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The Murine Charged Multivesicular Body Protein 2A, CHMP2A Interacts with the 5’ and

3’ Terminal Regions of Dengue Virus Complementary Minus-strand RNA
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Abstract: Dengue (DEN) viruses, of which there are four distinct serotypes (DEN-1, -2, -3 and —4),
belong to the Flaviviridae family. Their ‘plus’ sense RNA genomes contain Non-Translated Regions
(NTRs) at their 5’ and 3’ ends. Replication of viral genomic RNA, which takes place in close
association with host cell membranes, involves the initial synthesis of the complementary minus sense
RNA intermediate. The NTRs, which have the potential to form stable stem-loop structures, are
implicated to play a key role in the viral life cycle through binding to viral and/or host proteins. We
have screened a mouse macrophage cDNA expression library with a mixture of radioactive plus and
minus sense DEN-2 virus NTR transcripts and identified a ~25 kDa protein. A BLAST analysis of the
cDNA sequence encoding this protein showed it to be identical to human CHarged Multivesicular
body Protein 2A, CHMP2A (also known as CHromatin Modifying Protein 2A), implicated in sorting
proteins into endosome-derived vesicles. Recombinant murine CHMP2A was expressed in E. coli as a
6x His tagged protein, purified to homogeneity and shown to interact preferentially with the minus
sense 5’ and 3’ NTRs of all four DEN virus serotypes. Using DEN-2 virus 5° (-) and 3’ (-) NTRs we
could demonstrate the specificity of this binding activity in vitro by ultraviolet cross-linking and
electrophoretic mobility shift assays, carried out in the absence and presence of specific and non-
specific competitors. Finally, this unique RNA/protein interaction was verified in vivo using a yeast-

based interaction assay.
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INTRODUCTION

Dengue (DEN) viruses are mosquito-borne human
pathogens with a worldwide prevalence!"?. They
belong to the family Flaviviridae that also includes
Japanese encephalitis, yellow fever, West Nile, Kunjin
and hepatitis C viruses”. There are four different
serotypes of DEN viruses (DEN-1, -2, -3 & -4), all of
which share a common genomic organization. The
genome of the DEN virus is a ~11 kilobase (kb), single-
stranded, plus sense RNA that serves as a template for
both replication and translation. It contains a single
open reading frame (ORF), flanked at its 5’ and 3’ ends
by non-translated regions (5’ and 3’ NTRs). The single
ORF encodes a large, ~3,400 amino acid (aa) residue
polyprotein that is processed during and after
translation into three structural proteins called capsid,
pre-membrane and envelope and seven nonstructural
(NS) proteins, designated as NS1, NS2A, NS2B, NS3,
NS4A, NS4B and NS5, Replication proceeds through
a complementary minus sense genomic RNA
intermediate. It is well documented that the RNA
synthetic machinery of the flaviviruses, like most other
eukaryotic cytoplasmic plus-sense RNA viruses, is
associated with host cell membrane components*®.
Mackenzie et al."* observed for the first time, unique

cytoplasmic entities known as vesicle packets (VPs), in
DEN-2 virus-infected cells. Subsequently, it was shown
that NS1, NS3, NS2A and NS4A (all components of the
viral RNA replicase), as well as dsRNA (the putative
template for viral RNA synthesis) co-localized to the
VPs in Kunjin virus-infected Vero cells’®%.

The NTRs play key roles in the life cycle of the
RNA viruses. The size and sequence of the NTRs vary
among different flaviviruses, but their secondary
structure comprising stable stem-loop (SL) formations
appears to be highly conserved™''""”!. Translation and
replication in the flaviviruses requires interaction
between cis-acting elements of the NTRs with viral as
well as host proteins''!. While the 5 NTR of the plus
sense genomic RNA [5°(+) NTR] is thought to be
involved in the initiation of translation, 3° NTR of the
plus sense genomic RNA [3°(+) NTR] is implicated to
function as a promoter for the synthesis of the
complementary minus sense RNA, resulting in a double
stranded (ds) replicative form (RF). For example, the
cellular proteins, La and polypyrimidine tract binding
protein (PTB) have been shown to bind to the 5°(+)
NTR and facilitate translational initiation in hepatitis C
virus!™'®. The viral proteins NS3 and NS5, which
function as components of the RNA replicase of
flaviviruses, have been found to be associated with the
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3°(+) NTR'""\. The PTB also binds to the 3’(+) NTR of
HCV RNA!"®" and may thus affect transcription as
well. In the case of West Nile virus, it has been reported
that the translation factor EF-1oa binds to the 3’(+)
NTR™. Similarly, Japanese encephalitis virus 3’(+)
NTR has been reported to interact with a cellular
protein known as Mov34?'! Host RNA binding
proteins TIAR and TIA-1 involved in translation and
splicing are known to interact with 3’(-) NTR of West
Nile virus and facilitate plus sense RNA synthesis'*.

To identify DEN virus NTR-interacting proteins
we screened a mouse macrophage cDNA expression
library with a mixture of radiolabeled DEN-2 5°(+), 3’
(+), 5° (-) and 3’ (-) NTR transcripts and identified a
~25 kilodalton (kDa) protein that bound specifically to
5’(-) and 3’(-) NTRs of DEN-2 virus but not to their
‘plus’ sense complementary sequences. The BLAST
analysis of the DNA encoding this minus sense NTR-
binding protein showed it to be 100% identical to a
murine protein called CHMP-2A, also known as
putative breast adenocarcinoma marker protein, BC-2
and vacuolar protein sorting associated protein, mVps2.
The CHMP2A protein is a mammalian class E Vps
(vacuolar protein sorting) protein involved in the
endosome related multivesicular body (MVB) sorting
pathway'™ ?*!. Interestingly, all characterized positive-
strand RNA viruses are believed to assemble their RNA
replication complexes on intracellular membranes,
usually in association with membrane vesicle
formation'®. This is the first report to describe the
identification of a host protein that interacts with the 5’
and 3° NTRs of DEN-2 complementary minus strand
RNA.

MATERIALS AND METHODS

DNA templates and RNA transcripts: The cDNAs
corresponding to DEN-2 virus (Genbank accession No.
AY744150) 5°(+) NTR [nucleotides (nt) 1-96] and
3’(+) NTR (nt 10270-10714) were chemically
synthesized (Biobasic Inc. Toronto, Canada), so that the
cDNA fragments were flanked by Kpn I and Sac I sites
at their 5’ and 3’ ends, respectively. The 5° NTR [96
base pairs (bp)] and 3> NTR (444 bp) encoding cDNA
inserts were cloned into plasmid pBluescript KS+ at
these sites, to create plasmids pBSD2-5 and pBSD2-3,
respectively. These NTR cDNA inserts were amplified
together with the vector provided T3 and T7 phage
promoter sequences using polymerase chain reaction
(PCR) to obtain templates (5° NTR templates: 135 bp;
3’ NTR templates: 483 bp) for in vitro transcription.
The vector-specific forward primers [designed to anneal
to the T7 or T3 RNA polymerase promoter sites) and
the NTR insert-specific reverse primers and their
sequences, are as follows: primer A, aat taa ccc tca cta
aag gga ac; primer B, cag aga tct gct ctc taa tca aaa;
primer C, gta ata cga ctc act ata ggg c; primer D, agt
1gt tag tct acg tgg acc g; primer E, aga acc tgt tga ttc
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aac agc ac; and primer F, tag aaa aac atg aga cag aac
aaa ag. Primers were obtained from Operon, Germany.
The templates and primer pair combinations used for
PCR are shown in Fig. 1. The PCR products were
directly used as templates to synthesize radiolabeled
RNA by in vitro transcription with either T7 or T3
RNA polymerase (Roche Applied Science). To
generate [*"P]-labeled RNA, the transcription reactions
were carried out in presence of 40 mM Tris-Cl (pH
7.5), 6 mM MgCl,, 10 mM NacCl, 2 mM spermidine, 10
mM  dithiothreitol (DTT), 0.5 mM (each)
ribonucleotides (A, C and G), 1000M UTP, 50 [ICi of
o[ ’P]-UTP (3000Ci/mmol; Perkin Elmer) and 20 U of
RNasin (Promega). The reaction mixture was incubated
for 2 h at 30°C. RNase-free DNase 1 (0.2 U) was then
added and reaction mixture was incubated at 37°C for
30 min. This reaction was followed by one phenol-
chloroform-isoamyl alcohol and one chloroform-
isoamyl alcohol extraction. To remove free nucleotides,
the aqueous phase containing the RNA was passed
through a Sephadex G-25 spun column and stored at —
70°C. For generating radiolabeled and photo-reactive
transcripts to be used in ultraviolet cross-linking (UV-
CL) experiments, 5-Bromo-Uridine Triphosphate (Br-
UTP) was added (instead of UTP) to the transcription
reaction. RNA yield was determined by trichloroacetic
acid precipitation. A specific activity of ~10° cpm/ug
was routinely obtained. For synthesis of cold RNA, the
reaction was carried out as essentially described above
except that 0.5 mM cold UTP replaced the radiolabeled
UTP. All the reagents used were made in diethyl
pyrocarbonate (DEPC) treated water.

Cloning of a DEN virus NTR-binding protein from a
mouse macrophage cDNA library: A commercially
available cDNA expression library (Stratagene), made
from mouse macrophages in the Uni-ZAP XR vector,
was screened using a mixture of radiolabeled DEN
virus NTR transcripts, according to the manufacturer’s
protocol. The membranes were incubated at room
temperature for 30 min in binding buffer [14 mM
HEPES (pH 7.5)/6 mM Tris-CI (pH 7.5)/1 mM
EDTA/1 mM DTT/60 mM KCI and 10 pug ml™' each of
yeast tRNA, yeast RNA, synthetic poly A, poly AU,
poly IC and 100 pg ml" of sheared salmon sperm
DNA]. The membranes were probed with an equimolar
mixture of o-[**P]-radiolabeled DEN-2 virus 5°(+), 3
(+), 5° (-) and 3’ (-) NTR transcripts (~1x 10° cpm of
each probe/ml). The putative positive plaques were
visualized by autoradiography, picked up and purified
to homogeneity™. In vivo excision and re-
circularization of cloned inserts contained within the
lambda vector into corresponding pBluescript double-
stranded phagemids was carried out as per the
manufacturer’s protocol. The phagemids were then
sequenced, using T3 and T7 primers (flanking the
cDNA inserts).

Recombinant expression of the DEN virus NTR-
binding protein in E. coli: T3- and T7-primer
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amplified insert from a phagemid clone selected above
was T/A cloned into pGEM-T Easy vector, retrieved as
an EcoR 1 fragment and inserted into pBluescript at its
EcoR 1 site. After identifying a clone containing the
insert in the right orientation, it was recovered as a Sma
I and Hind III fragment and cloned directionally into
the E. coli expression vector pQE31 (Qiagen), in-frame
with the vector-provided 6x His tag-encoding sequence
at the 5 side. The insert carried its own stop codon.
The resultant pQE-derived expression plasmid
encoding the NTR-binding protein was introduced into
E. coli (SG13009) cells and induced with 0.5 mM IPTG
for 4 hrs at 37°C. The protein was purified by Ni-NTA
chromatography as described earlier™. The bound
protein was eluted at pH 4.5 [10 mM Tris-HCI /100
mM NaH,PO, /8 M urea, pH 4.5) and dialyzed against
10 mM Tris, pH7.5/50 mM L-arginine/50 mM L-
glutamic acid.

Binding of Ni-NTA immobilized r-mCHMP2A to
DEN virus NTR transcripts: Purified -mCHMP2A
protein (~100 ng) was allowed to bind Ni-NTA agarose
beads (50 ul of a 10% suspension), pre-equilibrated in
binding buffer [S mM HEPES (pH 7.5), 1 mM EDTA,
2 mM DTT, 25 mM KCl, 2 mM MgCl,, 4% (vol/vol)
glycerol]. The beads were spun down, washed in
binding buffer and allowed to incubate with ~1 ng
(10°cpm) of radiolabeled NTR or pBS polylinker
transcript, in the presence of 200 ng each of yeast
tRNA, synthetic poly A, poly AU and poly IC, for 1 hr
on ice. The beads were then washed extensively
binding buffer to remove unbound radioactivity and
analyzed using a liquid scintillation counter to
determine the magnitude of bound radioactivity.

Ultraviolet light-induced cross-linking (UV-CL) of
DEN-2 NTRs and the purified recombinant protein:
One hundred nanograms of the purified -mCHMP2A,
unrelated 6x Histidine tagged protein (r-human IFN-
gamma), or bovine serum albumin were incubated in
UV-CL binding buffer [5 mM HEPES (pH 7.5), | mM
EDTA, 2 mM DTT, 25 mM KCl, 2 mM MgCl,, 4%
(vol/vol) glycerol] with 200 ng each of yeast tRNA,
synthetic poly A, poly AU and poly IC (Sigma) in the
presence of 1U RNasin (Roche Applied Sciences) in a
final volume of 20 pl for 10 min at 4°C. To this, 1 ng of
J-[1%P]-labeled DEN-2 NTR transcript [either 5°(+/-)
NTR or 3’(+/-) NTR] was added and incubated for
another 15 min at 4°C. The reaction mixture was then
irradiated at a distance of 5 cm, with 254 nm UV light
(Stratalinker) for 2 min on ice. Samples were treated
with 2.5 U of RNase A/T1, for 30 min at 37°C and
subjected to 12.5% SDS-PAGE. After electrophoresis,
gels were fixed, dried and autoradiographed to visualize
the UV cross-linked protein bands. To evaluate the
specificity of RNA-protein interactions, UV induced
cross-linking was also carried out with 20-fold molar
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excess of unlabeled homologous and unrelated

competitor transcripts.

In vivo interaction between purified recombinant
protein and DEN 2 virus 5°(-) NTR through yeast
three-hybrid assay: Competent yeast cells (strain L-40
ura3) were co-transformed with the RNA bait hybrid
plasmid (plasmid pRHS’ with DEN-2 virus 5° (+), 3’
(+), 5" (-), 3’ (-) NTRs or pBS polylinker cloned at Pme
I and Aat II sites), prey plasmid (plasmid pYESTrp3
with the murine macrophage gene encoding the 222 aa
ORF, cloned at EcoR 1 site) and plasmid pHyb-
Lex/Zeo-MS2 (RNA-Protein Hybrid hunter Kkit,
Invitrogen life technologies) and selected on plates
lacking uracil, tryptophan and histidine in the presence
of 100 mM zeocin and 5 mM 3-AT. The resultant
positive colonies were streaked on appropriate selection
plates and transferred to Whatman filter discs. After
marking the orientations the transferred yeast colonies
were permeabilized by freeze thaw cycles using liquid
nitrogen. The filter discs were then carefully placed
with colony side up on the filters presoaked in Z buffer
(60 mM Na,HPO,.7H,0/140 mM NaH,P0O,.H,0/10
mM KCI/10 mM MgSO,.7H,0) with 0.27 ml B-
mercaptoethanol and 1.67 ml of 5-bromo-4-chloro-3-
indolyl-B-D-galactopyranoside (x-gal: 20 mg/ml) per
100 ml of Z buffer and incubated at 30°C for 7-8 hrs,
till blue colonies appeared.

Preparation of whole cell lysate and electrophoretic
mobility shift assay (EMSA): BHK-21 cells), were
maintained in Dulbecco’s modified Eagle medium
containing 10% fetal calf serum at 37°C in a humidified
CO2 incubator. TWhole cell lysates of BHK cells were
prepared as follows. BHK monolayer in a T-75 flask
(~5x107 cells) was washed twice with phosphate buffer
saline (PBS) and harvested in ~ 1 ml PBS, using a cell
scraper. The cells were then centrifuged at 1,000 rpm
and lysed by re-suspending in in 500 pl of lysis buffer
(10 mM HEPES pH7.9, 10 mM NacCl, 1% Triton x-100,
I mM DTT, 5% glycerol and protease inhibitors)
followed by 5 freeze-thaw cycles of 1 min each. The
resulting lysate was clarified by centrifugation at
13,000 rpm for 1 hr at 4°C. The supernatant (whole cell
lysate) was carefully separated and its protein
concentration determined by BCA method using bovine
serum albumin as a standard. For EMSA, ~10 ug whole
cell lyasate protein from uninfected BHK cells was
incubated in binding buffer [S mM HEPES (pH 7.5)/1
mM EDTA/2 mM DTT/25 mM KCI/2 mM MgCl,/4%
glycerol (v/v)/50U RNasin/ml] with 10° cpm of a-[**P]-
labeled RNA probe (~1 ng NTR transcripts), in the
presence of 100 ng yeast tRNA, in a final volume of 20
pl, for 15 min at 4°C. RNA-protein complexes were
electrophoresed at 4°C on a non-denaturing 6%
polyacrylamide gel (acrylamide/bisacrylamide ratio,
40:1) in 0.25x Tris-borate-EDTA buffer at constant
amperage of 10 mA. The gel was then dried and the
complexes were visualized by autoradiography.
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RESULTS

The identification of murine charged multivesicular
body protein 2A (or chromatin modifying protein
2A) as a DEN-2 NTR-binding protein: Two plasmids,
both based on pBluescript KS+, were constructed by
cloning in  chemically  synthesized  cDNAs,
corresponding to either the 5° or 3> NTR of DEN-2
virus, between the vector provided phage T3 and T7
promoters, into Kpn I and Sac I sites. These sites were
chosen so that transcripts generated will have the
minimum number of vector-encoded nucleotides. The
resultant T3-NTR-T7 cassettes are shown schematically
in Fig. 1A (top). The NTR-encoding cDNAs from these
two plasmids were amplified to generate two different
PCR products each, one, which included the vector
provided T7 promoter sequences and the other, which
included the T3 promoter sequences. These four PCR
products (I to IV, Fig. 1A) were used as templates for in
vitro transcription, in the presence of 0c-[32P]-UTP, to
generate radiolabeled RNA transcripts corresponding to
DEN-2 virus 5° and 3’ NTRs, of both plus and minus
sense. T3 RNA polymerase-mediated in vitro
transcription, in the presence of o-[*’P]-ATP, generated
a 461 base3’(+) NTR transcript (Fig. 1B, lane 1) and a
113 base5’(+) NTR transcript (Fig. 1B, lane 2).
Similarly, T7 RNA polymerase transcription resulted in
the generation of 5°(-) and 3’(-) DEN-2 NTRs (Fig. 1B,
lanes 3 and 4 respectively).

We next used a mixture of all four radiolabled
DEN-2 NTR transcripts to screen a mouse macrophage
cDNA expression library. DEN viruses are known to
replicate in human macrophages and mouse
macrophages cDNA expression library is commercially
available. About one million recombinant plaques from
the mouse macrophage library were screened to identify
recombinant bacteriophages that repeatedly bound to
the DEN-2 NTR mix. A total of 16 bacteriophage
clones, obtained after quaternary screening, were
plaque purified four times before being used for
rescuing the cDNA inserts in a plasmid form. Upon
PCR using T3 and T7 primers, amplification products
of sizes, ~0.6 (1 clone), ~0.8 (1 clone), 1.2 (4 clones)
and 1.5 (10 clones) Kb were obtained. Four
representative clones corresponding to each of the
observed sizes were sequenced in both directions. The
sequences obtained were subjected to BLAST search
and results are tabulated in Table 1. All clones, but one,
represented partial sequences (Cap-Zp and RuvBL-2)
and were not pursued further in this study. Efforts are in
progress to obtain their complete sequence and to
further study their interaction with DEN NTRs.
However, one single clone, the ~0.6 Kb cDNA,
contained a complete ORF encoding a 222 amino acid
protein with a predicted molecular mass of ~25 kDa.
BLAST search revealed that this DEN virus NTR-
binding protein is 100% identical to murine CHarged
Multivesicular body Protein 2A (or CHromatin
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Modifying Protein 2A), mCHMPZAm'MJ, also known
as the breast carcinoma marker protein, BC-2"" and
mVps2p?*. This protein shares ~99.5% identity with a
human homologue hCHMP2A, with just a single aa
residue difference in the C-terminal region and ~45%
identity with the yeast homologue, Did4p (also known
as Chm2p), as depicted in the Clustal W alignment
(Fig. 2). Interestingly, all these proteins belong to class
E Vps (vacuolar protein sorting) proteins, which are
involved in sorting proteins into vesicles that bud into
multivesicular bodies (MVB)?®,

Expression and purification of recombinant
mCHMP 2A protein: The ~0.6 Kb gene encoding
mCHMP2A protein (mnCHMP2A) was inserted in-frame
with the translation initiator codon and an amino-
terminal 6x histidine tag-encoding sequence of the
bacterial expression vector pQE31. This expression
vector is depicted in Fig. 3A. Figure 3B shows the
induction profile of a typical clone. It is evident that
induction of recombinant mCHMP2A (r-mCHMP2A)
gene expression using IPTG was accompanied by the
appearance of a new ~28 kDa band, consistent with the
predicted size of the r-mCHMP2A protein (Fig. 3B,
lane 2).

A lysate prepared from induced cells was
chromatographed on a Ni-NTA column under
denaturing conditions as shown in Fig. 3C. Under the
experimental conditions employed, all of the induced
protein bound to the column, as evident from the
comparison of polypeptide profile of the initial lysate
loaded on the affinity matrix (L) with that of the flow-
through material (FT). After washing the column
extensively with pH 6.3 and pH 5.9 buffers (W), elution
with a pH 4.5 buffer resulted in the emergence of
highly purified (>95% pure), recombinant protein from
the column (E). To remove the urea from the eluted
protein, the eluted fractions were pooled and dialyzed
against 10 mM Tris pH 7.5, containing 50 mM L-
arginine and 50 mM L-glutamic acid®. It has been
reported that this buffer maintains the charged state of
the protein and keeps it in soluble form. However, this
resulted in partial precipitation of the protein (P) with
~30% remaining soluble (S), as shown in Fig. 3C. The
protein concentration was ~ 0.5 mg/ml. We used this
soluble fraction for further investigation.

Recombinant mCHMP2A protein binds to Dengue
virus 5’ (-) and 3’ (-) NTRs, but not to their plus
sense complements: As the mCHMP 2A protein was
initially identified based on its ability to bind to a
mixture of four NTRs, we sought to investigate the
capacity of the E. coli-expressed recombinant protein to
bind to each of these four NTRs separately. His-tagged
r-CHMP2A protein (~100 ng) was immobilized onto
Ni-NTA beads and incubated, separately, with 1 ng
(~105 cpm) each of the four radiolabeled DEN-2 NTR
transcripts in UV cross-linking buffer in the presence
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Table 1:
corresponding to DEN NTRs

BLAST analysis of sequences obtained from mouse macrophage cDNA expression library screened using a mixture of four probes

Gene and Proposed Functions ORF present in ¢cDNA  Protein Homology

insert mass

(kDa) Mouse Human

Charged Multivesicular Body Protein 2A (CHMP2A) Component of Complete ORF 25 99 99
ESCRT complex involved in transport and sorting of endosomal cargo (222 aa)
protein, chromatin condensation during cell cycle
Actin filament capping protein (Cap-Z/) Partial ORF 32 99 92
Actin capping protein that regulates growth of actin filaments by capping  (C-terminal 11 aa)
barbed ends of growing actin filaments
E.coli UV-repair like protein (Ruv BL-2) Partial ORF 51 99 95

Single-strand DNA stimulated ATPase and ATP-dependent helicase,
involved in transcription and recombination

(C-terminal 382 aa)

Abbreviations: ORF, Open reading frame. aa, amino acids. ESCRT, Endosomal sorting complexes required for transport.

A B
ELas
A= D+ A+ F—> moin in @
pBSD2-5 - - - M - PESD2-3' -~ M ESNS - K
«R «C «E +«C | ] -«
71:| — M ESSEEY AN
) (m (] . -
l |
s LE) I T T 1234

Fig. 1: Strategy for the generation of ‘plus’ and ‘minus’ sense DEN
virus NTR RNA transcripts. (A) Plasmids, pBSD2-5 and
pBSD2-3 were constructed by inserting DEN-2 virus 5 NTR
(indicated by the open box)- and 3 NTR (indicated by the
hatched box)-encoding cDNAs between phage T7 (left
pointing grey arrow) and T3 (right pointing black arrow)
promoters of pBluescript. These plasmids were used as
templates in four PCR reactions (numbered 1-4). The tiny
arrows above and below the T3-NTR-T7 cassette represent
primers (indicated as A-F). Primers A and C are T3 and T7
promoter primers, respectively. Primers D and B are 5’NTR
cDNA-specific forward and reverse primers, respectively.
Similarly, primers F and E are 3’NTR cDNA-specific forward
and reverse primers, respectively Amplification of plasmid
pBSD2-5, with primer pairs A+B (reaction 1) and C+D
(reaction 2) produced PCR products I and II, respectively.
Similarly, amplification of pBSD2-3 with primer pairs A+E
(reaction 3) and C+F (reaction 4) generated PCR products III
and IV, respectively. In vitro transcription of these PCR
products (I and III with T3 RNA polymerase; II and IV with
T7 RNA polymerase) resulted in the generation of the NTR
transcripts (short solid lines denote 5’ NTRs; the longer
dashed lines indicate the 3° NTRs; the plus sense NTRs are
shown in black and the minus sense NTRs in grey). (B)
Autoradiogram of an o-[*?P]-labeled in vitro transcripts; 461
base 3’(+) NTR (lane 1) and 113 base5’(+) NTR (lane 2) and
the complimentary 5’(-) NTR (lane 3) and 3’(-) NTR (lane 4)
generated using the PCR products III, I, IV and II,
respectively, in panel A as the templates. DNA size markers
were run in lane 1 (1 kb ladder) and lane 4 (123 bp ladder) of
panels A and B. The arrows to the right of the panel denotes in
vitro synthesized NTR transcripts

RNasin (1U) and non-specific competitors (200 ng each
of yeast tRNA, synthetic poly A, poly AU and poly IC).
For comparison, we also analyzed the interactions of
NTRs corresponding to the remaining three DEN
serotypes in the same experiment. After extensive
washing, the bound radioactivity was measured. To
correct for non-specific binding, we used 1 ng of
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Fig. 2: ClustalW sequence alignment of the macrophage DEN-2 virus
5°(-) NTR-binding protein with other eukaryotic class E Vps
proteinsmouse CHMP2A/BC-2/Vps2p, human CHMP2A and
yeast Did4/Chm2 proteins. The amino acid sequence of the
NTR-binding protein (NTR-BP) identified in this study was
predicted from the nucleotide sequence of the cDNA.
Sequences for murine CHMP2A (mCHMP2A, Acc. No.
AKO005267), human CHMP2A (hCHMP2A, Acc. No.
BC002502) and yeast Did4 (yDid4, Acc. No. P36108) were
retrieved from the GenBank (accession numbers are shown in
parantheses). ClustalW multiple sequence alignment was
performed using the online tool available at the European
Bioinformatics Institute website (http://www.ebi.ac.uk/). Stars
indicate complete identity. Conserved residues are underlined.
The boxed residue in the hCHMP2A sequence indicates the
single difference between the murine and human proteins.
Dashes indicate gaps introduced to maximize alignment

radiolabeled transcript generated from the polylinker of
the pBluescript plasmid without any cloned NTRs. The
results depicted in Fig. 4 demonstrated that, r-
mCHMP2A (in the presence excess of non-specific
RNA), bound to both 5’ (-) and 3’ (-) NTRs of all four
DEN virus serotypes to a significant degree. Binding to
5" (+) and 3° (+) NTRs in most instances was barely
discernible. No binding of labeled NTRs was observed
when r-mCHMP2A was replaced with an unrelated
Histidine-tagged human IFN-y or bovine serum
albumin (data not shown).

We carried out UV cross-linking experiments to
investigate this interaction further. To this end, DEN-2
NTR transcripts [5°(-), 3’(-), 5’(+) and 3°(+)] were
generated from corresponding templates in the presence
of Br-UTP and o-[**P]-ATP to render them both photo-
reactive and radioactive. One ng of each of these 4
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Fig. 3: Expression of recombinant mCHMP2A protein in E. coli.

(A) Map of the mCHMP2A expression plasmid. (B)
Coomassie stained denaturing gel showing the polypeptide
profiles of E. coli harboring the plasmid in A. (C) SDS-
PAGE analysis of column fractions. Affinity purified r-
mCHMP2A was dialyzed (against a neutral buffer
containing 50 mM each of L-glutamic acid and L-arginine),
to remove the urea. The dialyzed material was centrifuged
and equivalent amounts of the pellet and supernatant were
analyzed. (M, Molecular weight markers; U, Un-induced; I,
Induced; L, Load; FT, Flow through; W, wash; E, Elution;
P, Pellet; S, Soluble)
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Fig. 4: Binding of purified -mCHMP2A to the + and - sense NTRs
of all four DEN virus serotypes. Purified -mCHMP2A
protein (100 ng) was immobilized on Ni-NTA agarose beads
and incubated in the presence of non-specific RNA (200 ng
each of yeast tRNA, synthetic poly A, poly AU and poly IC)
with 1 ng of o-[P**]-labeled, in vitro synthesized RNA
transcripts corresponding to 5°(+) (solid grey bars), 3°(+)
(hatched grey bars), 3°(-) (solid black bars) and 5°(-)
(hatched black bars) NTRs, of each of the four DEN virus
serotypes (indicated by 1, 2, 3 and 4 in the horizontal axis).
A control transcript (1 ng) (empty bar), corresponding to the
pBS polylinker was assayed in parallel, to correct for non-
specific background. The histogram shows the bound
radioactivity (average of two independent experiments)
determined after extensive washing of the beads

transcripts and an unrelated control transcript were then
incubated with -mCHMP2A, in presence of excess of
non-specific competitors, in solution. Following UV-
irradiation to promote cross-linking, samples were
digested with RNase as described in materials and
methods and analyzed by SDS-PAGE. Both 5°(-) and
3’(-) NTR transcripts generated radiolabeled UV-CL
complexes on the gel (Fig. 5A). Once again, r-
mCHMP2A did not manifest any significant binding to
either 5°(+) or 3’(+) NTR. These results, obtained once
again in the presence of non-specific competitors,
essentially mirrored the binding assay data in Fig. 4 and
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Fig. 5:  Invitro and in vivo analyses of the binding of mCHMP2A to
DEN-2 virus plus and minus sense NTRs. (A) This panel
depicts a UV-CL experiment wherein 100 ng of pure r-
mCHMP2A protein was incubated, separately, with 1 ng
each of 5’ (+), 3’ (+), 3’ (-) and 5’ (-) radiolabeled DEN-2
virus NTRs, in the presence of excess of non-specific
competitors. Samples were UV-irradiated for 2 min, treated,
with RNase A and RNase T1 for 30 min run on SDS-PAGE
and autoradiographed. The positions of pre-stained protein
size markers (lane p) were traced with radioactive ink prior
to autoradiography. Their sizes (in kDa) are indicated to the
left. (B) UV-CL experiment performed in the presence of
competitors. A routine UV-CL experiment (all details as in
A) performed using r-mCHMP2A and DEN-2 virus 3’ (-)
NTR in the absence of any added competitor (lane ‘none’).
The same experiment was performed in parallel using pBS
polylinker transcript (lane ‘poly’), 3’ (-) NTR transcript
[lane “3°(-)”] and 5° (-) NTR transcript [ lane “5° (-)”] as
competitors. All competitor transcripts were unlabeled and
at ~20x molar excess. (C) DEN-2 virus 5°(-) NTR/r-
mCHMP2A complex is visualized in the UV-CL experiment
only if it is carried out with the RNA transcript made in
presence of Br-UTP (lane 1, top panel) and not in the
absence of Br-UTP (lane 2, top panel); the intensity of UV-
CL complex increases with the amount of r-mCHMP2A
(middle panel; the numbers on top indicate the [gs of
protein used); and the UV-CL complex (shown with 0.1 ug
protein) is sensitive to V8 protease (lane ‘V8’, bottom
panel) and proteinase K (lane ‘PK’, bottom panel) and is
discernible in their absence (no protease, lane ‘NP’, bottom
panel). (D) The plate depicts the results of a typical yeast
three-hybrid assay. Yeast transformants harboring r-
mCHMP2A prey construct together with any one of five bait
constructs [pBS polylinker transcript (sector 1); 5° (+) NTR
(sector 2); 3’ (+) NTR (sector 3); 5° (-) NTR (sector 5); and
3’ (-) NTR (sector 6); all NTRs were from DEN-2 virus]
were streaked on a selection plate and transferred to a
Whatmann disc and processed for Pgalactosidase
expression. A yeast transformant harboring positive control
constructs [bait plasmid encoding iron response element
(IRE) RNA/prey plasmid encoding IRE-binding protein,],
provided with the Invitrogen RNA-Protein Hybrid Hunter
kit, was analyzed in parallel (sector 4)

suggest that the -CHMP2A protein binds to both 5°(-)
and 3’(-) NTRs specifically and preferentially. To
corroborate this conclusion, we carried out competition
experiments as shown in Fig. 5B. In this experiment,
the UV-CL complex was formed between radiolabeled
3’(-) NTR and r-CHMP2A (lane ‘None’). The
formation of this complex was unaffected (lane ‘poly’)
by the presence of a twenty-fold molar excess of
unlabeled, control RNA transcript (corresponding to the
MCS sequence of pBluescript). Interestingly, the
formation of this complex was abrogated by the
presence of an equivalent amount of either unlabeled
3’(-) NTR [lane “3°(-)”] or unlabeled 5’(-) NTR [lane
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Fig. 6: BHK cells contain proteins that can specifically interact with
DEN-2 virus 5° (-) and 3’ (-) NTRs. Panels A and B:
Electrophoretic mobility shift assays (EMSA) were carried out
using BHK cell lysate and either radiolabeled 3’ (-) NTR
transcripts (A) or 5’ (-) NTR transcripts (B). In both panels A
and B, NTRs corresponding to all four DEN serotypes
(indicated above the lanes in Arabic numerals) were used.
Free DEN-2 virus 3’ (-) NTR and 5’ (-) NTR probes (in the
absence of any BHK proteins) were run in lane 5 of panels A
and B, respectively. Panels C and D: EMSAs with BHK
lysates and DEN-2 virus 5’ (-) NTR (C) or DEN-2 virus 3’ (-)
NTR (D) carried out in the presence of unlabeled non-specific
(lanes 3, panels C and D) or homologous NTR transcripts
(lanes 4, panels C and D) as competitors (at 20x molar
excess). Control experiments in the absence of competitors
were run in lanes 2 (panels C and D). Free DEN-2 5’ (-) NTR
and 3’ (-) NTR probes were run in lanes 1 (panels C and D).
The arrows to the right of the panels indicate the RNA/protein
complexes

5’(-)’]. The data in this experiment reinforce the notion
that the interaction between the minus sense NTRs and
rCHMP2A is indeed specific. Additionally, it also
suggests that both the 5°(-) and 3’(-) NTRs presumably
bind to the same site/overlapping sites on the
rCHMP2A protein molecule.

The binding of r-CHMP2A to the radiolabeled 5°(-)
NTR transcript was not discernible if it was not photo-
reactive. This is evident from the experiment shown in
Fig. 5C (top panel), in which the DEN-2 virus 5°(-)
NTR transcript was prepared either with just UTP (lane
“-BrU”) or its bromo analog, Br-UTP (lane “+BrU”).
Further, we also observed that increasing the amount of
the r-mCHMP2A protein, resulted in a dose-dependent
increase in the observed intensity of the ribo-
nucleoprotein complex (Fig. 5C, middle panel). Finally,
incubation of the complex with Proteinase K or V8
protease, resulted in its elimination, as seen in the
bottom panel of Fig. 5C (compare the no protease lane
‘NP’ with the ‘V8 and ‘PK’ lanes). Bovine serum
albumin and an unrelated protein carrying 6x Histidine
tag, used as control proteins, did not exhibit any
binding to the labeled NTRs (data not shown)

We next carried out a yeast-based confirmatory
assay to validate the in vitro binding data described
above. To this end, we used yeast three-hybrid system
wherein each one of the four DEN-2 NTR transcripts
[5°(+), 3’(+), 5’(-) and 3’(-)] was separately used as the
bait RNA and the -mCHMP2A protein as the prey. In
vivo interaction of the bait with prey in the yeast host
was monitored by reconstitution of lac Z expression.
The data are presented in Fig. 5D. Consistent with the
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in vitro observations above, we found that the DEN-2
virus 5°(-) and 3’(-) NTRs (Fig. D, sectors 5 and 6,
respectively), but not their complements, 5’(+) and
3’(+) NTRs (Fig. 5D, sectors 2 and 3, respectively)
interacted in vivo with r-mCHMP2A protein. The
positive (Fig. 5D, sector 4) and negative (Fig. 5D,
sector 1) control experiments run in parallel worked as
predicted. Taken together, the in vitro and in vivo
binding data strongly supports the notion that indeed
the 5°(-) and 3’(-) NTRs specifically interact with r-
mCHMP2A.

Mammalian cells contain proteins that specifically
bind to 3’(-) NTRs: We sought to determine if
endogenously expressed proteins manifest 5°(-) and 3’(-
) NTR-binding activity akin to rCHMP2A. To this end,
BHK cell lysates were incubated separately with
radiolabeled 5°(-) and 3’(-) NTRs of all four DEN virus
serotypes and analyzed by electrophoretic mobility shift
assay. The data in Fig. 6 show that 3’(-) NTRs of all
four DEN virus serotypes could form RNA-protein
complexes (panel A). Quite interestingly, the 5’(-) NTR
also generated multiple, discrete retarded complexes.
Again, this was true for all four DEN virus serotypes.
We next examined the specificity of these interactions
by performing competition experiments. The data for
the 5°(-) and 3’(-) NTR/protein interactions are
presented in panels C and D, respectively (Fig. 6).
RNA/protein complex formation by both these NTRs
was unaffected by an excess of unlabeled non-specific
competitor (lanes 3 in panels C and D). In striking
contrast, the complexes formed by radiolabeled 5’ (-)
NTR and 3° (-) NTR were competed out by the
inclusion of an excess of unlabeled 5’ (-) NTR (lane 4,
panel C) and 3’ (-) NTR (lane 4, panel D), respectively,
leading to the conclusion that the observed interactions
are specific.

DISCUSSION

A unique feature common to all positive strand
RNA viruses is the need to use the same genomic RNA
as a template for both translation as well as replication.
While the genomic RNA codes for the RNA-dependent
replicase activity, the intricate interplay of events that
presumably coordinate translation, replication, vesicular
trafficking and budding in the virus life cycle, would
need the participation of several additional host factors.
An emerging body of evidence shows that a multitude
of cellular proteins are indeed utilized by plus strand
RNA viruses during their life cycle'® *. Analogous to
DNA-based replication systems, cellular factors have
been identified that bind to cis-acting elements of these
NTRs!!S: 17-20.301

In this study, we used a cocktail of four
radiolabeled DEN-2 virus NTRs [5°(+), 3°(+), 5°(-) and
3’(-)] to screen a murine macrophage cDNA expression
library. The rationale for using such a cocktail of NTRs
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was that it would allow us to pick out the maximum
number of interacting proteins from which the
previously recognized ones could be eliminated and
novel ones pursued. Quite interestingly, our search
identified for the first time, a ~25 kDa murine
macrophage protein belonging to a unique family of
mammalian endosome-related proteins known as the
class E Vps proteins®. The primary structure of this
protein, predicted from the gene sequence, showed it to
be >99% identical to human CHarged Multivesicular
body Protein, CHMP2A (also known as CHromatin
Modifying Protein 2A or BC-2). CHMP2A is a cellular
factor, one of a recently recognized family of human
proteins involved in sorting proteins into vesicles that
bud into multi-vesicular bodies, MVBsP2 The
CHMP proteins are localized both in the nucleus and
cytoplasm. In the nucleus they are implicated in gene
silencing and in the cytoplasm, they function in the
MVB pathway!***!. The MVB pathway is implicated in
several key processes, including receptor down-
regulation, cell growth control, developmental signaling
and antigen presentation™. Recent reports that
delineated a network of protein-protein interactions in
the human MVB pathway showed that this entire
network may participate in the release of enveloped
viruses from infected cells”'”?. CHMP2A functions
late in the MVB pathway and its deletion/mutation can
arrest the release of human immunodeficiency virus 1
from infected cells".

To investigate the CHMP2A protein further, we
expressed a 6x-His tagged version of the protein in E.
coli and purified it wusing Ni-NTA affinity
chromatography. We then carried out a careful
evaluation of the NTR-binding binding properties of
this recombinant protein, -mCHMP2A, using both in
vitro and in vivo assays. In vitro binding assays were
carried out in two different formats. In one, we used r-
mCHMP2A immobilized on Ni-NTA beads (liquid
assay) and in the other we used a UV-CL approach. The
liquid assay showed that the 5’ and 3’ minus sense
NTRs of all four DEN virus serotypes, but not their
plus sense complements, bound to Ni-NTA bead-
immobilized r-mCHMP2A protein. That this binding
occurred in the presence of high concentrations of non-
specific competitors suggests that it is specific. The
liquid assay data were reconfirmed using DEN-2 virus
5’(+), 3°(+), 5°(-) and 3’(-) NTRs in the UV-CL assay.
Also, based on the successful elimination of the
radiolabeled 3’ (-) NTR from its rmCHMP2A complex
using a 20-fold molar excess of either unlabeled 5°(-) or
3’(-) NTR RNA suggested that both the minus sense
NTRs share the same or overlapping binding sites on
the -mCHMP2A molecule. Finally, using DEN-2 virus
NTR-encoding ‘bait” and r-mCHMP2A-encoding
‘prey’ constructs in a yeast three-hybrid assay, we were
able to corroborate the in vitro binding data in vivo.

We believe that the DEN virus minus sense
NTR/mCHMP2A binding is a specific and significant
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interaction for the following reasons. First, soluble r-
mCHMP2A protein manifested binding to the (-) NTRs
of all four DEN virus serotypes, in the presence of high
concentrations of non-specific inhibitors. This binding
was not manifested with any one of the eight (+) NTRs
tested. Second, UV-CL experiments showed that
radiolabeled DEN-2 virus 5°(-) and 3°(-) NTRs
specifically bound to -mCHMP2A. That this binding is
specific is evident from the failure of radioactive
complex formation in the presence of unlabeled 5°(-)
and 3°(-) NTRs. This complex is unaffected by non-
homologous (vector-derived) RNA transcripts. Third,
the in vitro binding data are validated by demonstration
of in vivo binding of mCHMP2A to DEN-2 virus 5°(-)
and 3°(-) NTRs, using a yeast-based assay. Taken
together, the in vitro and in vivo observations made so
far, suggest that the mCHMP2A protein may
preferentially bind only to the ends of the minus sense
DEN RNA:s. It could be argued that all our binding data
has been generated using E. coli-expressed recombinant
protein and may not reflect the behaviour of
endogenous proteins. To address this, we tested the
capacity of BHK cell lysates to bind to 5’(-) and 3°(-)
NTRs corresponding to all four DEN virus serotypes in
EMSAs. Consistent with our prediction, we found that
all these minus sense NTRs did indeed generate discrete
RNA protein complexes. Further, we could show that
these were specific interactions based on competition
data (Fig. 6). However, the presence of CHMP2A in
these complexes must await the generation of specific,
high-affinity antibodies for supershift and co-
immunoprecipitation analyses.

Flavivirus replication remains to be elucidated in
detail. It was hitherto believed that flavivirus replication
occurs exclusively in the cytosol. However, a recent
report has shown that a significant proportion of
replication activity occurs in the nucleus as well*™. In
regard to the mechanism of replication, the current
perception envisages an RNA duplex (comprised of the
plus and minus sense RNAs), as the putative replicative
intermediate, which serves as the template for plus
sense genomic RNA synthesis. While host cellular
factors capable of binding to the 5’ and 3’ NTRs of the
plus sense flaviviral RNA and to the 3° NTR of the
minus sense RNA intermediate have been identified
there is no report so far regarding any host protein
binding to the 5° NTR of the minus RNA. In this
context, our data presented above, implicating 5°(-)
NTR also in RNA-protein interaction is intriguing,
particularly as there is no experimental evidence to date
for the existence of single-stranded minus sense RNA
in the flavivirus-infected cell. However, proteins
capable of interacting with the 3’(-) NTR of West Nile
virus have been found and implicated in the initiation of
plus RNA synthesis™. We could interpret this as
indicative of the existence of single stranded minus
sense RNA in the flavivirus-infected cell. In this
context, our observation of (-) NTR binding activity in



Am. J. Infect. Dis., 2 (1): 18-27, 2006

cell lysates, also points to the existence of minus sense
RNA in the DEN virus-infected cells. Presumably the
low concentrations and the transient existence of minus
sense RNA in single-stranded form have precluded its
definitive identification in infected cells.

While the precise significance of the interaction
between DEN-2 virus 5’and 3’(-) NTRs and the
mCHMP2A protein is not clear at the present time, the
identification of CHMP2A as a dengue virus minus
RNA-binding protein has revealed the possibility of
potentially novel role for it and perhaps the MVB
pathway, in the life cycle of dengue viruses. This notion
draws support from the finding that the MVB pathway
protein Tsgl01, a class E Vps protein like CHMP2A,
co-localizes with the NS3 protein in Japanese
encephalitis virus-induced membrane entities””. The
CHMP2A like protein is also recruited by HIV-1 and
Ebola virus in infected cells to facilitate virus
budding”'*?. Tt has been suggested that perhaps one of
the reasons that the flavivirus replication components
are sequestered into membrane protected VPs may be to
evade the host mediated response to the dsRNA
replicative intermediate through the interferon pathway
and RNA interference™. This is consistent with a
recent report, which showed that actively replicating
West Nile virus is resistant to cytoplasmic delivery of
siRNAP"! Further experiments are needed to decipher
the biological relevance of CHMP2A interaction with
terminal ends of dengue virus minus RNA in dengue
virus life cycle.
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