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The DExH protein RNA helicase A (RHA) plays numerous
roles in cell physiology, and post-transcriptional activation
of gene expression is a major role among them. RHA selec-
tively activates translation of complex cellular and retroviral
mRNAs. Although RHA requires interaction with structural
features of the 5�-UTR of these target mRNAs, the molecular
basis of their translation activation by RHA is poorly under-
stood. RHA contains a conserved ATPase-dependent helicase
core that is flanked by two �-�-�-�-� double-stranded RNA-
binding domains at the N terminus and repeated arginine-gly-
cine residues at the C terminus. The individual recombinant
N-terminal, central helicase, and C-terminal domains were
evaluated for their ability to specifically interact with cognate
RNAs by in vitro biochemical measurements and mRNA trans-
lation assays in cells. The results demonstrate that N-terminal
residues confer selective interaction with retroviral and junD
target RNAs. Conserved lysine residues in the distal �-helix of
the double-stranded RNA-binding domains are necessary to
engage structural features of retroviral and junD 5�-UTRs. Ex-
ogenous expression of the N terminus coprecipitates junD
mRNA and inhibits the translation activity of endogenous
RHA. The results indicate that the molecular basis for the acti-
vation of translation by RHA is recognition of target mRNA by
the N-terminal domain that tethers the ATP-dependent heli-
case for rearrangement of the complex 5�-UTR.

RNA helicase A (RHA)2 is a ubiquitous DEIH superfamily 2
helicase that is necessary for translation of retroviral and se-
lected cellular mRNAs (1–3). A unifying feature of RHA-re-

sponsive mRNA templates is a structurally complex 5�-UTR
that is a platform for alternative RNA-protein interactions
that modulate gene expression (8). All retroviruses require a
complex 5�-UTR for productive viral replication (8). Alterna-
tive 5�-UTR RNA-RNA and RNA-protein interactions gener-
ate alternatively spliced mRNAs that are templates for synthe-
sis of viral proteins or unspliced genome-length RNA that is
dimerized and assembled into virions. The later serves as a
template for reverse transcription upon infection. RHA is
necessary for the translation of the junD proto-oncogene and
the retroviruses that infect a variety of metazoan host cells
(1–3, 21, 22). RHA interacts with structural features of their
complex 5�-UTR and facilitates polyribosome loading and
productive translation (1–3). JunD is an AP1 transcription
factor that is necessary for healthy cell growth and the expres-
sion of which is stringently controlled at the transcriptional
and post-transcriptional levels (23). The necessary role of
RHA in translation of junD and retroviruses posits the hy-
pothesis that conserved features of RHA determine recogni-
tion of these target mRNAs.
Site-directed mutagenesis and reporter assays have deter-

mined structural features of the complex 5�-UTR that are
necessary for RHA interaction and translation activity (1–3,
24). RHA-dependent translation activity is conferred by ori-
entation-dependent activity of the �150-nucleotide 5� termi-
nus, which is designated the post-transcriptional control ele-
ment (PCE) (13, 14). PCE activity is attributable to two
functionally redundant stem-loop structures (A and C) (2, 21).
Mutations that disrupt structural features of structures A and
C (referred to as mutAC) in spleen necrosis virus (SNV), an
avian retrovirus, eliminate translation activity and detectable
interaction with epitope-tagged RHA (FLAG-RHA) in cells,
whereas compensatory mutations restore translation activity
and interaction with FLAG-RHA (1–3, 24). These observa-
tions provide a framework to determine the residues of RHA
necessary for functionally relevant interaction with PCE.
The architecture of RHA is complex, with a conserved

ATPase-dependent helicase domain that is flanked by motifs
frequently observed in functionally distinct post-transcrip-
tional regulatory proteins (4–6). The N-terminal residues
contain two repeats of a double-stranded RNA-binding do-
main (dsRBD) that is observed widely among RNA-interactive
proteins (5), e.g. the dsRBD in protein kinase R (PKR) and Di-
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cer direct interaction with generic viral double-stranded RNA
and small duplex RNAs, respectively (4, 7). By comparison,
RHA selectively recognizes the complex 5�-UTR of a subset of
cap-dependent mRNA templates (8). The possible role for the
dsRBD in the selective recognition of RHA target mRNAs is
unknown.
The C terminus of RHA is highly conserved from canine

species to Caenorhabditis elegans (NCBI Homolog Database)
and is characterized by repeated arginine and glycine (RG)
residues that are substrates for methylation by PRMT1 (9). A
similar RG-rich domain is observed in nucleolin and hetero-
geneous nuclear ribonucleoprotein A1 and interacts with pro-
tein cofactors that tether target mRNA (10–12). Moreover,
the RG-rich domain of fragile X mental retardation protein
directly engages target RNA at G quartets (13, 14). These
findings suggest the possibility that the RG-rich domain of
RHA is important for interaction with target mRNAs.
DExH/D box proteins have been identified among all pro-

karyotes and eukaryotes examined and affect all steps in RNA
metabolism (6, 15). Named for the amino acid residues that
are adjacent to the ATP-binding region (16, 17), the helicase
domain spans 350–400 amino acids and exhibits RNA-bind-
ing capability (18–20). For instance, mutations in the helicase
domain of retinoic acid inducible gene-I (RIG-I) disrupt bind-
ing of RIG-I to poly(I:C) or in vitro transcribed dsRNA (19).
The possibility that the helicase domain of RHA binds target
mRNA remains to be determined.
Herein, individual recombinant RHA domains were evalu-

ated for binding activity to PCE in comparison with nonfunc-
tional PCE and generic control double-stranded RNAs
(dsRNAs). The results of biochemical and biophysical experi-
ments show that the N-terminal domain exhibits higher binding
affinity for PCE than for nonfunctional mutant RNA or control
dsRNA. Highly conserved surface-exposed lysine residues were
required for selective interaction with PCE RNA. By comparison,
the isolated DEIH domain lacked detectable binding to the
PCE RNAs tested in our study, and the C-terminal RG-rich
domain bound to negative control dsRNAs with greater affin-
ity than to the PCE RNAs tested here. In cells, the N-terminal
domain directed interaction with PCE, mRNA and its exoge-
nous expression blocked the translation activity of endoge-
nous RHA. Our results demonstrate that N-terminal residues
are necessary for recognition of PCE RNA and that this inter-
action is necessary for the translation activation of selected
cellular and viral mRNAs.

EXPERIMENTAL PROCEDURES

RNA Transcription—In vitro transcripts were generated in
the RiboMAXTM large-scale RNA production system (Pro-
mega) in the presence of [�-32P]UTP/[�-32P]CTP
(PerkinElmer Life Sciences), treated with DNase (Promega),
separated on 8% denaturing urea gels, and eluted in passive
gel elution buffer (Ambion). RNAs were precipitated in 95%
ethanol and 0.3 M NaOAc at �80 °C for 20 min, collected by
centrifugation, resuspended in diethyl pyrocarbonate-treated
water, and monitored by scintillation counting. The details of
template and primer DNA sequences are provided under sup-
plemental “Experimental Procedures.”

Expression and Purification of Recombinant Proteins—The
preparation of expression plasmids for the RHA N-terminal
(N-term), DEIH, and C-terminal (C-term) domains is de-
scribed under supplemental “Experimental Procedures.” The
proteins were expressed in BL21-CodonPlus optimized cells
(Stratagene). After induction with 1 mM isopropyl-�-D-thio-
galactopyranoside (United States Biochemical Corp.) for 2.5 h
at 33 °C, cells were resuspended in PBS with 10 �l/ml prote-
ase inhibitor mixture (Sigma) and 1 �l/ml dithiothreitol (1 M)
and lysed with an Aminco French pressure cell at 5000 units
of pressure. Soluble proteins were harvested by centrifugation
in a Sorvall RC5C SS-34 rotor at 12,000 rpm for 20 min at
4 °C.
Wild-type and mutant N-terminal domains were purified

from the soluble protein lysate on glutathione-Sepharose
beads (Pierce). Lysate was exposed to the beads overnight,
followed by four washes with 50 mM HEPES and 150 mM

NaCl (pH 7.0), one wash with 50 mM HEPES and 500 mM

NaCl (pH 7.0), and one wash with thrombin cleavage buffer
(20 mM HEPES, pH 8, 0.15 M NaCl, and 2.5 M CaCl2). Biotinyl-
ated thrombin (10 units) was used to release N-term from the
GST tag and was removed from the solution by incubation
with streptavidin. For purification of the DEIH domain, solu-
ble protein lysate was incubated with 2 ml of glutathione-
Sepharose (GE Healthcare) for 30 min at room temperature.
The beads were then washed with 20 ml of buffer containing
50 mM HEPES, pH 7.3, 500 mM NaCl, 5 mM DTT, and 1 mM

EDTA. The DEIH domain was eluted from the beads using
buffer containing 50 mM HEPES, pH 7.3, 25 mM reduced glu-
tathione, 500 mM NaCl, 5 mM DTT, and 1 mM EDTA. Gluta-
thione from the protein preparation was removed by dialysis
of protein fractions in the same buffer without glutathione.
C-term was purified from the soluble protein lysate on nickel-
Sepharose (GE Healthcare). After a 1-h incubation of the ly-
sate with 2 ml of nickel beads at room temperature, nonspe-
cifically bound proteins were removed by extensive washing
of the beads with 20 ml of buffer containing 50 mM HEPES,

FIGURE 1. RHA domain structure and isolation of recombinant N-term,
C-term, and DEIH polypeptides. A, depiction of the 1269-amino acid RHA
and amino acid coordinates of recombinant domains evaluated in this
study; B, SDS-PAGE analysis of recombinant protein preparations.
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pH 7.4, 500 mM NaCl, 7.5 mM CHAPS, 20 mM imidazole, and
4 mM �-mercaptoethanol. C-term was then eluted in 50 mM

HEPES, pH 7.4, 500 mM NaCl, 7.5 mM CHAPS, 500 mM imida-
zole, 5 mM EDTA, and 4 mM �-mercaptoethanol and dialyzed
against the same buffer without imidazole. Protein prepara-
tions were evaluated for purity by PAGE and quantified using
the Bio-Rad DC protein assay.
EMSA—EMSAs were performed as described (1) with

recombinant protein and 100,000 cpm of in vitro tran-
scribed �-32P-labeled RNA (see supplemental “Experimen-
tal Procedures”) in EMSA buffer (2% glycerol, 0.8 mM

EGTA, 0.2 mM EDTA, 2 mM Tris, pH 7.6, 14 mM KCl, and
0.2 mM Mg(OAc)2). Control experiments to establish equilib-
rium conditions varied the incubation time and temperature
and RNA and protein concentrations. Electrophoresis was
performed at 4 °C in 5% native Tris borate/EDTA-acrylamide
gels, which were fixed, dried, and exposed overnight in a
PhosphorImager cassette. EMSAs were repeated with at least
three independent preparations of protein and RNA. For
competition experiments, �-32P-labeled PCE RNA and re-
combinant protein were combined prior to the addition of
unlabeled competitor RNA.
Fluorescence Anisotropy (FA) Measurements—Synthetic

RNA oligonucleotides labeled at the 5�-nucleotide with fluo-
rescein were purchased from Dharmacon. To fold RNA, 3 �l
of 20 �M RNA was incubated in 5.25 �l of diethyl pyrocar-
bonate-treated water, 3.75 �l of 100 mM HEPES, pH 7.5, and
1.5 �l of 1 M NaCl at 80 °C for 2 min and at 60 °C for 2 min,
followed by the addition of 1.5 �l of 100 mM MgCl2. Diethyl
pyrocarbonate-treated water was added to a final volume of
300 �l, and the mixture was incubated on ice for 30 min. FA
measurements were performed in triplicate in Corning 3676
low volume 384-well black nonbinding surface polystyrene
plates with 20 nM RNA and the indicated amounts of recom-
binant protein in EMSA buffer. Reactions were incubated for
30 min at room temperature in the dark to allow samples to
reach equilibrium. Samples were excited at 485 nm, and the
emission intensities at 530 nm from the parallel and perpen-
dicular planes were measured on a SpectraMax M5 plate
reader system (Molecular Devices), which measures signifi-
cant anisotropy changes above a cutoff of 0.04. The equilib-
rium dissociation constants (Kd) were obtained by fitting the
binding curves to a single-binding site model on Kaleida-
Graph as described previously (25). Weighted averages and
S.D. were calculated as described (26).
RNA Coprecipitation—HEK293 cells were grown in Dul-

becco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum and 1% antibiotic/antimycotic (Invitro-
gen). For transfection, 1 � 106 HEK293 cells in a 10-cm dish
were cultured overnight, and 5 �g of the respective plasmid
was transfected in duplicate with FuGENE 6 (Roche Applied
Science; 3:1 (w/v) FuGENE 6/DNA) following the manufac-
turer’s protocol at 37 °C in 5% CO2 for 48 h. Cells were har-

vested in PBS and resuspended in 100 �l of polysome buffer
(100 mM KCl, 5 mM MgCl2, 10 mM HEPES, pH 7.0, 0.5% Non-
idet P-40, and 1 mM DTT) supplemented with RNaseOUT
(Invitrogen) and a protease inhibitor mixture of serine, cys-
teine, and aspartic proteases and aminopeptidase (Sigma).
Immunoblotting with rabbit anti-FLAG antiserum (Sigma)
verified protein expression. The soluble lysate was incubated
with anti-FLAG monoclonal antibody M2-conjugated agarose
beads (Sigma) that were equilibrated in NT2 buffer (50 mM

Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM MgCl2, and 0.05%
Nonidet P-40) overnight at 4 °C. The messenger ribonucleo-
protein complexes were washed with NT2 buffer. An equiva-
lent aliquot of the input lysates and beads (15 �l) was immu-
noblotted with anti-FLAG antiserum to verify similar
immunoprecipitation efficiency. RNA was extracted from the
beads with TRIzol (Invitrogen) following the manufacturer’s
protocol. As described (1), reverse transcription reactions
used random hexamer primer, and PCR utilized gene-specific
primers (KB1303/KB1304 for junD and KB750/KB752 for
GAPDH (supplemental Table S1).
RHA Translation Reporter Assay—As described (2, 8), 1 �

106 HEK293 cells in duplicate 10-cm dishes were cultured
overnight and transfected with 1 �g of pYW100 and the indi-
cated RHA expression plasmid. Cells were harvested in PBS
from duplicate wells for protein and RNA analysis. Protein
was detected by HIV-1 Gag ELISA (ZeptoMetrix) and immu-
noblotting with anti-FLAG (Stratagene) and anti-RHA
(Vaxron) antisera. RNA was detected by real-time RT-PCR
analysis with gene-specific primers (KB1614/KB1615 for gag
and KB1252/KB1253 for actin) (supplemental Table S1) (3).

RESULTS

Specific Interaction of N-term with PCE of Viral and Cellu-
lar Origin—Human RHA is composed of three domains that
are observed in functionally distinct post-transcriptional reg-
ulatory proteins (Fig. 1A). The helicase domain is necessary
for RHA translation activity on PCE target mRNA (3). How-
ever the domain(s) necessary for RHA recognition of PCE
RNAs is unknown. Therefore, to test whether selective inter-
action is attributable to the N-terminal, DEIH, or C-terminal
domain, epitope-tagged recombinant proteins were expressed
in Escherichia coli and purified by affinity chromatography
(Fig. 1, A and B). EMSAs were used for initial screening of
PCE-binding activity, and then fluorescence anisotropy was
employed for quantitative assessment of RNA affinity. EMSAs
were carried out with the following 32P-labeled transcripts:
165-nucleotide (nt) SNV PCE and 138-nt junD PCE, nonfunc-
tional 162-nt SNV mutAC, and negative control dsRNAs
tRNALys and 7SL RNA. Equilibrium binding conditions were
determined by varying the incubation temperature and time.
As shown in supplemental Fig. S1A, incubation for 30 or 60
min produces similar binding patterns indicating equilibrium

FIGURE 2. Conserved lysines in dsRBD1 and dsRBD2 are essential for effective binding of N-term to PCE RNA. Shown are the results from EMSAs of the
indicated recombinant protein and 32P-labeled RNA. A, wild-type N-term and 32P-labeled junD PCE; B, wild-type N-term and 32P-labeled SNV PCE; C, wild-
type N-term and 32P-labeled tRNALys; D, K54A/K55A/K236E N-term and 32P-labeled junD PCE; E, K54A/K55A/K236E N-term and 32P-labeled SNV PCE; F, K54A/
K55A N-term and 32P-labeled SNV PCE; G, K236E N-term and 32P-labeled SNV PCE.
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binding by 30 min (27), and subsequent incubations were per-
formed at 30 min.
RNA EMSA detected interaction of N-term with 32P-la-

beled junD PCE and SNV PCE as indicated by the shift in
probe mobility and diminished unbound probe (Fig. 2, A and

B). By contrast, N-term did not interact significantly with
76-nt 32P-labeled tRNALys (Fig. 2C). The specificity of the
N-term-PCE interaction was evaluated by competition with
unlabeled SNV PCE and junD PCE. As shown in Fig. 3, robust
interaction of N-term and 32P-labeled SNV PCE (compare

FIGURE 3. N-term exhibits specific interaction with PCE RNA of viral and cellular origin. Shown are the results from EMSA of N-term and 32P-labeled
SNV PCE RNA (0.02 �M) (lanes 1, 2, and 9 –10) upon the addition of unlabeled SNV PCE (lanes 3–5 and 11–13), junD PCE (lanes 6 – 8), or tRNALys (lanes 14 –16).
The concentrations of competitor RNA were 0.2, 1, and 2 �M, respectively. The protein concentration was 1 �M and shifted all 32P-labeled SNV PCE RNA.

FIGURE 4. N-term binding to PCE is recapitulated and quantified by FA measurements. Shown are the results from representative FA assays to
measure the binding affinity of N-term for the indicated RNA. A, PCEAB; B, PCEAC; C, mutAC; D, minihelixLys; E, 7SL RNA. Anisotropy changes �0.04 are
statistically significant.
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lanes 1 and 2 or 9 and 10) was eliminated by the addition of
SNV PCE RNA in 10-, 50-, and 100-fold excess (lanes 3–5 and
11–13). Moreover, unlabeled junD PCE also competed for
N-term interaction with 32P-labeled SNV PCE (lanes 6–8),
indicating that N-term has a similar binding affinity for SNV
PCE and junD PCE. By contrast, N-term interaction with 32P-
labeled SNV PCE was not competed by tRNALys in 10-, 50-, or
100-fold excess (lanes 14–16). The results indicate that N-
term exhibits specific interaction with viral and cellular PCEs.
Similar experiments assessed DEIH and C-terminal do-

mains for RNA-binding activity. The DEIH domain lacked
detectable binding to 32P-labeled junD PCE or SNV PCE in
our assay (supplemental Fig. S2, A and B). C-term exhibited
weak interaction with 32P-labeled junD PCE or SNV PCE that
required a high protein concentration (10–20 �M) (supple-
mental Fig. S2, C and D). Moreover, nonfunctional mutant
PCE exhibited slightly higher affinity for C-term (supplemen-

tal Fig. S2E). These results indicate that isolated DEIH and
C-term RNA-binding activity is not selective for PCE RNA.
FA assays using synthetic 5�-fluorescein-tagged SNV PCE

RNAs were carried out to verify the RNA-binding trends and
to measure the RNA affinity. Because of the length con-
straints of chemical RNA synthesis (�100 nt), shorter RNAs
were used for these studies. The 96-and 98-nt functionally
redundant stem-loop structures PCEAC and PCEAB, which are
necessary for RHA translation activity (24) and for precipita-
tion of epitope-tagged RHA in cells (1), were chosen for this
work. Control dsRNAs were again used to compare RNA
binding. The mutAC structural mutant of PCEAC, which lacks
translation activity and does not coprecipitate RHA in cells,
was used to measure the expected reduction in binding affin-
ity. The minihelixLys 35-nt RNA derived from the acceptor-
T�C stem of human tRNA3Lys (28) and the human 7SL
27-nt hairpin RNA provided generic control dsRNAs that lack

FIGURE 5. C-term lacks specificity for PCE RNA. Shown are the results from representative FA assays to measure the binding affinity of C-term for the indi-
cated RNA. A, PCEAB; B, PCEAC; C, mutAC; D, minihelixLys; E, 7SL RNA.

TABLE 1
Apparent equilibrium dissociation constants for binding of recombinant RHA domains to 5�-fluorescein-labeled RNAs
FA measurements were carried out as described under “Experimental Procedures.” Values represent the mean � S.D. of three or more independent experiments.

RNA
Apparent Kd for indicated RHA domain

N-term C-term DEIH K54A/K55A/K236E N-term K54A/5K5A N-term K236E N-term

nM
PCEAB 284 � 33 1170 � 92 �MDa �MD 414 � 47 437 � 53
PCEAC 348 � 50 1590 � 170 �MD �MD 515 � 85 721 � 120
mutAC 829 � 160 993 � 190 �MD ND ND ND
MinihelixLys �MD 222 � 37 NDa ND ND ND
7SL �MD 305 � 48 ND ND ND ND

a �MD, less than minimum detectable; ND, not determined.
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PCE activity. PAGE confirmed the integrity of the synthetic
RNAs (data not shown), and the FA of each RNA (20 nM) was
measured with titration of each recombinant domain (25–
3000 nM). Consistent with the EMSA, N-term bound PCEAB
and PCEAC with comparable affinity (Fig. 4, A and B, and
Table 1). In contrast, N-term exhibited lower affinity for mu-
tAC by a factor of 3, indicating that the loss of functional ac-
tivity by mutAC is accompanied by weakened but not elimi-
nated binding ability for N-term. Moreover, N-term and
negative control dsRNAs minihelixLys RNA and mini7SL RNA

exhibited anisotropy changes of �0.04, which is below the
threshold value for a statistically significant interaction (Fig. 4,
C–E, and Table 1). By contrast, C-term exhibited binding to
all RNAs examined (Fig. 5). As expected from the EMSA, C-
term exhibited weak affinity for PCEAC and PCEAB (Table 1).
However, slightly increased affinity was observed for mutAC.
Moreover, C-term exhibited 4–5-fold higher affinity for the
minihelixLys and 7SL negative control dsRNAs (Table 1). The
results indicate that C-term exhibits greater affinity for con-
trol dsRNAs than for PCE RNA. These results argue against

FIGURE 6. Mutation of conserved lysine residues eliminates affinity of N-term for PCE RNA. Shown are the results from representative FA assays to
measure the binding affinity of the indicated N-term mutant protein and RNA. A, K54A/K55A/K236E N-term and PCEAB; B, K54A/K55A/K236E N-term and
PCEAC; C, K54A/K55A N-term and PCEAB; D, K54A/K55A N-term and PCEAC; E, K236E N-term and PCEAB; F, K236E N-term and PCEAC.

RHA Translation Activity on Selected Viral and Cellular mRNAs

5334 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 7 • FEBRUARY 18, 2011



C-term conferring selective recognition of PCE RNA. Similar
analysis of the DEIH domain determined less than detectable
affinity for PCEAB, PCEAC, and mutAC by this assay (Table 1
and supplemental Fig. S3). In sum, the results of EMSA and
FA measurements indicate that N-term, but not DEIH or C-
term, is essential for selective recognition of PCE RNA.
N-term Is Necessary for RNA Binding—All dsRBDs exhibit

the �-�-�-�-� topology and conserved lysine residues (4).
The crystal structure of the African clawed frog Xlrbpa
dsRBD, a homolog of human PKR, in complex with a 10-nt
dsRNA revealed that these basic residues are surface-exposed
(29). In RHA, these residues correspond to Lys-54 and Lys-55
in dsRBD1 and to Lys-236 in dsRBD2. To assess their poten-
tial roles in PCE interaction, the following mutant proteins
were prepared: (i) the triple mutant containing K54A, K55A,
and K236E substitutions (referred to hereafter as K54A/
K55A/K236E N-term); (ii) the double mutant containing
K54A and K55A (designated K54A/K55A N-term); and (iii)
the single K236E mutant (termed K236E N-term). The RNA-
binding affinity of these proteins was assessed by EMSA and
FA measurement.
The EMSA results determined that K54A/K55A/K236E

N-term produced a severe reduction in interaction with junD
PCE or SNV PCE compared with N-term (Fig. 2, compare D
and E with A and B). By contrast, K54/K55A N-term and
K236E N-term exhibited relatively minor reduction in inter-
action with SNV PCE (Fig. 2, compare F, G, and B). Similar
trends were observed in the FA measurements. K54A/K55A/
K236E N-term severely reduced the affinity for PCEAB or
PCEAC (Fig. 6, A and B, and Table 1), whereas K54A/K55A
N-term or K236E N-term sustained weak interaction (Fig. 6,
C–F, and Table 1). The FA measurements (Table 1) deter-
mined that K54A/K55A N-term in dsRBD1 or K236E N-term
in dsRBD2 produced a minor (factor of �2) reduction in
binding affinity for PCEAB RNA or PCEAC RNA relative to
N-term. However, K54A/K55A/K236E N-term eliminated
detectable interaction with PCEAB or PCEAC. In sum, the re-
sults indicate that conserved lysine residues of both dsRBD1
and dsRBD2 contribute to PCE RNA interaction. Mutation of
the conserved lysine residues in both dsRBD1 and dsRBD2 is
necessary to eliminate interaction with PCE RNA.
N-term Is Sufficient for Interaction with PCE RNA in Cells—

RNA coprecipitation was used to determine whether or not
the PCE RNA-binding activity of N-term is recapitulated in
cells. HEK293 cells were transfected with plasmids that ex-
press FLAG-tagged N-term or K54A/K55A/K236E N-term in
four independent experiments. Western blotting verified
equivalent expression of FLAG-tagged N-term and K54A/
K55A/K236E N-term and also that the proteins were immu-
noprecipitated (Fig. 7, A and B). Total RNA and RNA isolated
from the immunoprecipitations were harvested and evaluated
by RT-PCR with primers specific for junD and GAPDH (Fig.
7C). As expected, total RNA preparations displayed junD and
GAPDH transcripts (Fig. 7C, lanes 1, 3, and 5). N-term immu-
noprecipitated RNA exhibited junD but lacked detectable
GAPDH transcript (lane 4), as observed previously for FLAG-
RHA (1). K54A/K55A/K236E N-term immunoprecipitated
RNA exhibited a severe reduction in junD RNA (lane 6). The

negative control FLAG immunoprecipitate lacked detectable
junD RNA (lane 2). No amplification products were detected
in reactions that lacked reverse transcriptase (lanes 7–12).
The results demonstrate that N-term is sufficient for interac-
tion with PCE RNA in cells and that the interaction is severely
reduced by the lysine mutations.
N-term Dominantly Interferes with Translation of PCE Re-

porter RNA—Because N-term binds to PCE RNA in 293 cells
(Fig. 7), we hypothesized that it could inhibit translation of
PCE target RNA by endogenous RHA. To test this, HEK293
cells were transfected with PCE reporter plasmid and increas-
ing amounts of plasmids that express FLAG-tagged N-term or
K54A/K55A/K236E N-term. Western blotting with anti-
FLAG antiserum verified comparable expression of N-term
and K54A/K55A/K236E N-term; control anti-tubulin anti-
serum verified equivalent protein loading (Fig. 8, A and B). To
determine PCE activity, HIV-1 Gag protein production was
measured by ELISA, and gag RNA levels were quantified by

FIGURE 7. N-term interacts with PCE RNA in cells. Shown are the results
from a representative immunoprecipitation (IP) assay to compare PCE RNA
coprecipitation with N-term proteins. Empty FLAG plasmid, FLAG-tagged
N-term, or FLAG-tagged K54A/K55A/K236E N-term was expressed in trans-
fected HEK293 cells, and FLAG-tagged proteins were subjected to immuno-
precipitation with anti-FLAG antibody (mouse) conjugated to agarose
beads. Immunoblotting of equivalent aliquots of input lysate or immuno-
precipitate on agarose beads determined that the immunoprecipitation
efficiency was similar for each N-term protein. RNA was harvested from the
remaining beads and subjected to RT-PCR with junD or GAPDH primer.
A, Western blotting with FLAG-specific antiserum (rabbit) detected equiva-
lent expression of N-term and K54A/K55A/K236E N-term. The 9-amino acid
FLAG peptide was not resolved. B, Western blotting with FLAG-specific anti-
serum (rabbit) detected that immunoprecipitation was similar for N-term
and K54A/K55A/K236E N-term. C, PCR amplification products from the indi-
cated RNA preparation incubated with or without reverse transcriptase
(RT	 or RT�, respectively). Representative samples of total RNA and RNA
isolated from immunoprecipitated samples were evaluated with junD- or
GAPDH-specific primers. The junD amplification product is 232 bp, and the
lower band is the primer dimer.
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quantitative RT-PCR (2). The results of three independent
transfection experiments indicated that PCE activity was de-
creased in response to N-term (p � 0.03) (Fig. 8A). By con-
trast, PCE activity was not affected by K54A/K55A/K236E
N-term (Fig. 8B). In sum, the RNA immunoprecipitation and
translation assay results demonstrate that the PCE-binding
activity of N-term interferes with the translation activity of
endogenous RHA, presumably by blocking productive inter-
action with endogenous RHA.

DISCUSSION

We have demonstrated that the N-terminal domain of
RHA contributes to selective recognition of viral and cellular
PCE RNAs. Exogenously expressed N-term interacts with
PCE target RNA and requires the conserved lysine residues
within RHA dsRBD1 and dsRBD2. We observed that PCE
interaction with exogenously expressed N-term blocked RHA
translation activity. Conversely, mutations of its conserved
lysine residues eliminated interaction with PCE RNA in cells
and did not block translation of PCE RNA. Our results indi-
cate that N-term basic residues of RHA are necessary to en-
gage the RNA structure and to deliver the ATP-dependent
helicase activity that is necessary for translation of PCE
mRNA (3). This N-term interaction is selective for functional
PCE because the binding affinity for nonfunctional PCE (mu-
tAC) is reduced by a factor of 2–3, and binding to negative
control dsRNAs is not detectable.
The conserved lysine residues are positioned in the second

conserved �-helix of the dsRBD �-�-�-�-� topology. The

crystal structure of the Xlrbpa dsRBD-RNA complex deter-
mined that the second highly conserved �-helix positions the
lysine residues for interaction with the RNA backbone (29). In
RHA dsRBD1, PKR, and TAR RNA-binding protein, the
amino acid conservation of this �-helix is 65%, whereas con-
servation of the �-sheets is �20%. We postulate that the di-
vergent residues of the �-sheets provide conformational or
electrostatic interactions that are unique among the dsRBDs
and facilitate their affinity for a particular category of target
RNA. The position of the �-sheets on top of the �-helices
directs solvent-exposed side chains away from the RNA.
These residues are strong candidates for interaction with im-
portant protein cofactors.
Our results document that, despite the wide conservation

in RNA-binding proteins, the dsRBDs are necessary for inter-
action with functionally distinct populations of substrate
RNAs. Our results are similar in principle to the selective in-
teraction of the budding yeast Rnt1p dsRBD with an AGNN
tetraloop, which is directed by the first �-helix of the dsRBD
(30, 31). Drosophila Staufen dsRBDIII contacts the stem-loop
of dsRNA at the first �-helix (32). Thus, the conserved �-�-�-
�-� topology is essential for contacting the target mRNA but
is malleable to accommodate variable residues that generate
the sequence or structure-specific recognition.
In this study, we observed that mutations of the conserved

lysine residues introduced separately in dsRBD1 or dsRBD2
reduced but did not eliminate affinity for PCE RNA. By con-
trast, mutation of either dsRBD was sufficient to eliminate

FIGURE 8. Exogenously expressed N-term dominantly inhibits translation of PCE reporter RNA. Shown are the results from a representative transfec-
tion assay to determine the translation activity of endogenous RHA upon exogenous expression of N-term. HEK293 cells were transfected with pYW100
SNV PCE reporter plasmid and increasing amounts of the indicated N-term expression plasmid. Total cell protein was subjected to Gag ELISA and Western
blotting with anti-FLAG and anti-tubulin antisera. Total cellular RNA was subjected to real-time RT-PCR, and control reactions lacked reverse transcriptase.
PCE reporter activity was determined in three independent assays summarized graphically as Gag protein relative to gag RNA standardized to actin. Error
bars indicate S.D. *, statistically significant difference (p 
 � 0.03). A, PCE activity is inhibited by FLAG-tagged N-term. B, PCE activity is not changed by
FLAG-tagged K54A/K55A/K236E N-term.
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RHA translation activity on retroviral PCE RNA (data not
shown). Possible explanations are as follows. 1) PCE RNA
binding of the lysine residues of both dsRBD1 and dsRBD2 is
necessary to reshape the conformation of the �-sheets to fa-
cilitate interaction with protein cofactor(s). This scenario is
similar in principle to augmentation of eIF4A activity by in-
teraction with eIF4B during cap-dependent translation initia-
tion (33). 2) Alternatively, an initial interaction with protein
cofactor(s) is necessary to rearrange the lysine residues for
productive interaction with PCE RNA. Notably, the results of
this and previous studies (1, 3) determined direct binding of
RHA to PCE. However, the possibility remains that cofactor
interaction refines intramolecular RNA structure to enable
productive ribosome scanning of PCE mRNA.
We have shown that the dsRBDs play a predominant role

in the selectivity of the RHA-PCE interaction. Our EMSA
and FA measurements failed to detect PCE RNA-binding
activity for the DEIH domain and revealed a low nonspe-
cific RNA-binding affinity for C-term. Additionally, co-
incubation with C-term did not enhance or inhibit binding
of N-term to the PCE RNA (data not shown). An important
future direction is to assess the possible role of these domains
in the context of full-length RHA. In the cellular environ-
ment, similar or increased RNA affinity may be conferred by
domain interactions that produce conformational changes or
cofactor interaction. In the case of heterogeneous nuclear
ribonucleoprotein A1, the C-terminal RGG-rich domain in-
teracts intramolecularly and with other heterogeneous nu-
clear ribonucleoproteins to influence activity (11). Likewise,
the RGG-rich domain of nucleolin is required for interaction
with ribosomal protein L3 (10, 12). Similar to RHA, PKR pos-
sesses two N-terminal dsRBDs, and they interact with the dis-
tal kinase domain (34). For PKR, the engagement of generic
dsRNA by dsRBD reveals the kinase domain in an active con-
formation (34). By analogy, our results indicate that selective
engagement of PCE RNA is necessary for RHA translation
activity. The possibility remains that the N-terminal dsRBD(s)
interact with distal RHA domains; future experiments to test
this model are warranted. The results will contribute to un-
derstanding the essential role of RHA in normal cells and the
apparent contribution of RHA dysfunction to neoplastic
growth (35–37). The outcomes will fuel fundamental under-
standing of RNA helicases across cell biology and at the virus-
host interface.
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