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Abstract

We previously reported ATPase, RNA unwinding, and RNA-binding activities of recombinant p68 RNA helicase that was
expressed in Escherichia coli. Huang et al. [J. Biol. Chem. 277(15) (2002) 12810]. The recombinant protein bound both single-
stranded (ss) and double-stranded (ds) RNAs. To further characterize the substrate RNA binding by p68 RNA helicase, we ex-
pressed and purified the recombinant N-terminal and C-terminal domains of the protein. RNA-binding property and protein
phosphorylation of the recombinant domains of p68 were analyzed. Our data demonstrated that the C-terminal domain of p68
RNA helicase bound ssRNA. More interestingly, the C-terminal domain was a target of protein kinase C (PKC). Phosphorylation
of the C-terminal domain of p68 abolished its RNA binding. Based on our observations, we propose that the C-terminal domain is
an RNA substrate binding site for p68. The protein phosphorylation by PKC regulates the RNA binding of p68 RNA helicase,
which consequently controls the enzymatic activities of the protein.

© 2003 Elsevier Inc. All rights reserved.
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The RNA helicases are found in almost all organisms,
from bacteria to human. This family of proteins is in-
volved in almost every process of RNA metabolism in
cells [1-3]. Members of the RNA helicase family are
characterized by a core region of 290-360 amino acids
(helicase-core) that consists of eight conserved sequence
motifs (Fig. 1A). The principal cellular function of RNA
helicases is to unwind dsRNA or RNA-protein complex
using the energy derived from NTP (ATP in most cases)
hydrolysis. In a number of examples, RNA helicases
have been shown to be generic RNA unwinding motors
[2,4] that also unwind the RNA-protein complex [5]
in vitro.

One key question regarding the mechanism of RNA
unwinding is how RNA helicases bind their unwinding
substrates during the unwinding process. Mutational
analyses and RNA-binding studies with eIF4A reveal a
weak RNA binding by the common sequence motif VI

* Corresponding author. Fax: 1-404-651-2509.
E-mail address: biozrl@langate.gsu.edu (Z.-R. Liu).

0006-291X/$ - see front matter © 2003 Elsevier Inc. All rights reserved.

doi:10.1016/j.bbrc.2003.12.129

(Fig. 1A) in the helicase core region [6]. However,
crystal structure of HCV-NS3 and later mutational
analyses with NPH-II imply that this motif may not be
the substrate-binding site for the DEAD/DEXH boxes
of RNA helicases [7,8]. The weak RNA binding
property of the motif VI is believed to play an
important catalytic role in RNA unwinding [9]. On the
other hand, the three-dimensional structure of
the HCV-NS3:oligonucleotide complex reveals that the
nucleic acid is bound in the second cleft between
the domain 1-2 and domain 3 [7,10]. However, this
nucleic acid binding cleft is not clearly defined in the
assembled three-dimensional structure of translation
initiation factor, elF4A [11-13].

RNA binding motifs outside of the helicase core were
suggested for a number of DEAD/DExH-box of RNA
helicases [14-16]. However, functional roles of these
putative RNA-binding motifs are not yet understood.
Further, their roles as RNA binding motifs, in most
cases, have not yet been demonstrated. It has been
suggested that multiple RNA binding motifs are needed
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Fig. 1. (A) Schematic illustration of domain structure of p68 RNA helicase. The top panel is the helicase-core region of DEAD-box proteins. The
conserved sequence motifs and their putative functions are indicated. The middle panel is the domain structure of p68 RNA helicase. Specific se-
quence motifs are indicated. The numbers represent amino acid residue numbers. The bottom panel illustrates the sequence region of expressed
recombinant C-terminal and N-terminal domains of p68. (B) Coomassie staining the SDS-PAGE of; BSA (lane 1), bacterially expressed and purified

p68-CT (lane 2), bacterially expressed and purified p68-NT (lane 3).

for RNA unwinding action, especially for those RNA
helicases that act as monomers [17,18]. The translation
initiation factor eIF4A represents a very interesting ex-
ample. The eIF4A alone has very weak RNA affinity
and the RNA binding requires ATP [9,19]. Due to the
weak RNA binding, e[F4A has very weak RNA un-
winding and ATPase activities. The RNA unwinding
activity of eIF4A is dramatically enhanced upon the
formation of a complex with elF4B [20,21]. eIF4B
functions to stabilize the eIF4A/RNA complex by do-
nating its two RNA-binding domains.

The nuclear p68 RNA helicase was first identified by
cross-reaction with a monoclonal antibody PAb204 that
was originally raised against SV40 large-T antigen two
decades ago [22,23]. The protein is a prototypical
DEAD box family of RNA helicases. As an early ex-
ample of cellular RNA helicase, the ATPase and the
RNA unwinding activities of p68 RNA helicase were
documented with the protein purified from human 293
cells [17,24,25]. The helicase plays very important roles
in cell proliferation and organ maturation [23,26,27].
However, the biological functions of the helicase on a
molecular level are not well understood [28]. It has been
suggested that p68 RNA helicase might be involved in
transcription regulation [29-31] and DNA damage-re-
pair pathways [32]. Most recently, the experiments car-
ried out in our laboratory demonstrated that p68 RNA
helicase is an essential human splicing factor in vitro
that plays a role in unwinding the transient U1:5 splice
site duplex [33]. Consistently, experiments in other re-
search laboratories also suggested that p68 RNA heli-
case has a functional role in the pre-mRNA splicing
process [34-38].

We previously reported the expression and purifica-
tion of recombinant p68 RNA helicase in Escherichia
coli [39]. The purified recombinant protein binds both

single-stranded and double-stranded RNAs. In this re-
port, we further characterize the RNA binding by
domains of the protein. Our data demonstrate that the
C-terminal domain of p68 RNA helicase binds ssRNA.
More interestingly, the C-terminal domain is a target of
protein kinase C. Phosphorylation of the C-terminal
domain of p68 abolishes its RNA binding. Based on our
observations, we propose that protein phosphorylation
regulates the RNA binding of p68 RNA helicase, which
consequently controls the enzymatic activities of the
protein.

Materials and methods

Protein expression and purification.

The reading frames that encode N-terminal and C-terminal do-
mains of p68 RNA helicase were amplified from a p68 RNA helicase
clone [39] using two pairs of PCR primers. The PCR products were
cloned into an expression vector pET-32a by BamHI/HindI11 sites. For
expression of the C-terminal domain of p68 (referred to as p68-CT),
the vector pET-32a was modified so that the DNA sequences that
encode the thioredoxin and other fusion tags flanking the 5 site of the
p68-CT insertion were removed. The procedures for induction of re-
combinant protein expression in E. coli and subsequent disruption of
bacterial cells were similar to those described in a previous report [39].
After disruption of bacterial cells and centrifugation, the expressed
recombinant p68-CT was precipitated in bacterial inclusion bodies.
The precipitates were washed twice with wash-buffer (SOmM Tris—
HCl, pH 7.5, 800mM urea, 250 mM NaCl, and 1mM DTT). The
precipitates were then dissolved in denaturing buffer containing 7M
urea, 50 mM Tris—HCI, 0.2% Triton X-100, and 250 mM NacCl, pH 7.5.
The protein was purified through a Ni-NTA column and the
recombinant proteins were eluted with 200 mM imidazole in protein
elution buffer (7M urea, 50mM Tris—-HCI, pH 7.5, 200mM NaCl,
0.5mM DTT, 10% glycerol, and 0.2% Triton X-100). The obtained
protein solution was diluted drop-wise (1:10) to a refolding buffer
containing 200 mM arginine, 50 mM Tris-HCI, pH 7.5, 200 mM NaCl,
0.5mM DTT, 10% glycerol, and 0.2% Triton X-100. Finally, the
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protein was dialyzed three times against the same refolding buffer to
remove urea residues. The N-terminal domain was expressed as thio-
redoxin and his-tag fusion protein in bacterial cells. After purification
over a Ni-NTA column, the fusion protein was cleaved by enteroki-
nase (Invitrogen). The thioredoxin and other fusions were further re-
moved by a new round of Ni-NTA column. Enterokinase was then
removed using a commercially available enterokinase-away resin
(Invitrogen). The purified N-terminal domain of p68 (referred to as
p68-NT) was finally dialyzed twice against a buffer containing 50 mM
Tris-HCI, pH 7.5, 200mM NaCl, 0.5mM DTT, 10% glycerol, and
0.2% Triton X-100.

DNAIRNA substrates and transcriptions

RNAs were synthesized by run-off transcriptions of linearized vec-
tors using T7/SP6 RNA polymerase. Following linearized vectors were
used for RNA syntheses, pGC + DX/Xhol/SP6, pGEM-3Z/Poull/T7
(polylinker region of pGEM-3Z was removed). The RNAs were uni-
formly labeled with [0-**P]JUTP. The RNA for UV-crosslinking was
labeled to high specificity activity (~27,550 CPM/ng). The RNA used for
gel-mobility shift assay was labeled to low specificity activity
(~2170 CPM/ng). The dsRNA substrate for RNA-binding assays is the
hybridization of equal molar amounts of two complementary strands
transcribed from both directions of polylinker of pSP72 (pSP72/Bg/11/
SP6 and pSP72/Xhol/T7). Annealing solution contained 30 mM Tris—
HCI, pH 7.5, 100 mM NaCl. The RNA annealing mixture was heated to
85 °C for 10 min and was then slowly cooled down to room temperature.
A DNA oligonucleotide, 5-GGCCGCTCACTTTTCGAATTCTGGG
TGGGACCAAATGAGTCAAGCTTG-3, was used for gel-mobility
shift assays. The oligonucleotide was end-labeled with 3P by poly-
nucleotide kinase under standard kinase reaction conditions.

RNA-binding analyses

Gel-mobility shift assays were performed by following the same
experimental protocols as described previously [39].

UV-crosslinking. About 60ng of proteins was mixed with 4-6ng
3P-labeled RNA in RNA-binding buffer (20 mM Hepes, pH 8.0, 5mM
MgCl,, 50mM NaCl, and 2mM DTT) in a total volume of 10 ul. After
10 min incubation at 30 °C, heparin was added to a final concentration
of 0.5 mg/ml. The mixtures were incubated for an additional 5 min. The
samples were photolyzed in a crosslinker mounted with 4 x 8§ W
3124 nm UV light bulbs for 15min. During photolyses, the samples
were placed on ice and 4-6 cm below the light source. After photolyses,
1ul of RNase cocktail containing 2mg/ml RNase A and 0.3 U/ul
RNase T1 (USB) was added to the samples. After 25min of RNase
digestion, the samples were analyzed by 12% SDS-PAGE followed by
auto-radiography.

Protein phosphorylationldephosphorylation

Proteins were phosphorylated by protein kinase C (PKC) (Pro-
mega) under optimal conditions at 30 °C for 30 min. In a typical 50 pl
phosphorylation reaction, the mixture contains 25 ng/pl protein, 1 ng/
ul protein kinase C, and 1x PKC buffer 2mM CaCl, and 10 mM
MgCly, and 4mM ATP or 5uCi [**P-y]ATP). After incubation, the
phosphorylation reaction was immediately used for further RNA-
binding assays or SDS-PAGE analyses.

To carry out protein dephosphorylations, the ATP in the above
protein phosphorylation reactions was removed by buffer exchange
with dephosphorylation buffer (for PPase 2B, 50 mM Tris-HCl, pH
7.4, 0.5mg/ml BSA, 5pg/ml calmodulin, and 1mM NiCl,) as sug-
gested by the manufacturer. Two microliters (0.5U/ul) of protein
phosphatase 2B was added to a 50 ul reaction. After 60 min incuba-
tion at 30°C, the dephosphorylated proteins were analyzed by SDS—
PAGE or directly used for RNA-binding assays without further
treatment.

Results

Expression and purification of N-terminal and C-terminal
domains of p68 RNA helicase

In the previous report [39], we demonstrated that p68
RNA helicase bound both single-stranded (ss) and
double-stranded (ds) RNAs. The dsRNA substrate is
more efficient in stimulating the ATPase activity of p68.
Due to the unique amino-acid sequence structure at the
C-terminal domain of the protein, we believed that the
sequence motif(s) at the C-terminal domain might con-
stitute an RNA-binding site(s) for p68 RNA helicase.
Thus, in an effort to understand whether the sequence
domains of p68 outside the helicase core possess RNA-
binding property, the coding regions for N-terminal (aa
residue 4-130) and C-terminal (aa residue 431-614)
(Fig. 1A) were sub-cloned and expressed in E. coli.
Unlike the expression of full-length recombinant p68
RNA helicase described in our previous report, in which
significant amounts of recombinant proteins were puri-
fied as soluble form, the p68-CT appeared to precipitate
completely in bacterial inclusion body. Thus, the
recombinant p68-CT was purified under denaturing
conditions (7 M urea). The protein was refolded by di-
luting 10 times in the refold buffer and subsequently
dialyzed to remove the urea completely. We have ob-
served that 200 mM of arginine is necessary to maintain
the protein in soluble form. It was also essential to
slowly add the denatured p68-CT to the refolding buffer.
After purification and refolding, we were able to obtain
~1.5mg/ml of recombinant p68-CT (Fig. 1B, lane 2).
The N-terminal of p68 (p68-NT) was first expressed and
purified as his-tag and thioredoxin fusion protein. After
cleavage of the thioredoxin and his-tag fusions by en-
terokinase, the recombinant p68-NT was purified as
~0.4 mg/ml of soluble protein (Fig. 1B, lane 3).

The C-terminal domain of p68 RN A helicase binds ssRN A
but not dsRNA and DNA

To test the RNA-binding property of the bacterially
expressed N-terminal and C-terminal domains of p68
RNA helicase, the gel-mobility shift assay was carried
out. We used a 124nt RNA transcribed from
pGC + DX/Xhol [40]. It was evident that the p68-CT
bound the RNA substrate (Fig. 2A, lane 3). However,
the p68-NT did not bind (Fig. 2A, lane 4). As a negative
control, BSA did not bind the RNA substrate (Fig. 2A,
lane 2). The substrate RNA G+ DX/Xhol is an RNA
derived from the exon 2 of a-tropomyosin gene with
purine-rich sequences. To test whether the binding of the
p68-CT to this RNA is due to recognition of this specific
RNA, we employed another ~186nt RNA substrate
that was transcribed from pGEM-3Z/Pvull. The poly-
linker region of the vector (EcoRI-HindIIl) was
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Fig. 2. RNA binding analyzed by gel-mobility shift assays (A,B) and
UV crosslinking assays (C). (A) The gel mobility shift assays of 6ng
GC + DX/Xhol RNA with; 400 ng BSA (lane 2), 60 ng p68-CT (lane 3),
and 30ng p68-NT (lane 4). Lane 1 is the GC + DX/Xhol RNA alone.
(B) The gel mobility shift assays of 4 ng pGEM-3Z/Pvull RNA with;
400 ng BSA (lane 2), 60 ng p68-CT (lane 3), and 30 ng p68-NT (lane 4).
Lane 1 is the pPGEM-3Z/Pvull RNA alone. (C) UV crosslinking of the
mixture of recombinant p68 truncates and 4 ng pGEM-3Z/Puvull RNA.
The crosslinking reactions were carried out with; 4 ng pGEM-3Z/Pvull
RNA and 400ng BSA (lane 1), 4ng pGEM-3Z/Pvull RNA and 30ng
p68-NT (lane 2), and 4ng pGEM-3Z/Pvull RNA and 60ng p68-CT
(lane 3).

removed. A slower migration band was observed in the
gel-mobility shift assays with the recombinant p68-CT
and pGEM-3Z/Pvull RNA (Fig. 2B, lane 4). No band
shift was observed with p68-NT. To verify the RNA-
binding results obtained from the gel-mobility shift
assays, we carried out UV-induced crosslinking experi-
ments with the RNA substrate pGEM-3Z/Pvull. Con-
sistent with the gel-mobility shift assays, we observed
that the p68-CT crosslinks to this RNA substrate
(Fig. 2C, lane 3). The p68-NT did not crosslink to this
RNA (Fig. 2C, lane 2). Thus, both gel-mobility shift and
UV-crosslinking experiments confirmed the RNA-
binding property of the C-terminal domain of p68 RNA
helicase.

In previous studies, we demonstrated that p68 RNA
helicase has strong affinity for dsSRNA substrate [39].
We suspected that the C-terminal domain of p68 may
contribute to the dsRNA-binding property of the
protein. To examine the dsRNA binding by the C-
terminal domain of p68, we employed the gel-mobility
shift assay and MB crosslinking method similar to
those described in our previous studies [39,41,42] to
probe the dsRNA-protein interactions. The dsRNA
substrate was obtained by annealing two transcripts
that were transcribed from polylinker region of pPSP72
in both directions by T7/SP6 RNA polymerases. The
dsRNA contains 91 base-pairs of RNA duplex flanked
by a 7 and a 4nt of 5 overhang on each side. Under
our experimental conditions, no dsRNA bindings by
both p68-CT and p68-NT were observed in the gel-
mobility shift assays (Fig. 3A, lanes 3 and 4). In ad-
dition, no crosslinking signals were detected in our MB
crosslinking experiments (data not shown). Both gel-
mobility shift assays and MB crosslinking experiments
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Fig. 3. Gel-mobility shift assays of p68 truncates with dsRNA and
DNA. (A) Gel-mobility shift assays of 6 ng dSRNA with; 400 ng BSA
(lane 2), 30ng p68-NT (lane 3), and 60 ng p68-CT (lane 4). Lane 1 is
dsRNA alone. The dsRNAs were hybridization of equal molar of SP6-
pSP72/Bglll vs T7- pSP72/Xhol. (B) Gel-mobility shift assays of p68
truncates with ssSRNA and DNA oligonucleotides. The gel-mobility
assays were carried out with; 60ng p68-CT +6ng pGC + DX/Xhol
RNA (lane 2), 30ng p68-NT + 15ng of 3*P-labeled DNA oligonucle-
otides (lane 4), and 60ng p68-CT + 15ng *?P-labeled DNA oligonu-
cleotides (lane 5). Lane 1 is the pGC + DX/X/hol RNA alone. Lane 3 is
the 3?P-labeled DNA oligonucleotides.

suggested that the N-terminal and C-terminal domains
of p68 do not bind dsRNA.

It is noted that a number of positively charged
amino acid residues are scattered in both N-terminal
and C-terminal domains of p68. Since the RNA
binding by p68-CT was relatively weak, as detected by
both gel-mobility shift assays and crosslinking assays,
we suspect that the p68-CT:RNA interactions may be
due to non-specific electrostatic interactions between
the negatively charged phosphate backbone of RNA
and positively charged amino acid residues. One test
for this possibility is to examine the interactions of the
protein with the same negatively charged DNA. Thus,
we used the same gel-mobility shift assays to examine
whether the N-terminal and C-terminal domains of p68
would bind DNA oligonucleotides. A synthetic 48 nt
DNA oligonucleotide was used as the binding sub-
strate. Under the same binding conditions, neither re-
combinant p68-CT nor p68-NT interacted with the
DNA oligonucleotides (Fig. 3B, lanes 4 and 5). We
also employed a dsDNA substrate, pGEM-3Z/HindIIl,
to perform the binding analyses. No bindings were
detected with dsDNA (data not shown). The results
suggested that the recombinant p68-CT:RNA interac-
tion is not simply due to non-specific electrostatic in-
teractions between the negatively charged phosphate
backbone of RNA and positively charged amino acid
residues of the protein.
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The C-terminal domain of p68 RNA helicase can be
phosphorylated by protein kinase C and phosphorylation
abolishes the RNA binding property

Buelt and colleagues reported that p68 RNA helicase
purified from PC12 cells was a target by protein kinase
C and Ca-calmodulin binding. The consequence of
phosphorylation by PKC or Ca—calmodulin binding was
the inhibition of ATPase activity of p68. It is noted that
a conserved 1Q motif locates in the C-terminal (Fig. 1A).
Thus, the authors suggested that the IQ motif was the
phosphorylation and Ca—calmodulin binding site of p68
[43]. It is, however, not known how the phosphorylation
or Ca—calmodulin binding affects the enzymatic activi-
ties of the protein. Since the bacterially expressed
C-terminal domain of p68 harbors the 1Q motif of the
protein, we were interested in examining whether the
p68-CT would be phosphorylated by protein kinase C.
To this end, we used a commercially available protein
kinase C (Promega) to test the phosphorylation of the
recombinant p68-CT and p68-NT. It was evident that
the p68-CT was phosphorylated by protein kinase C
under our experimental conditions (Fig. 4A, lane 2). The
p68-NT was not phosphorylated (Fig. 4A, lane 3) nor
was a control BSA phosphorylated under the same
phosphorylation conditions (Fig. 3A, lane 1). We were
able to achieve phosphorylation of >70% of the protein
by using significantly low substrate protein concentra-
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Fig. 4. Phosphorylation of p68 truncates with PKC and the effects on
the RNA binding. (A) Autoradiography of SDS-PAGE of phospho-
proteins; 20 ng/pl BSA (lane 1), 25ng/pl p68-CT (lane 2), and 10 ng/pl
p68-NT (lane 3). Proteins were phosphorylated by 1 ng/pl protein ki-
nase C in the presence of 150 uM ATP including 5 uCi [y-**P]ATP. (B)
Coomassie staining the SDS-PAGE of; BSA (lane 1), p68-CT (lane 2),
and phosphoprotein p68-CT (lane 3). Twenty-five nanograms of p68-
CT was phosphorylated by 1 ng/ul protein kinase C at 30 °C for 30 min.
It is estimated by density scan that about 20% of p68-CT were phos-
phorylated under the conditions. (C) Gel-mobility shift RNA-binding
assays of 6ng pGC+ DX/Xhol RNA with; 60ng p68-CT (lane 2),
60ng phosphorylated p68-CT. The phosphorylation reactions were
carried out with 15ng/pul p68-CT in the presence of 2ng/ul PKC for
2.5h (lane 3) and 60ng of phosphorylated p68-CT. The phosphory-
lation reactions were carried out with 25 ng/ul p68-CT in the presence
of 1ng/ul PKC for 0.5h (lane 4). The lane 1 is the pGC + DX/Xhol
RNA alone.

tion in the reaction (15ng/pl) and longer phosphoryla-
tion time (2.5h). No detectable increase in the
phosphorylation after 2.5h was observed.

We next tested the effects of phosphorylation on the
RNA-binding property of the recombinant p68-CT. The
protein was phosphorylated by PKC under the manu-
facturer suggested conditions (see the paragraph above).
The phosphorylated proteins were tested for RNA
binding by gel-mobility shift assays without further
treatment. If the phosphorylation reaction was carried
out almost to completion (>70% of proteins were
phosphorylated) by PKC (see the paragraph above), the
RNA binding activity was almost abolished (Fig. 4C,
lane 3). However, if the phosphorylations were carried
out to less completion (~20% of proteins were phos-
phorylated), the RNA binding was significantly reduced
(Fig. 4C, lane 4). To further confirm the effects of pro-
tein phosphorylation on the RNA-binding property of
p68-CT, we examined whether the RNA-binding prop-
erty can be restored by dephosphorylation of the phos-
phorylated protein. We used commercially available
protein phosphatase 2B. As indicated in the Materials
and methods section, the protein phosphatases were
directly added to the phosphorylation reactions after
removing ATP by buffer exchange. The phosphoprotein
of the p68-CT was successfully dephosphorylated by
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Fig. 5. (A) Coomassie staining and (B) autoradiography of the SDS-
PAGE of; p68-CT phosphorylated by PKC (lane 1) and phosphory-
lated p68-CT were treated with 2 pl protein phosphatase 2B for 60 min
at 30 °C (lane 2). The phosphorylation reactions were carried out in the
presence of 5uCi [y-?P]JATP without cold ATP. The dephosphoryla-
tion reactions were carried out by directly adding protein phosphatases
to 50ul of phosphorylation reactions after buffer exchange and re-
moval of ATP. (C) Gel-mobility shift assays of 6 ng pGC + DX/Xhol
RNA with; p68-CT (lane 1), p68-CT phosphorylated by PKC (lane 2),
protein kinase C + protein phosphatase 2B (lane 3), and phospho-p68-
CT dephosphorylated by protein phosphatase 2B (lane 4). The phos-
phorylation reactions were catalyzed by 2 ng/ul PKC in the presence of
2mM ATP at 30°C for 2.5h. The dephosphorylation reactions were
carried out by directly adding 4 ul protein phosphatases to 50 ul of
phosphorylation reactions at 30°C for 2h after buffer exchange and
removal of ATP.
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protein phosphatase 2B (Figs. SA and B, lane 2). The
dephosphorylated proteins were used for the RNA-
binding test. It was evident that the RNA-binding
property of the p68-CT was restored by dephosphoryl-
ation of the phosphoprotein (Fig. 5C, lane 4). RNA
binding was somewhat decreased after phosphorylation
and dephosphorylation cycle. We reason that the de-
creased RNA binding may be due to incomplete de-
phosphorylation by phosphatase 2B (Fig. 5B, lane 2).
The results strongly suggest that phosphorylation at the
C-terminal domain of p68 by PKC abolishes the RNA-
binding property.

Discussion

In this paper, we report expression and purification of
recombinant N-terminal and C-terminal domains of p68
RNA helicase. RNA-binding analyses indicate that the
C-terminal domain of p68 binds ssRNA but not dsRNA
nor DNA. Phosphorylation experiments suggest that the
C-terminal domain of p68 could be phosphorylated by
protein kinase C. More importantly, our data demon-
strate that phosphorylation of the recombinant C-ter-
minal domain of p68 RNA helicase abolishes the RNA
binding property of the protein. Effects of protein
phosphorylation on RNA binding suggest a possible
mechanism by which phosphorylation pathways regu-
late the functions of p68 RNA helicase by controlling
the interactions of the protein with its substrate.

The nuclear p68 RNA helicase was first identified by
cross-reaction with a monoclonal antibody PAb204 that
was originally raised against SV40 large-T antigen two
decades ago [22,23]. The protein shares a common se-
quence domain of DEAD-box (or helicase core) with a
family of proteins, so-called DEAD box of RNA heli-
cases. In addition to the conserved helicase core, an
RGS-RGG-RGG sequence motif (simplified as RGS—
RGG) between amino acid residues 477-504 in the C-
terminal of the protein has been noted (Fig. 1A). It was
speculated that the RGS-RGG motif in p68 may func-
tion as an RNA-binding site of p68 [17,25]. This RGS-
RGG motif may resemble a conserved protein sequence
motif of RGG repeats. The RGG repeats are commonly
found in many RNA-binding proteins [44,45], such as
hnRNP Al [46], nucleolin [47], hnRNP U&K [48],
FMRP [49], poly(A) binding protein [50], and viral
RNA-binding protein [51]. One characteristic of these
RNA-binding RGG repeats motifs is that a number of
positively charged residues, Arg and Lys, and aromatic
residues are usually scattered among the RGG repeats.
It is believed that the positively charged and aromatic
residues may also provide additional binding force for
protein—RNA interactions [48]. Sequence analyses re-
veal that a number of positively charged and aromatic
residues are also scattered among the RGS-RGG motif

of p68, which provides additional indication that the
RGS-RGG motif of p68 may resemble many RNA-
binding RGG repeats motifs functioning as an RNA
binding site. We demonstrate here that the C-terminal
domain of p68 RNA helicase binds ssSRNA. Our ob-
servation provides experimental evidence to support the
long-time speculation that the RGS-RGG motif may
function as an RNA-binding site of p68. Interestingly,
the RGG repeats outside of the helicase-core are also
found in a number of DExD/H box putative RNA he-
licases [14,52-54]. It is, however, not known whether the
RGG repeats motif in those proteins possesses RNA
binding property.

How does the RNA binding by the C-terminal do-
main of p68 contribute to the overall substrate RNA
binding during the unwinding process is an open ques-
tion. It is believed that multiple contacts, including
dsRNA binding, between the RNA helicase and the
unwinding substrate are necessary for an active un-
winding process [14,18]. It was suggested, in a number of
examples, that putative RNA-binding motif(s) outside
of the helicase-core region often represent one of the
substrate binding sites during RNA unwinding [55,56].
For p68 RNA helicase, the C-terminal domain may
constitute a ssRNA-binding site. This view explains our
previous observations that p68 RNA helicase binds both
dsRNA and ssRNA [39]. In addition, we observed that
both full length of p68 RNA helicase [39] and the C-
terminal domain bind ssRNA with very similar affinity
(data not shown). Alternatively, the C-terminal domain
may function to stabilize the RNA binding by the heli-
case core region or other RNA binding sites. In this
case, the C-terminal domain itself may not be the con-
stitutive substrate RNA-binding site for unwinding. The
RNA binding by C-terminal domain may cooperate
with the substrate RNA binding to enhance the un-
winding efficiency of p68 helicase. The notion that the
RGS-RGG motif cooperates with the substrate RNA
binding, to some extent, resembles the case of elF4A/
elF4B. The eIF4A has very weak RNA unwinding and
ATPase activities. The RNA unwinding activity of
elF4A is greatly enhanced by elF4B due to that eI[F4B
provides RNA binding that strengthen the weak el-
F4A:RNA interactions. It is conceivable that p68 re-
sembles the case in el[F4A/elF4B but the extra RNA
binding is provided in cis from the C-terminal rather
than in frans from another protein. Although the
dsRNA binding was not examined, it should be noted
that eI[F4A unwinds a dsRNA with both sides blunt-
ended suggesting the dSRNA binding of the protein [57].
Consistent with this view, the RGG repeats motifs are
indeed often found associated with other RNA-binding
sequence motifs, such as RRMs or RBDs, in many
RNA-binding proteins. This arrangement provides the
proteins with high affinity and specificity of RNA
binding [44,45,51].
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Phosphorylation of p68 RNA helicase was first ob-
served by Buelt et al. [43] with p68 RNA helicase pu-
rified from PCI2 cell line. Phosphorylation of the
recombinant p68-CT by PKC supports the previous
observations. Both our experimental data and previous
observations strongly suggest the role of the PKC
signal transduction pathway in regulating the cellular
functions of p68 RNA helicase. This link may provide
a partial explanation for the critical role(s) of p68
RNA helicase in cellular differentiation and organ
maturation [3,26]. Furthermore, we showed that
phosphorylation on the C-terminal domain of p68
abolishes the RNA-binding property of the protein and
dephosphorylation restores the RNA binding. We be-
lieve that our experimental data indicate that the RNA
binding by p68 RNA helicase could be regulated by
this phosphorylation/dephosphorylation cycle. Conse-
quently, regulation of RNA-binding by the phosphor-
ylation/dephosphorylation cycle will control the
functions and the enzymatic activities of p68 RNA
helicase in cells. The relationships between phosphor-
ylation and RNA binding and between phosphoryla-
tion and ATPase activity have been demonstrated with
purified/recombinant p68. It certainly will be interest-
ing to investigate this regulatory mechanism in a par-
ticular biological process. We have previously
demonstrated the essential function of p68 RNA heli-
case in the pre-mRNA splicing process [33]. We
showed that p68 interacted with the transient Ul:5
splice site duplex in the early spliceosome complexes
[40]. The function of p68 in the spliccosome may
provide an excellent system to test the role of phos-
phorylation on p68 RNA helicase in controlling its
enzymology. It will be very interesting to examine
whether the phosphorylation on p68 RNA helicase
affects the functions of the protein in the spliceosome
and the interactions between p68 and the Ul:5 splice
site duplex.

RNA binding property is also an intriguing ques-
tion. One possibility is that phosphorylation introduces
a negative charge at the phosphorylation site. The
consequent electrostatic interactions may disrupt the
protein—RNA interactions. However, given the se-
quence characteristics and possible phosphorylation
site (the IQ motif) and the putative RNA binding site
(possibly RGS-RGG motif), it is more likely that
phosphorylation may lead to a conformational change
that may cause subsequent changes in the RNA-bind-
ing site. It is noteworthy that the putative phosphory-
lation site, IQ domain, locates within a long 85 amino
acid (aa 528-614) segment in which none of the amino
acid residue are charged under physiological condi-
tions. Introduction of one or multiple charged phos-
phate group(s) into this long non-charged segment may
change its structure. We are currently attempting to
obtain the structural information before and after the

phosphorylation of p68-CT. We hope the structural
information will shed light on how the phosphorylation
on the C-terminal domain of p68 affects its RNA-
binding property.
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