NS5 (67%
sequence identity among DENV serotypes 1-4). It is also a bifunctional enzyme with a
methyltransferase domain (M Tase; residues 1-296) at its N-terminal end and a RNA-dependent
RNA polymerase (RdRp; residues 320-900) at its C-terminal end. The structure of the MTase
domain was previously solved for DENV [46] and recently solved for WNV [47]. Both
structures have an S-adenosyl-methionine-dependent MTase core structure that folds into a o/
B/p sandwich cradled between N-and C-terminal subdomains (figure 3). Overall, the two
MTase structures are very similar and this domain has recently been shown to sequentially
catalyze both guanine N-7 and ribose 2'-O-methylation [46,48]. The primary difference
between the two structures is observed in the SAM-binding site and the cap-binding site, with
the former having a more open conformation in DENV versus WNV, and the latter being more
open in WNV [46,47]. Itis suggested that the differences in the SAM-binding site may reflect
two distinct states of the enzyme, with the closed conformation (in WNV) representing tight
SAM-binding, and the open state representing the release of the by-product of the methylation
reaction, S-adenosyl-homocysteine (SAH). Both enzymes have a highly positively charged
surface at the GTP and SAM binding sites to accommodate capped RNA substrates.

The crystal structures for both DENV [49] and WNV [50]polymerases have been solved. The
polymerase domain of NS5 assumes a structure similar to other RdARp molecules, and is
composed of a canonical right hand conformation with palm, fingers, thumb subdomains
(reviewed in [51]). It also shares a common catalytic mechanism for the incorporation of
nucleotides utilizing two metal ions coordinated by structurally conserved aspartic acid
residues (also known as the GDD motif). The RdRps differ from DNA-dependent RNA
polymerases by the existence of the 'finger tips' that connect the fingers and thumb subdomains
to create a fully encircled active site. The DENV RdRp displays a more flexible fingers
subdomain and therefore through a rotation of ~8° away from the thumb subdomain, forms a
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more ‘open’ conformation compared to WNV [49,50]. Interestingly, the flavivirus RdRps have
a nuclear localization signal between residues 320-405. This NLS region in NS5 was
previously thought to be a flexible interdomain linker, but is now known to be a well-defined
structural component of the RdRp [49,50,52,53]. Specifically, residues 320-368 are strictly
conserved among the flaviviruses and bind p-importin. These residues are also implicated in
interacting with NS3[42,52]. In DENV infections, the NS5 protein is primarily localized within
the nucleus. However, not all flavivirus RdRps localize to the nucleus. The rationalization for
aviral RdRp localizing to the nucleus when its actual enzymatic functions in the virus life cycle
are required in the cytoplasm is currently unknown but is actively being investigated [54].
However, these observations do suggest that apart from its enzymatic functions, NS5 may also
engage in virus-host interactions and actively interact with the host environment.

Other viral non-structural proteins

Unfortunately, there is no structural information available for viral proteins NS1, NS2A and
NS4A/4B. NS1 is a 45kDa glycoprotein that is translocated into the lumen of the ER and
secreted from the cell [55-57]. It is implicated in functions within the viral RNA replication
complex [58-60] as well as in viral defense through inhibition of complement activation
[61]. Although the protein forms stable oligomers (dimers and hexamers) in solution, structural
analyses of this protein and has been quite challenging [62,63]. This is also true for the
hydrophobic proteins NS2A and NS4A/4B. NS2A is a ~22kDa protein that is implicated to
form part of the replication complex [64]. As a result of an internal NS2B-NS3 cleavage, two
forms are observed, NS2A and NS2Aa Both forms are important for virus production [65].
NS4A (16kDa) and NS4B (27kDa) are integral membrane proteins. NS4A is proposed to
induce membrane alterations important for virus replication [27,66]. NS4B is implicated in
assisting viral RNA replication through its direct interaction with NS3 [67]. It is also suggested
to block IFN o/B-induced signal transduction [68,69]. Structural analayses of these three
proteins have been unsuccessful since they all possess multiple transmembrane hydrophobic
segments. However, the membrane topology of NS4A and NS4B has been predicted through
biochemical analyses (figure 1B) [27,70].

Concluding remarks

Advances have been recently made towards obtaining structural insight into the function of
many DENV proteins. Although this has been useful, the multi-functional nature of these
proteins requires additional information to understand how these proteins interact to form
active replication and assembly complexes. Parallel work on identifying viral and host protein
interactions will be essential in developing a complete molecular description of the viral life
cycle.
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Figure 1. Schematic diagram of the dengue virus genome and polyprotein

A. The viral genome is a positive sense RNA of ~11kb in length. It is capped at the 5" end but
lacks a poly-(A) at its 3'-end. The structural proteins (open boxes) are encoded at the 5’ one
third of genome followed by the non-structural proteins (grey boxes). B. Membrane topology
of the polyprotein. The viral RNA is translated as a polyprotein and processed by cellular and
viral proteases (denoted by arrows). The structural proteins include capsid (C), membrane
protein (prM/M) and envelope (E). prM and E are released from the polyprotein by signalase
cleavage in the ER, but remain anchored on the luminal side of the membrane. The C is also
anchored in the ER membrane (on the cytoplasmic side) by a conserved hydrophobic signal
sequence at its C-terminal end. This signal sequence is cleaved by the viral NS2B-NS3
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protease. During virus maturation, prM is further cleaved by furin in the TGN into the pr peptide
and M protein. The non-structural proteins are processed mainly by the viral protease NS2B-
NS3 in the cytoplasm with the exception of NS1, which is released from NS2A by a yet
unidentified protease in the lumen of the ER. NS2A/2B and NS4A/4B are anchored in the ER
as transmembrane proteins. The topology of NS4A and NS4B are predicted through
biochemical and cellular analyses [62,67]. C. Structural proteome of dengue virus. NMR and
X-ray structures are shown for C, prM, E, NS3 (full-length) and the NS5 methyltransferase
and polymerase domains (PDB identifiers: 1R6R, 3C5X, 10KE, 2VBC, 2P1D, 2J7U,
respectively)[4,5-7,12,13,18,32,36]. Structures are currently not available for the proteins
denoted in red.
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Figure 2.

Structure of the dengue virion and conformations of the E protein. A. The cryo-EM
reconstruction of the immature virion at neutral pH [12]. In this structure, the E protein exists
as a heterodimer with prM, and these heterodimers form 60 trimeric spikes that extend away
from the surface of the virus. This arrangement of E gives the virus a ‘spiky’ morphology and
represents the initial particle that buds into the ER. The conformation of the E protein (grey)
within a spike is shown below the virion. The “‘pr’ peptide is shown in blue protecting the fusion
peptide on E (shown as a red star). B. The cryo-EM reconstruction of the immature virion at
low pH [14]. During its transit through the secretory pathway, the virus encounters low pH in
the TGN. Under these conditions, the prM-E heterodimers dissociate from their trimeric spike-
like organization and form 90 dimers that lie flat against the viral surface. This orientation of
prM-E proteins gives the virion a ‘smooth’ morphology. Upon raising the pH (reverse reaction),
this ‘smooth’ particle can revert back to its ‘spiky’” morphology. C. While in the TGN, the prM
protein is cleaved into its “‘pr’ peptide and M protein by the host endoprotease, furin. The
cleaved ‘pr’ peptide maintains its position as a ‘cap’ on E and the E proteins remain as 90
homodimers lying parallel to the virion surface. M, not shown in this figure lies embedded in
the viral membrane beneath the E protein shell. D. The cryo-EM reconstruction of the mature
virion [10]. Following furin cleavage, the mature virion is secreted into the extracellular milleu
and the pr peptide is released from mature particle.
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Figure 3.

Structures of dengue virus proteins. Top panel (structural proteins): The NMR structure of
the capsid protein dimer (LR6R) is shown on the left with helix 1, blue; helix 2, green, helix
3, yellow and helix 4, pink [4]. The X-ray structure of the prM-E protein is shown on the right
[13]. The three domains of the E protein are shown: domain I, red; domain I1, yellow; domain
111, blue. prM is shown in cyan forming a cap protecting the fusion peptide (green) on E.
Bottom panel (non-structural proteins): the X-ray structure of the full-length NS3 protein
(2vBC) is shown on the left [18]. The protease domain (residues 1-168) is N-terminally located
in the molecule. The catalytic triad is shown in blue (His 51), purple (Asp 75) and limon (Ser
135). NS2B is shown in red. The linker between the protease and helicase domains (residues
169-179) is shown in cyan. The helicase domain forms the C-terminal two-thirds of the
molecule (residues 180-618). The active site motifs are colored: motif | (196-202), purple;
motif 11 (284-287), magenta; motif 11 (312-324), orange; motif IV (359-367), yellow; motif
V (407-420), pink; motif VI (452-463), slate blue. NS5 is shown on the right. The
methytransferase (2P1D) is shown colored in rainbow from N-terminal to the C-terminal end
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[32]. The CAP structure is shown in black and the by-product of the methylation reaction, S-
adenosyl-homocysteine (SAH) is shown in red. The polymerase of DENV-3 (2J7U) is shown
with the fingers domain (273-315; 416-496; 543-600) in blue, palm domain (497-542; 601—
705) in green, and thumb domain (706—900) in red. The nuclear localization signal (NLS) is

shown in yellow (b NLS, 320-368) and brown (a/b NLS, 369-405).
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