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Background: RNA helicase A regulates a variety of RNA metabolism processes including HIV-1 replication and
contains two double-stranded RNA binding domains (dsRBD1 and dsRBD2) at the N-terminus. Each dsRBD con-
tains two invariant lysine residues critical for the binding of isolated dsRBDs to RNA. However, the role of these
conserved lysine residues was not tested in the context of enzymatically active full-length RNA helicase A either
in vitro or in the cells.
Methods: The conserved lysine residues in each or both of dsRBDs were substituted by alanine in the context of
full-length RNA helicase A. The mutant RNA helicase A was purified from mammalian cells. The effects of these
mutations were assessed either in vitro upon RNA binding and unwinding or in the cell during HIV-1 production
upon RNA helicase A–RNA interaction and RNA helicase A-stimulated viral RNA processes.
Results: Unexpectedly, the substitution of the lysine residues by alanine in either or both of dsRBDs does not pre-
vent purified full-length RNA helicase A from binding and unwinding duplex RNA in vitro. However, these muta-

tions efficiently inhibit RNA helicase A-stimulated HIV-1 RNA metabolism including the accumulation of viral
mRNA and tRNALys3 annealing to viral RNA. Furthermore, these mutations do not prevent RNA helicase A from
binding to HIV-1 RNA in vitro aswell, but dramatically reduce RNA helicase A–HIV-1 RNA interaction in the cells.
Conclusions: The conserved lysine residues of dsRBDs play critical roles in the promotion of HIV-1 production by
RNA helicase A.
General significance: The conserved lysine residues of dsRBDs are key to the interaction of RNA helicase A with
substrate RNA in the cell, but not in vitro.
© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Human RNA helicase A (RHA), also known as DHX9, is a member of
DExH-box RNA helicases, and has been reported to promote replication
of a number of viruses, such as hepatitis C virus (HCV) [1,2], foot-and-
mouth disease virus [3], influenza A virus [4], and HIV-1 [5–8]. While
being mainly found in the nucleus, RHA can shuttle back and forth
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between the nucleus and the cytoplasm [9,10] to participate in a diverse
set of cellular processes involving RNA including the activation of tran-
scription [11–14] and stimulation of translation [15]. During HIV-1 rep-
lication, RHA preferentially binds the 5′-untranslated region (UTR) of
viral RNA [16], and is packaged into viral particles [17]. The enzymepro-
motes HIV-1 replication at multiple steps including the transcription [5]
and translation of viral mRNA [7], and the annealing to viral RNA of
tRNALys3, the primer for reverse transcription of HIV-1 [8].

RHA can unwind double-stranded stretches of both RNA and DNA
using any of the four ribo- or deoxyribo-nucleotide triphosphates
(NTPs) as energy sources [18,19]. Within the DExH-box family of RNA
helicases, RHA uniquely contains two double-stranded RNA binding do-
mains (dsRBDs) N-terminal to the core helicase domain (depicted in
Fig. 1A) [20]. The core helicase domain of RHA consists of two sub-
domains, theDEIH and theHELICc subdomain [21], which is responsible
for binding and hydrolyzing NTPs, and is composed of 8 motifs that are
conserved in all members of the DExD/H box RNA helicases [22]. The
other conserved domains of RHA include the C-terminal RGG domain
that contains a stretch of repeated arginine and glycine–glycine residues
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Fig. 1. Purification ofmutant full-length RHA. (A) Schematic representation of the domains of wild-type ormutant RHA. The proteins are taggedwith 6 ×His at theN-terminus. Conserved
lysine residueswere substitutedwith alanine residues in dsRBDs ofmutant RHAs. (B) Sequence alignment of dsRBDs of various proteins from human being and other organisms including
human RHA. Hs, Homo sapiens; Dm, Drosophila melanogaster; Aa, Aquifex aeolicus. Identical or similar residues are in the same color. Asterisks on the top of the letter indicate the highly
conserved residues. The secondary structure elements are shown above the aligned protein sequence. (C) Cartoon viewof the overall structure of dsRBDs and its interactionwith substrate
RNA. 3D-domain structure is from human RHA (PDB ID: 3vyy). The red balls indicate the positions of the conserved lysine residues of dsRBD. (D) Purification of mutant full-length RHA.
Mutant RHAswere expressed inmammalian cells (293E), purified using Ni-NTA agarose, separated by 1D PAGE, and analyzed by either stainingwith Coomassie Brilliant Blue R250 (CBR)
or Western blotting using anti-His or anti-RHA (WB). M, protein size marker with indicated molecular weights in kDa. n, non-specific protein.
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[23–25], the helicase-associated domain 2 (HA2), and the oligonucleo-
tide/oligosaccharide binding (OB)-fold [26]. The function of HA2 and
OB-fold of RHA has yet to be investigated.

The dsRBD promotes the interaction of a number of different dsRBD-
containing proteins with double-stranded RNA (dsRNA). It usually con-
tains 65–70 amino acids in length (as examples shown in Fig. 1B), and
has been found in almost all eukaryotes and most eubacteria [27]. The
dsRBD always coexists with other protein domains that confer a variety
of functions, such as the adenosine deaminase domain in animal ADAR
(adenosine deaminase acting on RNA) [28], RNase III domain in RNase
III protein of Escherichia coli [29], the kinase domain in human dsRNA-
dependent protein kinase (PKR) [30], and the helicase domain in RHA.
The three-dimensional structure of isolated dsRBDs from diverse organ-
isms has been determined. Solution structures determined by NMR
have been published for dsRBDs from E. coli RNase III [31], Drosophila
Staufen [32,33], the human PKR [34], and the Saccharomyces cerevisiae
RNase III endonuclease Rnt1p [35,36]. X-ray crystallographic structures
have also been developed for dsRBDs of Xenopus laevis X1rbpa [37] and
human RHA [38] and for the entire RNase III from Aquifex aeolicus [39].
As depicted in Fig. 1C, dsRBDs adopt the same α–β–β–β–α topology in
which the N- and C-terminal α-helices pack against one face of a three-
stranded anti-parallel β-sheet to interact with one face of RNA helix
[27].

In a recent study, we found that the deletion of either dsRBD in RHA
eliminates the binding of RHA to HIV-1 RNA during virus replication,
and results in the inability of RHA to promote the annealing of tRNALys3

to viral RNA [16]. Like dsRBDs of other proteins, the dsRBDs of RHA also
contain conserved lysine residues [27], i.e. K54 and K55 in dsRBD1, and
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K235 and K236 in dsRBD2 (Fig. 1B). The crystal structure study of either
X. laevis X1rbpa dsRBD in complex with a 10-nt dsRNA [37] or human
RHA dsRBD in complex with a 10-nt GC dsRNA [38] revealed that
these basic residues are surface-exposed (Fig. 1C), suggesting their po-
tential roles in the interaction between dsRBDs and target dsRNA.Muta-
tion of these conserved lysines abolished the binding of the isolated
dsRBDs to RNA in vitro [19,25,38]. However, the role of these conserved
lysine residues was not tested in the context of enzymatically active
full-length RHA either in vitro or in the cell, particularly during HIV-1
production in which RHA participates at the multiple steps of RNA me-
tabolism [40,41]. Unexpectedly, in this report, we found that the muta-
tion of these conserved lysine residues of dsRBDs in the context of full-
length RHA does not affect the enzyme's ability to bind RNA in vitro,
but dramatically reduces the interaction of RHAwith HIV-1 RNA during
virus production and abolishes the stimulatory effects of RHA upon the
accumulation of HIV-1 mRNA and annealing of tRNALys3 to viral RNA,
and significantly reduces the packaging of RHA into virion progeny.

2. Material and methods

2.1. Cell culture

293T, a human embryonic kidney cell line, was grown in Dulbecco's
modified Eagle's medium (DMEM, Invitrogen) supplemented with
L-glutamine (Gibco), penicillin–streptomycin (Gibco), and 10% fetal bo-
vine serum. HEK 293E cell is a stably transfected HEK 293 cell line [42]
that expresses the Epstein–Barr virus nuclear antigen 1 (EBNA1) and
promotes the amplification of plasmid pTT5-SH5 containing the replica-
tion origin region (OriP) of Epstein–Barr virus, resulting in high expres-
sion of proteins coded for by this plasmid.

2.2. Plasmid

SVC21.BH10 is a simian virus 40-based vector that contains full-
length wild-type HIV-1 BH10 proviral DNA [43]. All other recombinant
plasmidswere created by fusion PCR and verified by performing restric-
tionmapping and DNA sequencing. The gel-purified PCR products were
digested by NotI and BstEII, and then cloned into parent plasmid pTT5-
SH5-RHA [8]. Plasmid pTT5-SH5-RHA contains full-length human RHA
coding sequence under control of a CMV promoter, and was also used
as a template in PCR. The recombinant plasmids pRHA-A54,55, pRHA-
A235,236, or pRHA-A54,55,235,236 encode mutant RHAs in which the
conserved lysine residues in dsRBD1, dsRBD2, or both dsRBD1 and
dsRBD2 have been replaced by alanine residues. pRHA-A54,55 was
generated by fusing PCR product of primer pair RHA-F1(4)/RHA-R(159)
to PCR product of primer pair Ala160-F/RHA(BstEII)1026-R. pRHA-
A235,236 was generated by fusing the PCR product of primer pair RHA-
F1(4)/RHA-R(702) to that of primer pair Ala701-F/RHA(BstEII)1026-R.
pRHA-A54,55,235,236 was created by PCR using pRHA-A235,236 as the
template, and the same primer pairs used for making pRHA-A54,55.
Primers RHA-F1(4) and RHA(BstEII)1026-R have been described [16].
The sequence of other primers used is as follows: RHA-R(159), 5′-
ATTGGTGGAATTTCCCAT-3′; RHA-R(702), 5′-ATTTGATCCATGTTCT
CG-3′; Ala160-F, 5′-ATGGGAAATTCCACCAATGCCGCCGATGCACAAA
GCAATGCT-3′; and Ala701-F, 5′-CGAGAACATGGATCAAATGCCGCC
TTGGCAGCACAGTCCTGT-3′.

2.3. Expression and purification of proteins

Mutant RHAs analyzed in this report are N-terminally His-tagged
and contain substitution mutation of the conserved lysine residues in
the indicated dsRBDs. The expression and purification of mutant RHAs
were done as described [8] from HEK 293E cells [44]. Briefly, cells
were transfected with indicated plasmids using 25 kDa linear Poly-
ethylenimine (PEI, pH 7.0, Polysciences Inc.), collected 48 h later,
washed with ice-cold phosphate-buffered saline, and lysed in buffer
containing 50 mM NaH2PO4, pH 7.4, 300 mM NaCl, 10 mM imidazole,
0.5% Triton-X 100, 10% glycerol, and protease inhibitor cocktail tablets
(Roche). The cell lysates were clarified by centrifugation at 20,000 g
for 30 min at 4 °C and then incubated with Ni-nitrilotriacetic acid
(NTA) agarose (Qiagen) at 4 °C for 2 h to capture His-tagged proteins.
After extensive washing, recombinant proteins were eluted by
250 mM imidazole solution (pH 7.4). The purification of N-terminally
His-tagged full-length RHA without substitution mutation has been de-
scribed previously [8] and was referred to as wild-type (WT) in this
study. Glutathione S-transferase (GST) was isolated from 293E cells as
described previously [16]. The purified proteins were dialyzed against
20 mM Tris–HCl, pH 7.5, 150 mM NaCl, 20 mM KCl, 2 mMMgCl2, 2 mM
dithiothreitol, and 10% glycerol and then stored at −80 °C. The purity
and the identity of purified proteins were evaluated by Coomassie
Brilliant Blue R250 staining and Western blot analysis, respectively.
The Bio-Rad protein assay reagent was used to determine protein
concentration.

2.4. siRNA and Western blot analysis

Small interfering RNA oligonucleotides siRNACon and siRNARHA that
was employed to knockdown the endogenous RHA in 293T cells have
been described [8]. The level of endogenous RHA was measured by
Western blot analysis using anti-RHA. The level of β-actin was mea-
sured using β-actin mAb as a sample loading control. Viral or cellular
lysates were separated by sodium dodecyl sulfate (SDS)-polyacryl-
amide gel electrophoresis (PAGE), blotted onto a nitrocellulose mem-
brane, and then probed with appropriate primary antibodies. The
membranes were extensively washed and then incubated with horse-
radish peroxidase-conjugated secondary antibodies (Sigma). After ex-
tensive washing again, a chemiluminescence reagent (PerkinElmer)
was applied to visualize signals on a Kodak X-ray film. The primary an-
tibodies used in Western blotting include rabbit anti-HIV reverse tran-
scriptase (RTp66/51), mouse anti-p24 [45] (NIH AIDS Research and
Reference Reagent Program), β-actin mAb (Sigma), polyclonal rabbit
anti-RHA (Novus Biologicals), and poly-histidine mAb (Sigma).

2.5. RNA–protein coprecipitation assay

The RNA–protein coprecipitation assay was developed to pull-down
RNA/protein complexes, and was performed as described [16]. Briefly,
293T cells were cotransfected with SVC21.BH10 and a plasmid express-
ing His-tagged wild-type or mutant RHA. 24 h later, cells were cross-
linked in 1% formaldehyde (Bioshop), lysed in lysis buffer (50 mM
Tris–HCl, pH 7.5, 150 mM KCl, 1% NP-40, 0.1% SDS, 0.5% sodium
deoxycholate, 50 mM NaF, 1000 U/ml SUPERase-in [Ambion], and pro-
tease inhibitor cocktail tablets [Roche]), and sonicated. After centrifuga-
tion, the clear supernatants were incubated with salmon sperm DNA
and mammalian RNA-saturated Ni-NTA agarose to capture His-tagged
proteins. After extensive washing, the captured protein was eluted
with 250mM imidazole, pH7.4, reverse cross-linked, analyzed byWest-
ern blotting, and then extractedwith TRIzol reagent (Life technology) to
isolate RNA. The RNA sample was treated with DNase and then subject-
ed to semiquantitative RT-PCR analysis. The total RNA (2%)was isolated
before incubation with Ni-NTA agarose as an input control.

2.6. RT-PCR

Reverse transcription reaction was carried out to synthesize cDNAs
using the Superscript II kit (Invitrogen) and primer P1-R specific for
HIV-1 5′-UTR [16]. PCRwas then performed using Taq DNA polymerase
(Bio Basic Canada). The amplification was started with an initial dena-
turation at 94 °C for 5 min, followed by 25 cycles at 94 °C for 30 s,
52 °C for 30 s, and 72 °C for 20 s. The final extension was performed
at 72 °C for 5 min. The PCR products were separated in 1.5% agarose
gel and visualized under UV light after ethidium bromide staining.
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2.7. One nucleotide extension assay

The tRNALys3–viral RNA template was isolated from purified HIV-1
particles as described [46]. The ability of tRNALys3 annealed in vivo to
viral RNA to be extended by one nucleotide (dCTP) by reverse transcrip-
tion was measured in a 20 μl reaction containing 50 mM Tris–HCl,
pH 7.8, 100 mM KCl, 10 mM MgCl2, 10 mM dithiothreitol, 0.16 μM [α-
32P]-dCTP, 50 ng of HIV-1 RT, and RNase inhibitor (Ambion). After
15 min of incubation at 37 °C, the samples were precipitated with
2-propanol, followedby resolution of the radioactive product on a dena-
turing 6% polyacrylamide gel. The amounts of extended tRNALys3 were
determined using a PhosphorImager instrument (AmershamPharmacia
Biotech). The amount of viral RNA in the reactions was determined by
measuring the ability of a DNA oligonucleotide (5′-TCTAATTCTCCCCC
GCTTAATACTGACGCT-3′) annealed at room temperature to the viral
RNA sequence downstream of the tRNALys3 binding site to prime a one
nucleotide ([32P]-dCTP) extension.
2.8. Preparation of RNA substrates

The RNA oligonucleotides used to make duplex RNA have been
described [47]. The shorter sense RNA strand was labeled with [5′-32P]
Cytidine 3′,5′-bis(phosphate) (32pCp) using T4 RNA ligase (Fermentas),
and then annealed to cold complementary antisense RNA strand to pro-
duce radioactive duplex RNA (diagramed in Fig. 2A). The 100 μl anneal-
ing reaction contains equal molar amounts of radioactive and cold
complementary RNA in hybridization buffer (20 mM Tris–HCl, pH 7.4,
10 mM (NH4)2SO4, 10 mM KCl, 100 mM NaCl, 0.1% Triton X-100) and
was incubated at 95 °C for 5 min, at 60 °C for 20 min, and then at room
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temperature for 20min. In an electrophoretic helicase assay, the radioac-
tive duplex RNA used was purified by electrophoresis on a 15% native
polyacrylamide gel in 0.5 × Tris–borate–EDTA (TBE) and extraction
using RNA polygel extraction kit (Biomiga).

2.9. Electrophoretic mobility shift assay (EMSA)

EMSA was carried out to examine the ability of wild-type or mutant
RHA to bind dsRNA. 100 nM [32pCp]-labeled synthetic duplex RNA was
incubated with increasing amounts of protein (2 nM, 4 nM, 8 nM,
20 nM, and 40 nM) at room temperature for 30 min in 20 μl of
binding buffer (20 mM Tris, pH 7.4, 5% glycerol, 50 mM KCl, 10 mM
MgCl2, 150 mM NaCl, and 2 mM dithiothreitol). The RNA–protein
mixture was loaded onto a 5% native polyacrylamide gel in TBE
and then electrophoresed. The gel was then dried and exposed to a
PhosphorImager screen. Radioactive signals were detected and analyzed
using a PhosphorImager instrument.

2.10. Electrophoretic helicase assay

The helicase activity of mutant RHAs was measured as described [8]
in a 20 μl reaction containing 10mMTris–HCl, pH 8.0, 50mMKCl, 2mM
MgCl2, 2 mMdithiothreitol, 2 units of RNasin, 2.5 mMNaH2PO4, 15mM
NaCl, 10 nM gel-purified duplex RNA, and, where indicated, 1 mM ATP,
and 150 nM purified proteins. The reaction was incubated at 37 °C for
indicated time periods and then terminated by adding 5 μl of stop buffer
containing 2% SDS, 10 mM CaCl2, 250 μg/ml proteinase K, 40% glycerol,
0.1% bromophenol blue, and 0.1% xylene cyanol. 10 μl of aliquots for
each reaction was loaded onto a 15% native polyacrylamide gel in TBE
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and then electrophoresed. Radioactive RNAs were visualized and quan-
titated using a PhosphorImager instrument.

2.11. RNA isolation and Northern analysis

Isolation of total cellular RNA and Northern hybridization were car-
ried out as described previously [48]. 293T cellswere cotransfectedwith
SVC21.BH10 and a plasmid expressing His-tagged wild-type or mutant
RHAs. Total cellular RNA was prepared using TRIzol reagent 24 h later,
and 15 μg RNA per lane was resolved in denaturing 1% agarose–2.2 M
formaldehyde gel, transferred onto GeneScreen Plus hybridization
transfer membranes (PerkinElmer), immobilized by UV light cross-
linking for 5 min, and hybridized with [32P]-labeled DNA probes at
42 °C overnight. [32P]-labeled DNA probes were prepared by using the
random primer DNA labeling system (Invitrogen) and DNA template
containing sequence of HIV-1 5′-UTR. These probes can recognize all
the HIV-1 transcripts produced during virus replication. Membranes
were hybridized in ULTRAhyb-Oligo hybridization buffer (Ambion).
The signals in Northern blots were detected and quantitated using a
PhosphorImager instrument. To monitor the transfection efficiency,
the amounts of exogenous RHA-encoding mRNA were assessed by
semiquantitative RT-PCR using primer set RHA3′-F(5′-GTTTCCCGAGGT
GGCTTTAGAGGC-3′)/pTT-R(5′-CCTTTATTAGCCAGAGGTCGAGGTC-3′).
The 3′-UTR of exogenous RHA-encoding mRNA produced from pTT5-
SH-RHA or its derivatives was transcribed from the backbone of plas-
mids, has sequence distinct from that of endogenous RHA-encoding
mRNA, and is specifically recognized by primer pTT-R. The 18-mer
oligo-(dT) and SuperScript reverse transcriptase III (Invitrogen) were
used to synthesize cDNAs from total RNAs. PCR amplification was per-
formed using Taq DNA polymerase with an initial denaturation at
94 °C for 4 min, followed by 20 cycles of 94 °C for 30 s, 52 °C for 40 s,
and 72 °C for 30 s, and finalized by an extension at 72 °C for 5 min.

2.12. RNA filter binding assay

The RNA filter binding assaywas performed by adapting the double-
filter nucleic acid binding assay developed by Wong and Lohman [49].
Briefly, nitrocellulose membranes (Bio-Rad) were presoaked in 0.4 M
KOH for 10 min and then rinsed in distilled water until the pH returned
to neutral. The membranes were equilibrated in binding buffer (10mM
Tris–HCl, pH 8.0, 50mMKCl, 2 mMMgCl2, 2 mMdithiothreitol, 2.5 mM
NaH2PO4, 15mMNaCl, 4% glycerol) at 4 °C for 1 h before putting on the
Whatman paper. The HIV-1 5′-UTR RNAwas prepared as described pre-
viously [8] and labeled with 32pCp using T4 RNA ligase. This viral RNA
fragment is 386 nt in length, and contains sequence starting from
R(+1) through the 18th codon of Gag. Thus, in addition to the 5′-UTR
sequence, this RNA contains additional 54 nts of translated RNA, but
for ease of reference, it will be referred to herein as the 5′-UTR RNA.
10 μl reaction mixtures containing 100 nM of 32pCp-RNA substrate
and varying amounts of indicated protein in binding buffer were incu-
bated at room temperature for 1 h, and then dropped onto nitrocellu-
lose membrane. The membranes were washed with binding buffer for
three times, and then allowed to air dry. The signals were detected
and quantitated using a PhosphorImager instrument.

2.13. Statistical analysis

Statistical analysis was performed by Student's t test. P value b 0.05
was considered significant and indicated with asterisks.

3. Results

3.1. The properties of mutant RHAs in RNA binding and unwinding

RHA contains two dsRBDs (dsRBD1 and dsRBD2) at the N-terminus
(Fig. 1A). Each dsRBD contains two conserved lysine residues that have
been found in dsRBD of other proteins (Fig. 1B) and homologs of RHA
fromother organisms (analyzed in Fig. 7). The conserved lysine residues
of RHA are K54 and K55 in dsRBD1 and K235 and K236 in dsRBD2.
While these lysine residues have been investigated using isolated
dsRBDs [19,25,38], its activity in the context of enzymatically active
full-length RHA is not known. Thus, we purified full-length mutant
RHAs from mammalian cells, in which these conserved lysine residues
were replaced by alanine in either dsRBD1, dsRBD2, or in both dsRBDs
(Fig. 1A). In Fig. 1D,we show the electrophoretic analysis of the purified
N-terminally His-taggedmutant RHA species. Purification of His-tagged
wild-type RHA has been described [8]. We noticed two faint protein
bands in Coomassie Brilliant Blue R250 staining analysis when protein
loading was increased. We also found that these bands associate with
Ni-NTA agarose rather than the purified proteins, thus they may repre-
sent the non-specific proteins that were co-purified by Ni-NTA agarose
from 293E cell lysates. Wemeasured the ability of mutant RHAs to bind
and unwind synthetic duplex RNA. As shown in Fig. 2A, the short RNA
strand in the duplex RNA is 3′-end labeled by [32pCp]. Because the abil-
ity of RHA to recognize and bind substrate RNA is a prerequisite for the
helicase activity of protein, we first determined the ability of mutant
RHAs to bind to the duplex RNA by performing EMSA. As shown in
Fig. 2B, both wild-type and mutant RHAs interact with the [32pCp]-
labeled RNA duplex, as indicated by the shift in probe mobility. The
specificity of this interaction was evaluated by replacing the RHAs
with GST, a non-RNA binding protein. The results show that both
wild-type and mutant RHAs have the similar capability to bind duplex
RNA in vitro.

We then determined the ability of mutant RHAs to unwind the ra-
dioactive duplex RNA in the presence of ATP, using EMSA to resolve du-
plex from single-stranded RNA (ssRNA). The [32pCp]-labeled duplex
RNA was incubated with indicated protein at 37 °C in the presence of
1 mM ATP. The unwinding reaction was stopped at the indicated time
points by proteinase K digestion, and the reaction mixture was then
separated in a native polyacrylamide gel. Unwinding activity will re-
lease the [32pCp]-tagged short RNA strand from the duplex, producing
a radioactive band of faster mobility in 1D PAGE. As shown in Fig. 2C,
wild-type and mutant RHAs all have the ability, in the presence of
ATP, to cause a decrease of duplex RNA accompanying an increase of
ssRNA, indicating that eachmutant RHA still possesses unwinding activ-
ity. We noted that RHA with mutations in both dsRBDs shows only a
slightly slower rate of RNA unwinding (Fig. 2D). Reason for this phe-
nomenon has yet to be investigated.

3.2. Ability of mutant RHAs to stimulate the accumulation of HIV-1 mRNAs

RHA has been reported to stimulate the accumulation of HIV-1
mRNA upon overexpression [5]. To elucidate the role of the conserved
lysine residues in each dsRBDs in this viral process, 293T cells were
cotransfected with SVC21.BH10 and plasmids coding for either wild-
type or mutant RHAs. 24 h posttransfection, total cellular RNA was
isolated and subjected to Northern blot analysis using [32P]-labeled
DNA probes that are complementary to the HIV-1 5′-UTR. The expres-
sion of exogenouswild-type ormutant RHAswas examined byWestern
blot analysis of cellular lysates using anti-RHA or anti-His (Fig. 3A).
Fig. 3B shows that three different lengths of HIV-1 mRNA representing
the multiply spliced ~1.8 kb (MS), singly spliced ~4.0 kb (SS), and
unspliced ~9.2 kb (US) RNA species were detected by Northern blot
analysis. Equivalent cellular RNA loading was confirmed by visualizing
18S and 28S ribosome RNAs after staining with ethidium bromide.
The accumulation of all three classes of HIV-1 mRNAs was significantly
increased by the coexpression of exogenous wild-type RHA, but much
less so by the expression of mutant RHAs. Furthermore, semiquantita-
tive RT-PCR analysis of total RNA using a specific primer set detected
the comparable level of exogenous mRNAs encoding wild-type or
mutant RHA thatwere produced from the cotransfected RHA constructs
(Fig. 3C), suggesting the similar transfection efficiency. Thus, the
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difference in viral RNA accumulation was not a result from the varying
transfection efficiency. Overall, the results indicate that the conserved
lysine residues in dsRBD1 and dsRBD2 are all important for the stimula-
tion of HIV-1 mRNA accumulation by RHA.
Fig. 4.Ability ofmutant RHAs to be incorporated into viral particles and to promote the an-
nealing of tRNALys3 to viral RNA. 293T cells were first treated with siRNACon or siRNARHA,
and 16 h later, were cotransfected with SVC21.BH10 and a plasmid expressing either
6 × His tag, orHis-taggedwild-type ormutant RHA. 48 h later, extracellular viruseswere pu-
rified. (A) Western blots of cell lysates probed with antibodies to RHA, His tag, or β-actin.
(B)Western blots of viral lysates, containing equal amount of CAp24, probedwith antibodies
to RHA,His tag, CAp24, or RTp66/p51. (C)Onenucleotide extension assay (+1nt extension).
Total viral RNAwas isolated frompurifiedHIV-1particles, and tRNALys3 annealed to viral RNA
was extended by 1 nt ([32P]-dCTP), usingHIV-1 reverse transcriptase. The extended tRNALys3

products were resolved by 1D PAGE, and detected using a PhosphorImager instrument. The
control gel represents the +1 nt extension of a DNA primer annealed to viral RNA down-
stream of the tRNALys3 binding site, and is used to show that approximately equal amounts
of viral RNA were used in each extension reaction. (D) The values of the +1 nt extended
tRNALys3 products were quantitated using a PhosphorImager software, normalized to those
values obtainedwith virions produced from siRNACon-treated cells (lane 1), and are present-
ed graphically as percentage. Shown are the mean values ± SDs of 3 independent experi-
ments. *, P b 0.05 compared with values obtained with virions produced from cells
transfected with a plasmid expressing only His tag (lane 2).
3.3. Ability of mutant RHAs to be incorporated into viral particles and to
promote the annealing of tRNALys3 to viral RNA

RHA is packaged in HIV-1 particles [7,17]. Because dsRBDs have been
shown to be necessary for the packaging of RHA into HIV-1 particles [16],
we investigated whether the mutation of conserved lysine residues in
dsRBDs can affect this process. First, siRNARHA was used to knockdown
the endogenous RHA in 293T cells. 16 h later cells were cotransfected
with SVC21.BH10 and RHA constructs expressing either His-tagged
wild-type or mutant RHAs. The siRNARHA does not reduce the expression
of exogenous RHAs as theirmRNAs lack the siRNARHA target sequence [8].
48 h posttransfection, the extracellular viral particles were purified, and
cellular and viral lysates were prepared. Western blots of cell lysates
probed with anti-RHA verified that the siRNARHA efficiently reduced the
endogenous RHA in the cell, but did not affect the expression of exoge-
nouswild-type ormutant RHAs,whichwere expressed at the comparable
level in the presence of siRNARHA (Fig. 4A). Western blots of viral lysates
probedwith anti-RHAor anti-His revealed that onlywild-type exogenous
RHA was readily detected in the virus particles (Fig. 4B). Thus, the
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mutation of the conserved lysine residues in either one or both of the
dsRBDs significantly reduced the ability of RHA to be incorporated into
virus particles.

The promotion of annealing of tRNALys3 to viral RNA by RHA has
been suggested to be associated with the remodeling of the secondary
structure of HIV-1 5′-UTR [8]. The amount of tRNALys3 annealed to
viral RNA can be examined by a one nucleotide (nt) extension assay of
the tRNALys3 by reverse transcriptase [8]. In this assay, total viral RNA
isolated from purified HIV-1 particles is deproteinized, and used as the
source of primer tRNALys3 annealed in vivo to viral genomic RNA. The in-
corporation of the first dNTP, [32P]-dCTP, is detected by 1D PAGE. Using
this assay, we previously reported that depletion of endogenous RHA by
siRNARHA reduced the annealing of tRNALys3 to viral RNA, and that this
defect in tRNALys3 annealing can be rescued by the expression of exoge-
nous RHA whose mRNA product lacks the siRNARHA target sequences
[8]. Since the mRNAs encoding the mutant RHAs in this report also
lack siRNARHA target sequence, the 1 nt extension assay was carried
out to examine the ability of each mutant RHA to rescue reduced
tRNALys3 annealing by siRNARHA (Fig. 4C, upper panel). Equal amounts
of viral genomic RNA used in these reactions were first quantitated
by dot blot hybridization, and further validated by a 1 nt extension of
an annealed DNA primer complementary to viral RNA sequence down-
streamof the tRNALys3 binding site (Fig. 4C, control panel). The 1D PAGE
data shown in Fig. 4C were quantitated using a PhosphorImager soft-
ware, Results are shown graphically in Fig. 4D. Normal annealing (lane
1)was reduced by thepresence of siRNARHA (lane 2), and rescuedby ex-
ogenous wild-type RHA (lane 3), while much less rescue of annealing
was obtained by the expression of the RHAs containing mutant dsRBDs
(lanes 4–6). Thus, the results indicate that the conserved lysine residues
in the dsRBDs are important for the promotion of tRNALys3 annealing to
viral RNA by RHA.

3.4. The binding of mutant RHAs to HIV-1 RNA in the cells

In order to clarify how the mutation of conserved lysine residues
inhibited the RHA-stimulated processes during HIV-1 production, an
RNA–protein coprecipitation assay was performed to assess the ability
of mutant RHA to interact with HIV-1 RNA in the cells. 293T cells were
cotransfected with SVC21.BH10 and plasmid constructs expressing
His-tagged wild-type or mutant RHAs. Cotransfection with SVC21.BH10
and a plasmid expressing only the His tag served as a negative control.
24 h posttransfection, cells were formaldehyde cross-linked, lysed, and
sonicated. Western blots of equal volumes of cell lysate probed with
anti-His indicate comparable expression of wild-type and mutant RHAs
(Fig. 5A). His-tagged wild-type and mutant RHAs were then precipitated
from the cell lysates using Ni-NTA agarose. Western blots of column elu-
ant probed with anti-RHA indicated roughly equal amounts of wild-type
or mutant RHAs in the eluants (Fig. 5B). After deproteinization by TRIzol
reagent, the total cellular RNA (as input before precipitation with
Ni-NTA agarose) and RNA isolated from the precipitates were analyzed
by RT-PCR with primer pair P1-F/R [16] that is specific for the 5′-UTR of
HIV-1 RNA (Fig. 5C). Comparing with the corresponding input control,
RT-PCR readily detected the HIV-1 transcripts containing sequence of
5′-UTR that were coprecipitated with wild-type RHA, but very little
HIV-1 transcripts were detected in the mutant RHA precipitates. The re-
sults demonstrate that the mutation of the conserved lysine residues in
either one or both of dsRBDs dramatically reduced the interaction of
RHA with HIV-1 RNA during virus production.

3.5. In vitro binding of mutant RHAs to HIV-1 5′-UTR

The results obtained above show that mutant RHAs efficiently bind
to short artificial RNA substrate in vitro (Fig. 2), but inefficiently bind
to HIV-1 RNA in the cells (Fig. 5). Since the artificial duplex RNA used
may lack the structural complexity that may be associated with more
natural RNA substrates for RHA, we therefore investigated the activity
of these conserved lysine residues in the in vitro binding of RHA to a nat-
ural RHA substrate, the 5′-UTR of HIV-1 by performing RNA filter bind-
ing assay in which RNA bound to protein is retained on the filter.
Binding of RHA to the 5′-UTR of HIV-1 genomehas been shown to be as-
sociated with facilitating the transcription [5] and translation of viral
mRNAs [7], and primer tRNALys3 annealing [8]. This RNA containsmulti-
ple stem–loop structures including TAR-poly(A), PBS stem–loop, and
leader regions of HIV-1 RNA [8,50]. GST does not bind to RNA, and
was used as a negative control. As shown in Fig. 6, 32pCp-tagged HIV-1
5′-UTR RNA was detected when either wild-type or mutant RHA was
present, confirming the interaction of these proteins with the HIV-1
5′-UTR in vitro. Quantitative results in Fig. 6B show that none of the
lysine mutations affected the ability of RHA to bind to this natural sub-
strate RNA in vitro.
4. Discussion

In this report, we studied the activity of conserved lysine residues in
dsRBDs of RHA in multiple steps of HIV-1 RNA metabolism and have
shown that the substitution of the two conserved lysine residues in
either dsRBD achieves similar results, i.e. significantly reduces the pro-
motion by RHA of the accumulation of viral RNA (Fig. 3), the annealing
of tRNALys3 to viral RNA (Fig. 4C and D), and the incorporation of RHA
into virion progeny (Fig. 4B). We also found that mutant RHAs contain-
ing these mutations are still capable to efficiently unwind dsRNA
(Fig. 2). Thus, the inhibitory effects of mutation of the conserved lysine
residues on tested HIV-1 processes would be mainly attributed to the
dramatically reduced ability of RHA to interact with HIV-1 RNA in the
cell (Fig. 5).

Biochemical and biophysical analyses of isolated dsRBDs identified
amino acids including K54 and K55, and K235 and K236 that are critical
to the binding of protein to RNA [19,25] as the mutation of those resi-
dues abolished the ability of isolated dsRBDs to bind RNAs containing
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double-stranded region [19,25,38]. By contrast, in the context of enzy-
matically active full-length RHA, we did not detect the effects of muta-
tion of K54, K55, K235, and K236 in varying combinations on the
binding affinity of protein for substrate RNA in vitro (Figs. 2 and 6).
The discrepancy between this report and others possibly arises from
the different sources of proteins analyzed, i.e. RHA of the full-length
from mammalian cells used in this report vs. isolated dsRBDs from
E. coli used elsewhere [19,25,38]. In addition to dsRBDs, other domains
of RHA also have the ability to bind RNA, including the RGG domain in
the C-terminus of RHA [23–25], OB-fold [26], and some motifs within
the core helicase domain [22,51–53].

The observation thatmutant full-length RHAs containing the substi-
tution of the conserved lysine residues in dsRBDs have the similar capa-
bility as wild-type RHA to bind to HIV-1 RNA in vitro (Fig. 6) but show a
dramatically reduced ability to interact with viral RNA in the cells
(Fig. 5) may reflect the different RNA binding processes between
in vitro and in the cell and suggest that cellular cofactors lacking in
in vitro assay may modulate the binding of RHA to viral RNA in the
cells. Since the dsRBDs have also been shown to play a role in the inter-
action between RHA and other proteins [54], we cannot eliminate the
possibility that the effect of the lysine mutations on some functions of
RHA may result from the disruption of such interactions. There are a
number of examples of cofactors that can play a role in RHA function.
For example, while a direct binding of RHA to a post-transcriptional
control element (PCE) in the 5′-UTR of a set of RNAs has been proposed
to be responsible for the RHA-stimulated translation, possibly due to a
direct unwinding of the structurally complex 5′-UTR to allowmore effi-
cient ribosomal scanning [15], the work with other cellular mRNAs in-
cluding those for type I collagen or those for Oct4, a human embryonic
stem cell (hESC)-specific transcription factor responsible for maintain-
ing stem cell pluripotency, suggests that the observed stimulation of
translation of thesemRNAs by RHAmay involve RHA interacting direct-
ly with other mRNA binding proteins such as the collagen mRNA-
binding protein, LARP6 [55], or the hESC-specific RNA binding proteins
L1TD1 and Lin28, both of which can bind to Oct4 mRNA [55,56].

Using isolated dsRBDs of RHA, it was suggested that only dsRBD2 is in-
volved in the in vitro binding of RHA to viral RNA, primarily with the TAR
stem [5]. Our observation shows that both dsRBDs are required for the in-
teraction between RHA and viral RNA in the cell [16]. Furthermore, as
shown in Fig. 3, lysine substitution mutation in either dsRBD reduces
RHA-stimulated accumulation of HIV-1 mRNA, implying a role for both
dsRBDs in this process. The results of RHA are in contrast to a study of
MLE (the RNA helicase maleless), an ortholog of RHA in Drosophila
melanogaster (Fruit fly), reporting that the two dsRBDs in that protein
(referred to as RB1 and RB2 respectively) are functionally distinct [57].
RB1 is critical for targeting MLE to the X chromosome in vivo, but has no
ability to bind RNA, and its deletion has little effects on ATPase and
helicase activities. RB2, however, is dominant for RNA binding, and is in-
dispensable for ATPase and helicase activity. However, phylogenetic anal-
ysis using ClustalW2 [58] reveals that MLE is distantly related to human
RHA and orthologs from other organisms (Fig. 7). Thus, the discrepancy
between RHA and MLE may reflect their genetic distance.
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