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ABSTRACT: The DEAH protein Prp22 is important for the second transesterification step of pre-mRNA
splicing, and it is essential for releasing mature mRNA from the spliceosome. Recombinant Prp22 has
RNA-stimulated ATPase and ATP-dependent unwinding activities, which are crucial for the mRNA release
step. In this study, we characterize the RNA-binding, NTP hydrolysis, and RNA unwinding functions of
Prp22. Using nitrocellulose filter binding assays, we determined that the apparent affinity of Prp22 is
∼20-fold greater for single-stranded RNA than for single-stranded DNA or duplex nucleic acids. Inclusion
of hydrolyzable ATP in binding reactions increased the apparentKD for RNA by 3-4-fold. The Prp22-
RNA interaction is influenced by the length of the RNA chain, and the apparentKD values for poly(A)40

and poly(A)10 are 17 and 140 nM, respectively. RNA-stimulated ATP hydrolysis is similarly affected by
chain length, and optimal activity requires RNA oligomers ofg20 nt. We show that Prp22 can hydrolyze
all common NTPs and dNTPs with comparable efficiencies and that Prp22 unwinds RNA duplexes with
3′ to 5′ directionality.

The spliceosome, a large and dynamic ribonucleoprotein
complex, catalyzes intron excision from pre-mRNAs.1 Con-
formational rearrangements of RNA-RNA, RNA-protein,
and protein-protein interactions are crucial for accurate
splice site recognition, for bringing the splice sites into
proximity for catalysis, and for product release during
spliceosome disassembly (1, 2). ATPases of the DExD/H-
box family provide a major driving force for structural
changes in the spliceosome (3). DExD/H-box proteins are
defined by seven motifs important for ATP binding and
hydrolysis (4-6). Whereas ATPase activity appears to be a
common biochemical feature of all DExD/H-box proteins
tested, helicase activity, which is typically measured as the
ability to unwind RNA duplexes, has been more elusive.
Because DExD/H proteins participate in RNA transactions
within the spliceosome, and because the relevant RNA
helices may not be very extensive, it had been proposed that
the biochemical repertoire of DExD/H proteins includes
remodeling of RNA-protein interactions (7-9). Active
displacement of a protein from single-stranded RNA has been
demonstrated for the prototypical DExH-box helicase NPH-
II, providing proof of principle for an RNPase activity (10,
11). Genetic data showing that the requirement for the
DEAD-box proteins Sub2 and Prp28 could be bypassed in

vivo by deletion of the nonessential RNA-binding protein
Mud2 or by specific mutations in the essential U1-C protein,
respectively, lent further support to the hypothesis that
disruption of RNA-protein contacts is a biologically relevant
activity of RNA helicases (12, 13).

Prp22 is an exemplary DEAH-box protein that functions
at two distinct steps during the splicing cycle; the protein is
important for the second transesterification reaction, and it
catalyzes the release of mature RNA from the spliceosome
(14-16). Purified Prp22 exhibits ATPase activity that is
stimulated by RNA (15, 16). Using double-stranded RNAs
with single-stranded tails, it was shown that Prp22 is capable
of unwinding helices in an ATP-dependent fashion (15, 16).
The ATPase activity is essential for the function of Prp22
to release mRNA from the spliceosome, insofar as ATPase-
defective Prp22 mutants are invariably lethal and fail to
catalyze mRNA release in vitro (17-19). Although neces-
sary, ATPase activity is not sufficient for biological function,
because mutations of Prp22 that uncouple ATPase and
helicase activities are deleterious (17, 19, 20). On the basis
of these findings and on genetic suppression data, it has been
proposed that Prp22 uses the energy of ATP hydrolysis
to disrupt interactions between the spliced mRNA and
components in the spliceosome, in particular, the U5 snRNP
(19).

Here we address several outstanding questions regarding
the enzymatic activities of Prp22, including nucleotide
specificity and directionality. Prp22 hydrolyzes all common
NTPs and dNTPs with similarKm andkcat values. We find
that Prp22 unwinds duplex nucleic acids with a single-
stranded 3′-tail but not duplexes with a 5′ single-stranded
tail. The 3′-tail must be RNA, whereas the displaced strand
can be either RNA or DNA. These findings classify Prp22
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as a unidirectional 3′ to 5′ helicase. Unwinding activity and
relative duplex stability showed an inverse relationship,
suggesting that Prp22 per se is unlikely to be a processive
helicase.

MATERIALS AND METHODS

Expression and Purification of Recombinant Prp22.
pET16b-prp22 (15) was transformed intoEscherichia coli
strain BL21-Codon Plus(DE3)RIL (Stratagene). A culture
was inoculated from a single colony of freshly transformed
cells and maintained in exponential growth at 37°C in LB
medium containing 0.1 mg/mL ampicillin to a final volume
of 10 L. WhenA600 reached 0.6-0.8, the culture was chilled
on ice for 30 min, and production of recombinant His10-
Prp22 was induced by adding isopropylâ-D-thiogalactopy-
ranoside (IPTG) to 0.4 mM and ethanol to 2% (v/v). The
culture was incubated for 16 h at 17°C with constant
shaking. Cells were harvested by centrifugation and stored
at -80 °C.

All subsequent operations were performed at 4°C. The
cell pellets were suspended in 500 mL of buffer A (50 mM
Tris-HCl, pH 7.4, 250 mM NaCl, 10% sucrose), and
lysozyme was added to 0.2 mg/mL. The suspension was
mixed gently for 30 min and then adjusted to 0.1% Triton
X-100. The lysate was sonicated to reduce viscosity, and
insoluble material was removed by centrifugation for 30 min
at 14000 rpm in a Sorvall SS34 rotor. Protease inhibitor
(Complete; Roche Applied Science) was added to the soluble
lysate, and the lysate was stirred for 1 h and then filtered
(0.45 µm). Aliquots of 100-200 mL were loaded onto 5
mL nickel-charged HiTrap chelating columns (Amersham)
equilibrated in buffer E (50 mM Tris-HCl, pH 7.4, 250 mM
NaCl, 10% glycerol). The columns were washed with 25
mL of buffer E followed by 50 mL of buffer E containing
25 mM imidazole (buffer E25) and 50 mL of buffer E
containing 100 mM imidazole (buffer E100). Bound His10-
Prp22 was eluted with a 50 mL gradient of 100-500 mM
imidazole in buffer E. The polypeptide compositions of the
fractions were monitored by SDS-PAGE analysis and
staining with Bio-Safe Coomassie dye (Bio-Rad). Peak
fractions containing His10-Prp22 were pooled, and am-
monium sulfate was added to achieve 40% saturation. The
protein precipitate was collected by centrifugation for 30 min
at 14000 rpm in a Sorvall SS34 rotor and resuspended in 10
mL of buffer D (50 mM Tris-HCl, pH 7.4, 2 mM DTT, 1
mM EDTA, 10% glycerol) containing 150 mM NaCl. The
protein solution was filtered (0.22µm), and a 5 mLaliquot
was applied to a 320 mL HiLoad Superdex 200 prep grade
column (Amersham), equilibrated with buffer D containing
150 mM NaCl, and eluted with the same buffer at a flow
rate of 2.0 mL/min. The purity of the preparations was
ascertained by SDS-PAGE and staining with Bio-Safe
Coomassie; the protein concentration was determined using
the Bio-Rad dye-binding reagent with BSA as the standard.
The yield from a 10 L culture was 18 mg.

NTPase Assays.The reaction mixtures (100µL) contained
40 mM Tris-HCl, pH 7.5, 2 mM DTT, 20µM poly(A)
(Amersham) (given as the concentration of nucleotides), and
Prp22 as indicated. The concentrations of NTPs and dNTPs,
premixed with equimolar amounts of Mg2+, were varied
between 0.1 and 2 mM. In standard measurements, the ATP-

Mg concentration was 2 mM, and the assay mixtures were
incubated for 2 min at 23°C. The reactions were quenched
by addition of 1 mL of Biomol Green reagent (Biomol
Research Laboratories, Plymouth Meeting, PA), and the
absorbance at 620 nm was measured after 20 min at 23°C.
The amount of released phosphate was calculated by
interpolation of theA620 values to a phosphate standard curve.
Kinetic parameters were determined by nonlinear regression
and Lineweaver-Burk plots using the EnzymeKinetics
program (Trinity Software).

Double-Filter RNA-Binding Assay.The double-filter RNA-
binding assay developed by Wong et al. (21) was adapted
for measurements of Prp22-RNA binding. Nitrocellulose
(8.5 × 13.5 cm, 0.2µm) and nylon membranes (Hybond-
N+) were purchased from Bio-Rad and Amersham, respec-
tively. Nitrocellulose filters were presoaked in 0.5 M NaOH
for 10 min and rinsed in H2O until the pH was neutral. Nylon
filters were washed once in 0.1 M EDTA (pH 8.8) and three
times in 1.0 M NaCl for 10 min each, followed by rinsing
with 0.5 M NaOH and washing with H2O until the pH
became neutral. Nitrocellulose and nylon filters were equili-
brated in binding buffer (40 mM Tris-HCl, pH 7.4, 2 mM
DTT, 1 mM EDTA, 10% glycerol) at 4°C for at least 1 h
prior to use. A 96-well dot-plot apparatus (Schleicher &
Schuell) was assembled so that the nylon membrane was
placed underneath the nitrocellulose filter.

Reaction mixtures (50µL) containing 40 mM Tris-HCl,
pH 7.5, 2 mM DTT, 2 mM MgCl2, between 140 and 300
pM (3000-5000 cpm)32P-labeled nucleic acid, and varying
amounts of Prp22 were incubated for 10 min at room
temperature. Each well was washed with ice-cold binding
buffer (200µL) just prior to loading of the sample. Vacuum
was applied, and the wells were washed twice with 100µL
of ice-cold binding buffer. The apparatus was disassembled,
and the two filters were air-dried and then visualized and
analyzed using a Phosphorimager and ImageQuant (Molec-
ular Dynamics). The ratio of RNA that was bound to Prp22
was calculated using the following formula: bound RNA
(%) ) 100[(signalnitrocellulose)/(signalnitrocellulose+ signalnylon)].
Each datum shown for the RNA-binding assays is the average
of at least two measurements.

Preparation of Substrates for RNA Helicase Assay.The
structures of the substrates used are summarized in Figure
6. The helicase substrates consisted of a longer unlabeled
top strand and a32P-labeled bottom strand. A 99-mer RNA
strand (5′-GGGCGAAUUGGGCCCUCUAGAUGCAUGCU-
CGAGCGGCCGCCAGUGUGAUGGAUAUCUGCAGA-
AUUCGCCCUUAAACCAUAAUCAUACCAGUUUUG-
GCAG-3′) was synthesized by runoff transcription in vitro
using T7 RNA polymerase (Fermentas). A 99 nucleotide
DNA strand of the same sequence (with T in lieu of U) was
purchased from Qiagen. The 99 nt RNA and DNA top
strands were purified by denaturing PAGE. RNA and DNA
oligomers were purchased from Dharmacon and Qiagen,
respectively, and 5′ end-labeled with [γ-32P]ATP using T4
polynucleotide kinase (Fermentas). The sequences of the
bottom strands for the substrates shown in Figure 6A-F are
(A) 32P-GAGCATGCATCTAGAGGGCCCAATTCGCCC
(a 30 nt RNA strand contained U in lieu of T) for the 3′-
tailed duplex, (B)32P-CTGCCAAAACTGGTATGATTATG-
GTTTAAG (30-mer to generate the 5′-tailed duplex), (C)
32P-CUAGAGGGCCCAAUUCGCCC (20-mer RNA to gen-
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erate the 3′-tailed duplex), (D)32P-CATCACACTGGCG-
GCCGCTC (20-mer DNA), (E) 5′-GCGGCCGCTCGAG-
CATGCATCTAGAGGGCCCAATTCGCCC (unlabeled 40-
mer),32P-GGGCGAATTCTGCAGATATCCATCACACTG
(30-mer), and (F) 5′-CGCTCGAGCATGCATCTAGAGGGC-
CCAATTCGCCC (unlabeled 35-mer), 5′-TGCAGATATC-
CATCACACTGGCGGC (unlabeled 25-mer), and32P-
CTGGTATGATTATGGTTTAAGGGCGAATTC (30-mer).
Substrates G and H (Figure 6) were 5′-GAGCAUGCAUC-
UAGAGGGCCCAAUUCGCCC-3′ (unlabeled top strand);
the bottom strands were (G)32P-GGCCCTCTAGATGCAT-
GCTC (20-mer DNA) and (H)32P-GGGCGAAUUGGGC-
CCUCUAGAUGCAUGCUC (30-mer RNA). The top strands
were annealed with an equimolar amount of the bottom
strand oligonucleotides, and the hybrids were then purified
by native gel electrophoresis as described (22). Note that,
for substrates E and F (Figure 6), annealing of unlabeled
oligonucleotides was necessary to prevent the formation of
structures that migrated aberrantly on nondenaturing gels.

The∆G values for the duplex segments of each substrate
were calculated using the values established by the nearest
neighbor method for RNA-RNA, RNA-DNA, and DNA-
DNA helices (23-25). Note that those measurements were
performed using conditions (e.g., 1 M NaCl) that were
different from those used for these studies, and the calculated
∆G values therefore only represent approximations to the
real free energies of the helices.

RNA Helicase Assay. Reaction mixtures (20µL) containing
40 mM Tris-HCl, pH 7.5, 2 mM ATP, 2 mM MgCl, 2 mM
DTT, 1.25 nM helicase substrate, and 25 nM Prp22 were
incubated for 1 h at 30 °C. Reactions were stopped by
transferring to ice and adding 5µL of loading buffer [100
mM Tris-HCl, pH 7.4, 5 mM EDTA, 0.5% SDS, 50%
glycerol, 0.1% (w/v) bromophenol blue and xylene cyanol
dyes, 0.1% NP-40]. Samples were analyzed by electrophore-
sis through an 8% polyacrylamide gel (30:0.8 acrylamide:
bisacrylamide) containing 50 mM Tris-borate, 1 mM
EDTA, and 0.1% SDS. The radiolabeled samples were
quantified using PhosphorImager and ImageQuant (Molec-
ular Dynamics), and each datum shown for the helicase
assays is the average of at least two measurements.

RESULTS

Stimulation of ATP Hydrolysis by RNA.His10-tagged Prp22
was purified from a soluble bacterial lysate by Ni-NTA
affinity chromatography, ammonium sulfate precipitation,
and gel filtration. ATP hydrolysis was dependent on Mg2+,
and in all experiments ATP was premixed with equimolar
amounts of Mg2+ to prevent inhibitory effects of free Mg2+,
which were observed when the Mg2+ concentration exceeded
that of ATP (not shown). To determine the affinity of Prp22
for the RNA cofactor, ATP hydrolysis (at 2 mM ATP-Mg)
was measured as a function of increasing concentrations of
poly(A) (Figure 1A). The reaction kinetics followed the
Michaelis-Menten model, and we determined theKm for
the RNA cofactor to be 1.6µM [expressed as the concentra-
tion of AMP, because the poly(A) preparation was hetero-
geneous in length]. The ATPase activity of Prp22, measured
at 2 mM ATP-Mg, was optimal at pH 7.5 and the turnover
was 460 min-1 in the presence of poly(A) and 56 min-1

without cofactor (Figure 1A). These values agree with

previously reported measurements of RNA-stimulated
ATPase activity (15-20).

The kinetic parameterKm for ATP-Mg was determined at
increasing poly(A) concentrations (Figure 1B). In the absence
of RNA, theKm was 700µM. Increasing amounts of poly-
(A) led to a decrease of theKm to 140 µM. The catalytic
efficiencykcat/Km is increased 30-fold from 1.5× 105 to 4.6
× 106 M-1 s-1 by poly(A). The increase in ATP hydrolysis
by RNA is accompanied by a decrease in theKm for the
ATP substrate, suggesting that RNA binding elicits a
conformational change in the ATP binding site of Prp22, so
as to increase the protein’s affinity for the substrate. A prior
study reported that theKm values for ATP were 95 and 103
µM in the presence and absence of RNA cofactor, respec-
tively (16). Differences in the experimental conditions, e.g.,
the use of Mg2+ concentrations in excess of ATP in the prior
study, might account for the discrepancy.

Effect of RNA Length on Stimulated ATP Hydrolysis.
Stimulation of ATPase activity was assessed using a set of
poly(A) oligomers of defined lengths (Figure 2A). The
turnover number of Prp22 at 2 mM ATP-Mg was 56 min-1

in the absence of RNA. Inclusion of oligomers of 5, 10, 20,
30, and 40 nucleotides resulted in incrementally higher
activities (96, 240, 270, 310, and 320 min-1, respectively).
The concentration of RNA at which the reaction velocity
was half-maximal was 28, 29, 74, and 1080 nM for oligomers
of 40, 30, 20, and 10 nt in length, respectively (Figure 2B).

FIGURE 1: Influence of RNA on ATPase activity. (A) ATP
hydrolysis (min-1) was measured as a function of increasing
concentrations of poly(A) RNA (expressed as concentration of
nucleotide). The reaction mixtures contained 100 nM Prp22 and 2
mM ATP-Mg; the incubation time was 2 min. (B) TheKm values
for ATP-Mg were determined at each indicated RNA concentration.
The measurements were performed at six ATP-Mg concentrations
between 0.1 and 2 mM. Each datum is the average from at least
three measurements; the parameters were determined by Lin-
eweaver-Burk plots using the EnzymeKinetics program (Trinity
Software) and are plotted as a function of increasing concentrations
of poly(A) in µM AMP.
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The catalytic efficiencykcat/Km RNA was 13- and 40-fold
higher for a 20- and 30-mer, respectively, compared to that
of a 10-mer. Stimulation of Prp22’s ATPase activity was
specific for single-stranded RNA, insofar as poly(dA)40 had
no effect on ATP hydrolysis (not shown).

In summary, there is a direct correlation between the length
of the RNA cofactor and the stimulatory effect on the ATPase
activity of Prp22, whereby long RNAs are more effective
than shorter (<20 nt) RNAs.

Nucleic Acid Binding.Prior studies, using native PAGE,
showed that Prp22 could form complexes with RNA (19,
26). We now used a double-filter RNA-binding assay (21)
to measure the relative affinity of Prp22 for nucleic acids.
32P-Labeled nucleic acid (between 140 and 300 pM) was
incubated with increasing amounts of Prp22 (5 nM to 1µM),
and the mixture was then filtered through a nitrocellulose
membrane for retention of nucleic acid-protein complexes.
Free nucleic acids were captured on a nylon membrane
placed underneath the nitrocellulose. We express the relative
binding affinity (KD) as the concentration of Prp22 at which
50% of the nucleic acid was bound.

The affinity of Prp22 for a 40-mer oligonucleotide poly-
(A)40 was 17 nM (Figure 3). The binding curve for poly-
(A)30 was similar, with an apparentKD of 26 nM. Incremen-
tally higher Prp22 concentrations were necessary to achieve
binding of poly(A)20 and poly(A)10, resulting in a shift of
the binding curves to the right in Figure 3A. TheKD values
were 50 and 140 nM for the 20- and 10-mer, respectively.
The KD for DNA, poly(dA)40 was 400 nM, 20-fold higher
than for the corresponding poly(A)40 (Figure 3B). At
concentrations of up to 10µM, poly(dA)40 had no stimulatory

effect on the ATPase activity of Prp22, and a 100-fold excess
of poly(dA)40 over poly(A)40 did not inhibit the RNA-
stimulated ATPase activity of Prp22 (not shown). These
findings suggest that the weak DNA binding is not through
the RNA-binding site(s) of Prp22.

We investigated the relative affinities of Prp22 for RNAs
other than poly(A) (Figure 4). TheKD for nonhomopolymeric
single-stranded 30- and 20-mer RNAs was 36 and 44 nM,
respectively, similar to the values for poly(A)30 and poly-
(A)20 (26 and 50 nM). For a RNA-RNA duplex that lacked
a single-stranded tail (Figure 6H), theKD value was 360 nM
(Figure 4B). We conclude that Prp22 has a preference for
binding to single-stranded RNA over single-stranded DNA
or duplex nucleic acids and that the relative RNA-binding
affinity increases with the length of the single-stranded RNA.

When we assessed binding of duplex nucleic acids used
for unwinding assays, there was a correlation between the
length of the single-stranded overhang and the relative
binding affinity, insofar as higher concentrations of Prp22
were necessary to achieve half-maximal binding of substrates
with short overhangs (Figure 4B). However, it appears that
the polarity of the junction between the single- and double-
stranded segments might also influence Prp22 binding,
because theKD values for the 5′- and 3′-tailed substrates (the
single-stranded segment was 69 nt in both cases) were 62
and 14 nM, respectively.

Effect of ATP on RNA Binding.Inclusion of 2 mM ATP-
Mg in RNA-binding assays resulted in a shift of the binding
curves for each of the RNA oligomers tested. The apparent
KD values were increased from 17 to 46 nM for poly(A)40,
from 26 to 100 nM for poly(A)30, from 50 to 160 nM for

FIGURE 2: Effect of RNA length. (A) ATPase activity (in min-1)
was measured as a function of increasing concentrations of poly-
(A) oligomers of 10 (O), 20 (2), 30 (0), and 40 (b) nucleotides in
length. The concentrations of Prp22 and ATP-Mg were 100 nM
and 2 mM, respectively. (B) The kinetic parameterskcat andKm RNA
were determined by nonlinear regression. Measurements with poly-
(A)5 and poly(A)10 were performed at RNA concentrations up to 4
mM. RNA saturation could not be attained with poly(A)5, and a
Km RNA value could not be determined (n.d.).

FIGURE 3: Nucleic acid binding. (A) Increasing concentrations of
Prp22 were incubated with32P-labeled nucleic acid in the absence
of ATP and then filtered through nitrocellulose. The percentage of
nucleic acid bound was plotted as a function of Prp22 concentration
(logarithmic scale). The symbols are poly(A)40 (b), poly(A)30 (9),
poly(A)20 (2), poly(A)10 ([), and poly(dA)40 (O). (B) The apparent
KD values (in nM) reflect the concentration of Prp22 at which 50%
of 32P-labeled nucleic acid was bound. Incubations were performed
in the absence (-ATP) or presence (+ATP) of 2 mM ATP-Mg.
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poly(A)20, and from 140 to 370 nM for poly(A)10 (Figure
3B). We surmise that Prp22 dissociates from the RNA upon
ATP hydrolysis, resulting in the observed reduction in
apparent RNA-binding affinity. ATP hydrolysis, rather than
binding, appeared to be required, insofar as the nonhydro-
lyzable ATP analogue AMP-PCP had no effect on RNA
binding (not shown).

Mapping of the Nucleic Acid Binding Site.The 1145 amino
acid Prp22 protein consists of two functional domains, an
N-terminal component (1-480) that has no catalytic function
per se and a C-terminal ATPase-helicase component (466-
1145) that has ATPase and RNA unwinding activities (26).
The two domains can function in pre-mRNA splicing in vivo
when expressed as separate polypeptides (26). Here we tested
the RNA-binding properties of two N-terminal deletion
mutants, Prp22(262-1145) and Prp22(466-1145) (Figure
5). The KD values of Prp22(262-1145) and Prp22(466-
1145) for poly(A)40 were 13 and 26 nM, respectively. In the
presence of 2 mM ATP-Mg, theKD increased to 53 nM for
Prp22(262-1145) and to 90 nM for Prp22(466-1145)
(Figure 5). These values were similar to full-length Prp22
(Figure 3B). We also tested the RNA-binding capacity of
the N-terminal segment, Prp22(1-480). TheKD value for
poly(A)40 was 140 nM, 5-10-fold above the values for either
native Prp22 or the C-terminal ATPase domains. RNA
binding of the catalytically inert N-terminal domain was not
affected significantly by inclusion of ATP-Mg in the reaction
mix (Figure 5C). We conclude that the high-affinity RNA-

binding site responsible for ATPase activation resides within
the C-terminal domain.

Prp22 Is a Unidirectional 3′ to 5′ RNA Helicase.Prior
studies showed that Prp22 could unwind 3′-tailed RNA
substrates and 5′/3′-tailed RNA duplexes (15, 16). To clarify
the directionality and to determine the requirements for
unwinding, we tested a series of RNA-DNA, RNA-RNA,
and DNA-DNA substrates that differed with respect to the
length of the duplex region and the polarity (3′ or 5′) and
length of the single-stranded overhangs (Figure 6).

Prp22 unwound a 30 bp RNA-DNA duplex containing a
3′ single-stranded tail (Figures 6A and 7A). The product
accumulated steadily over 30 min and plateaued with 75%
unwound at 60-90 min (Figure 7B). A molar excess of
enzyme over substrate (20:1) was required to attain optimal
unwinding, indicating that few of the binding events were
productive; i.e., Prp22 might bind and then dissociate upon
ATP hydrolysis more often than it unwinds through the
duplex segment. In contrast to the 3′-tailed duplex, Prp22
failed to unwind a 5′-tailed substrate over the course of 90
min (Figure 7B), even at protein concentrations of up to 200

FIGURE 4: Binding of Prp22 to various polymers. (A) The
percentage of32P-labeled nucleic acid bound to nitrocellulose filters
(%) is plotted as a function of Prp22 concentration (logarithmic
scale). The symbols are 30-mer RNA ([), 20-mer RNA (2), 30
bp RNA-RNA duplex (9), 20 bp RNA-RNA duplex with a 10
nt 3′-tail (b), and 20 bp RNA-DNA duplex with a 10 nt 3′-tail
(O). Dashed lines indicate single-stranded RNA; solid lines indicate
duplex polymers. (B) Summary of the binding parameters (apparent
KD) for nucleic acid polymers. The structures and the length of the
single-stranded segments (in nt) are indicated for each of the
polymers.

FIGURE 5: Effect of ATP on RNA binding. (A) Schematic depiction
of the 1145 amino acid Prp22 protein and of truncated mutant
proteins. The open box in the N-terminal portion indicates a peptide
motif spanning residues 177-256, a so-called “S1 motif” that is
found in many nucleic acid binding proteins including the ribosomal
S1 protein from bacteria (14). The shaded boxes indicate peptide
motifs that are important for ATP hydrolysis and helicase activity.
(B) The percentage of poly(A)40 retained on nitrocellulose is plotted
as a function of increasing concentrations of Prp22(262-1145) (b).
The open symbols (O) demarcate the binding curve that was
obtained when 2 mM ATP-Mg was included in the reaction
mixtures with Prp22(262-1145). (C) A summary of the relative
binding affinities (apparentKD values) measured in the presence
and absence of 2 mM ATP-Mg.
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nM (not shown). We presume that the inability to unwind
the 5′-tailed substrate was not caused by a difference in the
duplex stability, insofar as the relative∆G (kcal mol-1) value
was higher for the 5′-tailed duplex (-34.6) compared to the
3′-tailed substrate (-48.6) (Table 1). Furthermore, because
no unwinding of the 5′-tailed duplex was observed at 200
nM Prp22, it appears unlikely that the substrate specificity
could be fully accounted for by a difference in the apparent
RNA-binding affinity as measured by filter binding in the

absence of ATP (Figure 5). The finding that Prp22 could
not unwind a 5′-tailed duplex demonstrates that Prp22 is a
3′ to 5′ helicase and that it requires a single-stranded segment.
The 3′ overhang must be RNA, insofar as Prp22 did not
catalyze unwinding of substrates with 3′ DNA overhangs,
irrespective of whether the annealed strand was RNA or
DNA (Table 1). This is consistent with the findings that
Prp22 did not bind DNA with high affinity and that DNA
did not stimulate ATP hydrolysis.

To assess the influence of duplex stability on unwinding,
we varied the lengths of DNA oligonucleotides that were
annealed to a 99 nt RNA. A 3′-tailed 30 bp RNA-DNA
duplex (Figure 6A) was unwound efficiently by Prp22
(Figures 7 and 8); however, Prp22 unwound less than 5%
of the substrate over 90 min when the annealed strand was
a 30-mer RNA (Table 1). This was most likely caused by
increased stability of the RNA-RNA helix compared to a
RNA-DNA helix (-61.8 and-48.6 kcal mol-1, respec-
tively). When the 3′-tailed RNA-RNA duplex was shortened
to 20 bp (-41.5 kcal mol-1) (Figure 6C and Table 1), the
rate and extent of unwinding were comparable to unwinding
of the 3′-tailed 30 bp RNA-DNA duplex (Figure 8). A
RNA-DNA duplex of 20 bp (-33.6 kcal mol-1) that
contained a 49 nt 3′-tail (Figure 6D) was efficiently unwound,
and 85% of a 20 nt DNA oligomer was displaced by Prp22
within 20 min (Figure 8). These findings show that the
relative stability of a nucleic acid duplex directly impacts
on the unwinding activity of Prp22 and suggest that the
processivity of Prp22 is poor.

Prp22 could efficiently unwind helices with 69 and 49 nt
3′ RNA overhangs (Figure 8 and Table 1). To determine
the length requirement for the single-stranded segment, we
annealed DNA oligonucleotides, so as to generate substrates
with 29 and 9 nt 3′ overhangs (Figure 6E,F). A 30 nt
oligomer adjacent to the 3′-tail was labeled and its displace-
ment was monitored. (Note that additional DNA oligonucle-
otides were annealed to prevent formation of potential
secondary structures within the single-stranded RNA.) Prp22
unwound the substrates containing a 3′-tail of 29 and 9 nt
less well than duplexes with longer 3′ overhangs, and the

FIGURE 6: Schematics of helicase substrates. Thick lines indicate
RNA strands, and thin lines represent DNA molecules. The asterisk
(/) marks the32P-labeled 5′ end of the annealed oligomer, and the
number of base pairs (bp) and single-stranded segments (nt) is given
in each case. (A) 3′-Tailed 30 bp RNA-DNA duplex. (B) 5′-Tailed
30 bp RNA-DNA duplex. (C) 3′-Tailed 20 bp RNA-RNA duplex.
(D) 20 bp RNA-DNA duplex with 3′ and 5′ overhangs. (E) RNA-
DNA duplex with a 29 nt 3′-tail. Two DNA oligomers were
annealed, but only the 30-mer adjacent to the 3′-tail was32P-labeled.
(F) RNA-DNA duplex with a 9 nt 3′-tail. Three DNA oligomers
were annealed, but only the 30-mer adjacent to the 3′-tail was32P-
labeled. (G) 20 bp RNA-DNA duplex with 10 nt 3′-tail. (H) 30
bp RNA-RNA duplex.

FIGURE 7: Directionality of duplex unwinding by Prp22. (A) Reaction mixtures containing 2 mM ATP and Mg2+, 1.25 nM 32P-labeled
helicase substrates, depicted at the top, and increasing concentrations of Prp22 (10, 25, and 50 nM) were incubated for 1 h at 37°C. The
reaction mixtures were analyzed by native PAGE.∆T shows migration of the labeled DNA oligonucleotide after heating of the substrate
for 3 min at 95°C, and (-) shows the substrate incubated in the absence of protein. (B) Reaction mixtures contained 25 nM Prp22 and 1.25
nM 32P-labeled helicase substrates. Aliquots were withdrawn after the indicated times (min) and analyzed by native PAGE.∆T shows
migration of the labeled DNA oligonucleotide after heating of the substrate for 3 min at 95°C. Autoradiograms of the dried gels are shown;
the positions of the duplex (ds) and labeled single-strand (ss) nucleic acids are indicated at the left.
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extent of unwinding was 35% and 15% in 90 min, respec-
tively (Figure 8). The displacement of a 20 bp duplex
carrying a 10 nt 3′-tail was similarly inefficient (Figures 6G
and 8). We conclude that the length of the single-stranded
RNA overhang is critical for efficient unwinding by Prp22
and that, when the tail length is 49 nt or longer, unwinding
efficiency is primarily determined by the relative stability
of the nucleic acid duplex.

Nucleoside Triphosphate Specificity.Prp22 was capable
of hydrolyzing the nucleoside triphosphates ATP, GTP, CTP,
and UTP and the deoxynucleoside triphosphates dATP,
dGTP, dCTP, and dTTP (Figure 9). Thekcat values were
between 542 min-1 for GTP and 1037 min-1 for UTP, and
the Km for the various substrates ranged from 132µM for

GTP to 297 µM for UTP (Figure 9A). The catalytic
efficiencies (kcat/Km) were similar, showing that Prp22 did
not exhibit significant specificity in NTP hydrolysis. Each
of the NTPs and dNTPs supported unwinding of a duplex
by Prp22 (Figure 9B).

DISCUSSION

The DEAH-box protein Prp22 plays an essential role in
yeast mRNA splicing. Through ATP hydrolysis, Prp22

Table 1: Summary of Structures of Helicase Substrates and Calculated Free Energies (∆G) of the Nucleic Acid Duplexes

a The ability of Prp22 to unwind each of the substrates is shown. (+) indicates that more than 5% of the duplex was unwound in 1 h under
standard conditions; (-) indicates less than 5% unwinding.b The ∆G values for the duplex segments of each substrate were calculated using the
values established by the nearest neighbor method for RNA-RNA, RNA-DNA, and DNA-DNA helices (23-25).

FIGURE 8: Unwinding of various substrates. Reaction mixtures
contained 25 nM Prp22, 2 mM ATP-Mg, and 1.25 nM duplex
substrates: a 20 bp RNA-DNA duplex with a 49 nt 3′ overhang
(2); a 30 bp RNA-DNA with a 69 nt 3′-tail (b); a 20 bp RNA-
RNA duplex with a 79 nt 3′-tail (0); RNA-DNA duplex with a
29 nt 3′-tail (9); RNA-DNA duplex containing a 9 nt 3′-tail ([);
a 20 bp RNA-DNA duplex with a 10 nt 3′-tail (O). Aliquots were
withdrawn after the indicated times and analyzed by native PAGE.
The amount of unwinding (%) was quantified with the help of a
Phosphorimager and was plotted as a function of time (min). The
substrate structures are shown in the schematic drawings at the right;
thick lines represent RNA, thin lines indicate DNA, and the asterisk
marks the position of32P.

FIGURE 9: Prp22 uses all common NTPs and dNTPs. (A) Kinetic
parameters for hydrolysis of nucleoside triphosphates were deter-
mined at 100 nM Prp22, various concentrations of a substrate and
equimolar MgCl2, 20µM poly(A), and 2 mM DTT in 40 mM Tris-
HCl (pH 7.5). The kinetic values are averages of at least six
measurements. (B) 1.25 nM 3′-tailed 30 bp RNA-DNA duplex
(Figure 6A) was incubated in the presence of NTP or dNTP (2
mM each, premixed with MgCl2) as indicated. The control reaction
lacked ATP and Prp22 (blank 1) or ATP only (blank 2). Reactions
were analyzed by native PAGE, and an autoradiogram of the dried
gel is shown.∆T shows migration of the labeled DNA oligonucle-
otide after heating of the substrate for 3 min at 95°C.
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releases mRNA from the spliceosome. Prior in vitro analyses
showed that ATPase activity is stimulated by RNA and that
Prp22 is capable of unwinding duplex nucleic acids in an
ATP-dependent fashion (15, 16). Here we further character-
ized the helicase, NTPase, and RNA-binding activities of
Prp22. The major findings are as follows: (i) Prp22 unwinds
duplex nucleic acids containing single-stranded RNA tails
with 3′ to 5′ directionality; (ii) Prp22 can hydrolyze all
common ribo- and deoxyribonucleoside triphosphates; (iii)
the RNA cofactor impacts on Prp22’s ATPase activity by
increasingkcat and reducing theKm for ATP; (iv) RNA-
stimulated ATP hydrolysis, RNA-binding, and unwinding
activities are affected concordantly by RNA chain length. It
is instructive to compare the properties of Prp22 to those of
other well-studied DExH-box proteins.

Prp22 hydrolyzes all common NTPs and dNTPs, a
property that is shared by the related DEAH splicing factors
Prp2 and Prp16 and also by the prototypical viral DExH
helicases NPH-II from vaccinia virus and NS3 from hepatitis
C (27-31). In contrast, other DExH proteins show a high
degree of nucleotide substrate specificity. For example, the
DNA helicase Rad3 hydrolyzes only ATP and dATP,
whereas the human splicing factor U5-200kD can use ATP,
dATP and CTP, dCTP but not GTP or UTP (32, 33).

Prp22 binds to single-stranded RNA with high affinity but
not to DNA or duplex nucleic acid. This preference is
reflected in the ability of RNA versus DNA polymer to
stimulate ATP hydrolysis. In contrast, NS3 and NPH-II can
bind to RNA and DNA similarly, and their NTPase activity
is stimulated by either RNA or DNA (34-38). The viral
enzymes are selective for the length of the polynucleotide
chain. NS3 exhibits optimal activity when the chain length
is g12 nt (35), but it can bind to a 9-mer as visualized in a
cocrystal structure (39). NPH-II prefers polynucleotides of
g18 nt (36, 37). Prp22 has a clear preference for RNAs that
are 20-30 nt or longer. The length dependence may simply
reflect a large physical binding site of Prp22; however, we
cannot rule out the possibility that cooperative binding of
multiple proteins to an RNA strand contributes to the effect.

Nucleic acid specificity for unwinding is generally deter-
mined by the chemical structure of the strand to which a
directional helicase binds and translocates, the loading strand
(40). Prp22 is an RNA helicase, whereas NS3 has the ability
to unwind tailed RNA and DNA duplexes (34, 38, 41),
mirroring the enzymes’ polynucleotide specificities for
binding and stimulated NTP hydrolysis. In contrast, RNA
or DNA can stimulate the NTPase activity of NPH-II, yet
NPH-II depends on RNA in the loading strand to efficiently
unwind a tailed duplex (36, 42).

DNA and RNA helicases are classified as 5′ f 3′, as 3′
f 5′, or as bidirectional, depending on the requirement for
a 5′-tail, a 3′-tail, or either. It is now apparent that Prp22
unwinds duplexes with 3′ overhangs. The exemplary DExH
helicases NPH-II and NS3 exhibit 3′ to 5′ directionality (34,
37, 38). In contrast, the DExH DNA helicase Rad3 has a
strict 5′ to 3′ polarity (32). The splicing factor Prp16 prefers
3′-tailed substrates but can unwind duplexes with 5′ over-
hangs, albeit with reduced efficiency (29). We propose that
Prp22, like other directional helicases, binds to the single-
stranded segment and then, energized by NTP hydrolysis,
moves along the RNA in the 3′ to 5′ direction and displaces

annealed oligomers. However, unlike the RNA helicase
NPH-II, which can unwind processively and displace mul-
tiple substrates per input enzyme (36, 43), Prp22 can only
displace duplexes of modest length and stability, and an
excess of enzyme over substrate is required to accomplish
unwinding. Thus, Prp22 is not a processive helicase. In the
case of NS3, it was shown that the enzyme can unwind RNA
but that it is a much more vigorous helicase on a DNA
substrate; the processivity of NS3 on an RNA substrate is
greatly increased by a cofactor, NS4A (41). Although it is
conceivable that Prp22 requires a cofactor, or depends on a
specific substrate to achieve processivity, it seems more likely
that the enzymes’ function in splicing does not necessitate
unwinding of long helices.

Genetic suppression data suggested that Prp22 might act
to disrupt contacts between the U5 snRNP and the spliced
mRNA (ref 19 and unpublished data). Prp22 might ac-
complish this by unwinding a short U5 snRNA-mRNA helix
or by destabilizing protein contacts that strengthen the
inherently weak U5 snRNA-mRNA interaction (44, 45).
Prp22 clearly has the ability to disrupt RNA-RNA interac-
tions. The alternative scenario in which Prp22 breaks
stabilizing RNA-protein contacts is also plausible, because
Prp22, like NPH-II, appears to be “blind” with respect to
the displaced strand that can be either RNA or DNA. That
RNA helicases can remodel RNP complexes and displace
proteins from single-stranded RNAs has been demonstrated
for NPH-II (10, 11). The biochemical properties of Prp22
are compatible with the proposed model for how Prp22
releases mRNA, and the directionality has implications for
the positioning of Prp22 on the RNA target.
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