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ABSTRACT: DEAD-box proteins are believed to participate in the folding of
RNA by destabilizing RNA secondary or tertiary structures. Although these
proteins bind and hydrolyze ATP, the mechanism by which nucleotide
hydrolysis is coupled to helix destabilization may vary among different DEAD-
box proteins. To investigate their abilities to disrupt helices and couple ATP
hydrolysis to unwinding, we assayed the Saccharomyces cerevisiae ribosomal
DEAD-box proteins, Dbp3p, Dbp4p, Roklp, and Rrp3p utilizing a series of
RNA substrates containing a short duplex and either a 5" or 3’ single-stranded
region. All four proteins unwound a 10 bp helix in vitro in the presence of
ATP; however, significant dissociation of longer helices was not observed.
While Dbp3p did not require a single-stranded extension to disrupt a helix,
the unwinding activities of Dbp4p, Roklp, and Rrp3p were substantially
stimulated by either a 5" or 3’ single-stranded extension. Interestingly, these
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proteins showed a clear length dependency with 3’ extensions that was not observed with 5" extensions, suggesting that they bind
substrates with a preferred orientation. In the presence of AMPPNP or ADP, all four proteins displayed displacement activity
suggesting that nucleotide binding is sufficient to facilitate duplex disruption. Further enhancement of the strand displacement

rate in the presence of ATP was observed for only Dbp3p and Rrp3p.

DEAD-box proteins make up a large subclass of helicase
superfamily 2 (SF2) and are present in all organisms and are
essential components of many cellular pathways that involve
the synthesis and maturation of RNA."* DEAD-box proteins
are defined by 9—12 conserved motifs>* located within two
covalently linked RecA-like domains, which comprise the
protein’s catalytic core.”® The catalytic core forms an ATP
binding pocket and an RNA binding site connected by a
network of interdomain interactions.” This family of proteins
can undergo a cycle of RNA and ATP binding, ATP hydrolysis,
and protein conformational changes that, in some cases, result
in RNA strand displacement in vitro."”® DEAD-box proteins
also contain auxiliary domains thought to be involved in RNA
binding or in the recruitment of accessory factors.”'® These
ubiquitous proteins are usually part of multiprotein com-
plexes'' "% and, in certain cases, genetically'*'® or biochemi-
cally'®™"® linked to distinct steps in a given pathway,'®'3920
For example, of the 25 Saccharomyces cerevisiae DEAD-box
proteins, 14 function at various discrete steps in the ribosome
biogenesis pathway. The four S. cerevisiae DEAD-box proteins
(Dbp3p, Dbp4p, Roklp, and Rrp3p) chosen for this study are
essential components of this pathway, but their precise
functions have yet to be elucidated.'>*° Dbp3p stimulates the
rate of pre-rRNA cleavage by the RNP endonuclease RNase
MRP, conceivably by increasing access to the cleavage
site.'®'??! Rrp3p ensures the fidelity of early pre-rRNA
cleavage events possibly by facilitating an RNA structural
rearrangement or the formation of a specific protein
complex.'”** Dbp4p and Roklp appear to be essential for
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the assembly and/or disassembly of multiprotein snoRNP
complexes."” Depletion of Dbp4p yields a dramatic accumu-
lation of the C/D-box snoRNA Ul14,”> whereas Roklp is
genetically linked to the snoRNAs snR10 and snR30 as well as
protein Rrp3.***> Thus, while each protein appears to be
involved with one or more RNA molecules, its precise site of
action is unclear, and it is unknown whether they even act to
modify RNA structure.

Previous experiments have established that Dbp3p, Dbp4p,
Roklp, and Rrp3p act as monomers and catalyze ATP
hydrolysis in the presence of RNA.”*™>® Our previous study
showed that the rate of ATP hydrolysis of all four proteins is
enhanced by rRNA.*® At saturating rRNA levels, ATP turnover
rates ranged from 13 to 170 min~' and ATP binding affinities
ranged from 0.24 to 2.3 mM, which are consistent with the
values of other members of this family of proteins.”> When a
variety of structured and unstructured RNA substrates were
compared, none of the four proteins showed significant RNA
sequence specificity. The four proteins each showed a
characteristic site size for maximal ATPase activity, ranging
from 10 to 40 single-stranded residues. Interestingly, all four
proteins contain a basic amino acid region within their C-
terminal domains (CTDs). Prior studies have suggested that a
basic CTD binds RNA nonspecifically through electrostatic
interactions in other DEAD-box proteins.”®
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Figure 1. RNA bisubstrates consisting of a 10 bp RNA duplex and 0, 18, 30, and 40 nt single-stranded RNA extensions (substrates 1 and 4—7). Bold
residues indicate the portion of the strands that are complementary to the common 5’-**P-labeled 10-mer. Substrates 2 and 3 have elongated duplex

regions of 13 and 15 bp, respectively.

The proposed cellular role of many ribosomal processing
DEAD-box proteins centers on mediating RNA duplex
rearrangements to alter pre-rRNA—snoRNA interactions or
RNA—protein interactions. To date, the duplex unwinding
activity of only one S. cerevisiaee DEAD-box protein involved in
ribosome biogenesis, Has1p, has been characterized.”® Similar
to previously studied DEAD-box proteins,”*' Has1p requires a
single-stranded extension S5’ or 3’ of the duplex to initiate
unwinding.”> This protein unwinds RNA duplexes more
efficiently with 3’ extensions than with 5’ extensions of the
same length. Even though these characteristics are consistent
with other SF2 proteins, strand displacement properties can
vary widely.”*” It is, therefore, unclear whether the S. cerevisiae
ribosomal DEAD-box proteins possess common catalytic
properties, despite their diverse cellular roles. The goal of this
study is to examine the RNA unwinding capacities of Dbp3p,
Dbp4p, Roklp, and Rrp3p with various nucleotides to address
the following questions. Can these S. cerevisize ribosomal
DEAD-box proteins act as helicases? How eflicient is
unwinding? How do these proteins couple hydrolysis and
RNA duplex disruption? While this in vitro approach has the
obvious disadvantages of not studying the function of the
protein with physiological RNA substrates or with accessory
proteins, it permits the establishment of the intrinsic unwinding
capabilities for each enzyme with respect to ATPase activity.
Relating hydrolysis and unwinding may reveal important clues
about their functional roles. Such an analysis also will permit
comparisons with other well-characterized DEAD-box proteins
with which similar assays have been performed and, thereby,
identify potential similarities or differences in the mechanisms
of this family of proteins.’>*>

B EXPERIMENTAL PROCEDURES

Materials. All nucleotides (ATPs, dATP, ADP, and
AMPPNP) were purchased from Sigma-Aldrich. Where
indicated, AMPPNP and ADP were treated with hexokinase
and glucose to remove trace amounts of contaminating ATP as
previously described.** Treated nucleotides were extracted with
phenol and chloroform to remove the hexokinase protein. The
purity of each nucleotide was determined by analytical high-

performance liquid chromatography (HPLC).** Designed RNA
helicase substrates were ordered from IDT (Integrated DNA
Technologies, Inc.). S. cerevisiae rRNAs (18S and 25S) were
isolated from midlog S. cerevisiae EJ101 cells utilizing an
improved SDS—urea extraction method.”® Dbp3p, Dbp4p,
Rok1p, and Rrp3p were expressed and purified from Escherichia
coli BL21-CodonPlus(DE3)-RIL cells (Stratagene) as previ-
ously described.”® Proteins were purified under high-salt
conditions with a strong ion exchange column to ensure the
level of ATP contamination was negligible as judged by the
absorbance at 260 nm. Each protein was concentrated into a
storage buffer [SO mM Hepes (pH 7.5), 500 mM NaCl, 2 mM
DTT, 0.1 mM EDTA, and 55% glycerol] and stored at —80 or
—20 °C. Protein concentrations were determined by both
Bradford and Lowry assays.

Bimolecular Substrate Annealing. The 10-mer strand
was radiolabeled at the 5" end using T4 polynucleotide kinase
(New England Biolabs) and [y-**P]JATP. Bimolecular RNA
substrates were formed by annealing a long single-stranded
RNA (termed the bottom strand) to the complementary 10-
mer (the top strand) to produce a 10 bp duplex. Annealing
reaction mixtures contained 0.40 yM bottom strand, 0.35 M
32P-labeled top strand, SO0 mM Hepes (pH 7.5), and 50 mM
KCl in a total volume of 10 uL. After incubation at 95 °C for 1
min, the reaction mixture was annealed for 3 min at 65 °C and
slowly cooled to room temperature within 15 min. Bimolecular
substrates were kept at room temperature and used
immediately. Because a higher concentration of RNA
bisubstrate was required to monitor steady-state ATP
hydrolysis, the annealing protocol described above was scaled
up to 400 yM bottom strand and 400 yM top strand. Both
annealing protocols yielded 75—85% annealed RNA bisub-
strate.

ATPase Assay. The rate of ATP hydrolysis was measured
using the previously described coupled spectroscopic assay, on
microtiter plates.g’28 In determining ky,, and Kjrya)y we
obtained hydrolysis rate curves in SO mM Hepes (pH 7.5) [S0
mM Mes (pH 6.5) for Roklp], 25 mM KCl, S mM MgCl,, 1
mM DTT, 200 uM NADH, 1 mM phosphoenolpyruvate, 13—
26 pg/mL lactate dehydrogenase, 23 ug/mL pyruvate kinase, 6
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mM ATP-Mg*, and 12 RNA concentrations that span from
0.1K /,(rna) to approximately 4K,/ zna). Protein concentra-
tions for ATPase assays were identical to those used in previous
experiments [Dbp3p (60 nM), Dbp4p (100 nM), Roklp (250
nM), and Rrp3p (250 nM)].*® Rates were determined from a
linear fit of Abss;g versus time. RNA kinetic parameters, k.,
and K| /,, were determined from a Michaelis—Menten fit of the
rate versus RNA concentrations as in previous studies.”® All
reported values are the average of at least three independent
data sets and reported with the indicated standard deviation.

Displacement Assay. Top strand displacement reaction
mixtures contained SO mM Hepes (pH 7.5) [SO mM Mes (pH
6.5) for Roklp], 50 mM KCl, 1 mM DTT, 0.1% Tween 20, 0.1
mg/mL BSA, 5 mM MgCl,, 5% glycerol, 10 nM bisubstrate,
and 600 nM DEAD-box protein. All time courses and end point
reactions were performed in 30 yL reaction mixtures at 30 °C
and initiated by the simultaneous addition of 6 mM ATP:Mg**
and 750 nM nonradiolabeled 10-mer trap to prevent
reannealing of the radiolabeled 10-mer. Reactions were
terminated by the addition of 10 yL of quench solution [20
mM Hepes (pH 7.5), 20% glycerol, 40 mM EDTA, and 0.4%
SDS]. Strand displacement was visualized by loading 20 uL of
the quench reaction mixtures onto a nondenaturing 14%
acrylamide—bisacrylamide (29:1) gel with dimensions of 390
mm X 210 mm X 1 mm in 0.3 M Tris-borate and 0.66 mM
EDTA. Polyacrylamide gels were run at 25 °C for 2 h at 200 V
and subsequently dried and quantified with a phosphorimager.
The fraction of RNA substrate unwound was calculated by
measuring the intensity of the resolved bands. All reactions
followed simple single-exponential decay. All reported values
are the averages of at least three independent determinations
and reported with their corresponding standard error.

B RESULTS

RNA Bimolecular Substrate Design and Initial Strand
Displacement Characterization of Four DEAD-Box
Proteins. Several factors were considered while designing
substrates for the purpose of determining the effects of helix
stability and single-strand extension on the duplex disruption
activity of four DEAD-box proteins. The nine substrates utilized
to study strand displacement are shown in Figure 1. Substrate 1
and substrates 4—9 contain the same symmetric 10 bp duplex
terminating with two AU pairs on either end. In high-ionic
strength buffers, a 10 nM solution of the 10 bé) duplex has a
calculated AG of —17.4 kcal/mol at 25 °C.*° Its calculated
dissociation rate is 0.001 min™" (tip = 11 h), assummg a
diffusion-limited association rate constant (10° M~ s71).3°
Thus, the RNA helix is kinetically stable during the time course
of our unwinding experiments. However, if 2 bp were disrupted
from either terminus or if a single internal base pair were
disrupted, the dissociation rate of the remaining helix would be
calculated to increase to either 0.019 mm ~! (t;), = 36 min) or
33 min~! (t,, = 12.6 s), respectively.’® Thus, the designed
bisubstrates permit sensitive detection of helix disruption. In
addition to the perfect duplex [substrate 4 (Figure 1)],
substrates were constructed with 18-, 30-, or 40-nucleotide
(nt) single-stranded extensions on either the S’ terminus
[substrates 1, S, and 6 (Figure 1)] or the 3’ terminus
[substrates 7—9 (Figure 1)]. The extensions contain few G
residues and, thus, are expected to have little stable secondary
structure. Various extension lengths were chosen because the
four DEAD-box proteins are known to have different site size
requirements for their RNA-dependent ATPase activity.”®

10111

Finally, two variants of substrate 1 containing a 13 bp helix
(substrate 2) or a 1S bp helix (substrate 3) were designed to
test whether the enzymes can disrupt longer, more stable
helices.

For the kinetic analysis of each DEAD-box protein, top
strand displacement assays were performed under conditions
where the protein concentration exceeded the concentration of
the RNA substrate and in the presence of an excess of
nonradiolabeled 10-mer top strand to ensure that only single
displacement events were observed. Figure 2A illustrates the
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Figure 2. Helix disruption of substrate 1 by four DEAD-box proteins.
(A) Nondenaturing gel of end point assays after a 2 h incubation at 30
°C. Heat denaturation and reannealing of substrate 1 in the presence
of trap RNA (lane 1). Displacement of duplex with no protein (lane 2)
or 600 nM Dbp3p, Dbp4p, Roklp, and Rrp3p in the presence (lanes 4,
6, 8, and 10, respectively) and absence of ATP (lanes 3, S, 7, and 9,
respectively). Time course of duplex unwinding in the absence of ATP
(B) and in the presence of 6 mM ATP:Mg** (C) with no protein (X)
or 600 nM Dbp3p (circles), Dbp4p (squares), Roklp (diamonds), and

Rrp3p (triangles).
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disruption of substrate 1 by each of the four proteins at 600 nM
after a 2 h incubation at 30 °C analyzed on a nondenaturing gel.
On the basis of ATPase assays,”” this protein concentration
should be near or at saturation with substrate 1 for Dbp3p,
Dbp4p, and Rrp3p but be subsaturating for Roklp. When the
substrate was heated to 95 °C to dissociate the duplex, the
presence of the nonradiolabeled 10-mer prevented reannealing
of the radiolabeled top strand (Figure 2A, lane 1).
Representative time courses of dissociation of substrate 1
from quantitative native gels are shown in panels B and C of
Figure 2. The measured spontaneous dissociation rate of
substrate 1 was 0.0017 + 0.0001 min~', which agrees closely
with the calculated value (cross-mark symbol in Figure 2B) and
corresponds to less than 20% displacement of substrate 1 after
2 h. In the presence of 600 nM Dbp3p, Dbp4p, Roklp, or
Rrp3p and in the absence of ATP (lane 3, S, 7, or 9,
respectively, of panels A and B of Figure 2), the average
dissociation rates were similar to the measured spontaneous
rate (Figure 2B). In the presence of both ATP and protein, the
extent of helix unwinding increases dramatically (Figure 2A,C,
lanes 4, 6, 8, and 10). Experiments with varying protein
concentrations reveal that 600 nM for each DEAD-box protein
was sufficient for complete helix disruption (Figure S1 of the
Supporting Information). The time course for each protein in
the presence of a saturating level of ATP follows single-
exponential decay with rates ranging from 0.012 + 0.00S to 3.6
+ 0.1 min~" (Figure 2C). Dbp3p is the fastest DEAD-box
protein (ko = 3.6 + 0.1 min™"), while Rrp3p has a moderate
rate (kyps = 0.17 + 0.03 min™"). Dbp4p (k. = 0.012 + 0.005
min~") and Roklp (kg = 0.021 + 0.002 min~") are the slowest
proteins, but both are significantly faster (6- and 11-fold,
respectively) than the measured spontaneous dissociation rate
of substrate 1. These end point and time course assays clearly
showed that displacement activity requires ATP and that the
four yeast ribosomal DEAD-box proteins have distinct rates of
duplex displacement when assayed under identical conditions.

Single-Stranded Extension and Duplex Length Re-
quirements for Helix Displacement. The helix length of a
bisubstrate can greatly decrease the efficiency of helix
disruption by DEAD-box proteins because additional base
pairs would need to be disrupted to initiate spontaneous strand
separation.””?” Several DEAD-box proteins have been shown
to displace duplexes of up to 14 bp in length; thus, the four
selected proteins were assayed with substrates 2 and 3, which
contain an 18 nt 5’ extension and either a 13 or 15 bp duplex,
respectively (Figure 1).>"**°® Figure 3 compares the effect of
duplex length on the displacement activity with substrates 1—3
in the presence and absence of 600 nM protein. In the absence
of protein, displacement rates of substrates 2 and 3 are slower
than that of substrate 1 as expected because of their increased
stability. When the proteins were added in the presence of
ATP, the observed increases in the rate of duplex melting were
negligible (~4-fold) compared to those without ATP and
protein. These results demonstrate that Dbp3p, Dbp4p, Rok1p,
and Rrp3p exhibit displacement activity only with 10 bp
duplexes.

An increasing number of DEAD-box proteins have
demonstrated the ability to dissociate an RNA duplex in the
absence of a single-stranded extension.’”**** To examine this
behavior for Dbp3p, Dbp4p, Roklp, and Rrp3p, a duplex RNA
with no extensions was utilized to monitor strand dissociation
[substrate 4 (Figure 1)]. As seen in Figure 4, Dbp3p was able
to displace the perfect 10 bp helix at 1.4 + 0.2 min~’, which is
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Figure 3. Effects of duplex length on displacement for Dbp3p, Dbp4p,
Roklp, and Rrp3p. The black, gray, and partially shaded bars illustrate
data for substrates 1 (10 bp), 2 (13 bp), and 3 (13 bp), respectively.
Experiments were performed at 30 °C in 10 nM bisubstrate, 750 nM
cold 10-mer (trap), 6 mM ATP:Mg*, and 600 nM DEAD-box
protein. The observed displacement rates for substrate 2 and 3 are too
slow to accurately measure.

slightly lower than the rate observed in the presence of a §’
single-stranded extension. The observation that Dbp3p does
not require a single strand for efficient separation of a 10 bp
helix suggests that its DEAD-box core binds to the helix with
sufficient stability to facilitate dissociation. In contrast, Dbp4p,
Roklp, and Rrp3p disrupt the perfect duplex with measured
rates of 0.002 + 0.0005 0.003 + 0.0003, and 0.004 + 0.0002
min~", respectively. These observed rates are similar (<2-fold)
to the strand displacement rate of substrate 1 in the absence of
ATP (0.0017 + 0.0003 min~"). This lack of displacement
activity may result from the inability to achieve full protein
saturation.”” The analysis of the perfect duplex suggests that,
for three of the four proteins, the single-stranded region has an
important role in the binding of the DEAD-box core to a
duplex RNA.

Effects of Extension Strand Length and Orientation
on Duplex Dissociation. Many well-characterized SF1 and
SF2 helicases require a single-stranded extension to promote
duplex displacement.”*"*****" Previous experiments have
demonstrated that the single-stranded segment of a bisubstrate
can facilitate the loading of the catalytic core onto the RNA
duplex initiating displacement and that the length of this strand
can affect the efficiency of helix separation.”***"?*** To
determine the effects of extension length and orientation on
displacement, substrates were constructed with an 18, 30, or 40
nt single-stranded region on either the 5’ terminus [substrate 1,
S, or 6, respectively (Figure 1)] or the 3’ terminus [substrate 7,
8, or 9, respectively (Figure 1)]. Figure 4 compares the
displacement activity for the four proteins in the presence of
substrates 1 and 4—9. Although their absolute rates vary, all
four proteins were insensitive to the length of the 5" extension.
Interestingly, the four proteins responded very differently to
RNAs with 3’ extensions. Because Dbp3p could efficiently
unwind a perfect duplex, it was not surprising that its
unwinding rate was unresponsive to the length of the 3’
extension. In contrast, the observed rates for Dbp4p, Roklp,
and Rrp3p increased as the length of the 3" extension increased.
In each case, a 40 nt 3’ extension (substrate 9) was needed to
match the rate observed for the 5" extensions. This asymmetric
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Figure 4. Effects of extension length and orientation on the displacement for Dbp3p, Dbp4p, Roklp, and Rrp3p. The gray line indicates the average
unwinding rate in the absence of ATP and/or protein. Experiments were performed at 30 °C in 10 nM bisubstrate, 750 nM cold 10-mer (trap), 6
mM ATP:Mg*, and 600 nM DEAD-box protein. Minimal ssRNA lengths were previously determined.”®

Table 1. Steady-State ATPase Kinetic Parameters”

Dbp3p Dbp4p Roklp Rrp3p
Kinax Kinax Kinax Kinax
RNA substrate (min™") Ky, (nM) (min™") Ky, (nM) (min™") Ky, (nM) (min™") Ky, (nM)

S" Extended Duplex

18 nt 1 185 + 30 125 + 39 81 +2 110 + 40 11+3 300 + 7§ 17+ 1 1230 + 400

30 nt S 199 + 11 158 + 23 70 £ 3 90 + 9 13+5 500 + 29 19+9 920 + 98

40 nt 6 200 + 19 90 +9 67 +2 112 + 29 11 +5S§ 210 + S8 21 +5 1080 + 280
3" Extended Duplex

18 nt 7 189 + 22 224 + 50 82 +9 210 + 47 7+3 290 + 14 20+ 9 645 + 67

30 nt 8 198 + 18 187 + 17 89+ 5§ 191 + 16 1S+ 8 550 + 63 17+ 2 1240 + 350

40 nt 9 204 + 32 87 + 20 81+9 150 + 27 1S+7 650 + 70 21 + 4 1100 + 300

10 bp duplex 4 29+ 9 11200 + 2000 9S+7 3800 + 1000 6+2 1700 + 200 19+ 8 612 + 91

Minimal ssRNAs

13 nt - 181 + 28 3100 + 900 - - - - - -

25 nt - - - 62+ S 800 + 300 - — - —

45” nt - - - - - s+2°  >3000° - -

16 nt — — — — — — — 16 + 4 5000 + 3000

“All reactions were performed in SO mM Hepes (pH 7.5) [Mes (pH 6.5) for Roklp], S mM MgCl,, and 1 mM DTT at a saturating ATP
concentration (6 mM). “Reactions that could not achieve saturation. All values represent the average of at least three independent data sets. Minimal
ssRNAs substrates were determined previously. **
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length dependence on the single-strand extensions may reflect
how the DEAD-box catalytic core can position itself with
respect to the helical substrate (see Discussion).

The steady-state ATPase activity of all four proteins was
determined for each extension length under saturating ATP
conditions because the various displacement rates may be
influenced partially by the site size requirement as well as the
architecture of the bisubstrate. Table 1 summarizes the results
for substrates 1 and 4—9 (Figure 1) as well as for minimal
single-stranded RNAs (ssRNAs) determined previously.”® All
RNAs listed were capable of stimulating ATP hydrolysis for
each DEAD-box protein to different extents. The ATP turnover
rates for the selected proteins, in the presence of substrate 1
and 5—9, were comparable to the rates obtained with the
corresponding minimal single-stranded RNAs. As seen in Table
1, Rrp3p’s k. with a 16 nt ssRNA substrate (16 + 4 min™")
was comparable to the k,, values of the 5’ and 3’ extended
substrates (1 and 5—9), which ranged from 17 to 21 min™";
thus, the critical length requirement for the 3’ extensions is not
a direct result of altered ATP hydrolysis. Likewise, the blunt
substrate (substrate 4) stimulated the ATPase activity to an
extent similar to that of minimal ssRNAs for Dbp4p, Roklp,
and Rrp3p. The rate of Dbp3p-mediated hydrolysis decreased
6-fold with the blunt substrate, yet it is efliciently melted.
Interestingly, fast duplex displacement correlated to rapid
hydrolysis, while slow ATP turnover corresponded to slow
duplex dissociation. The overall strand separation rates were
directly proportional to hydrolysis rates instead of inversely
proportional, as seen in a few bacterial DEAD-box
proteins.********* The measured apparent binding affinities
[K,/srnay) of the §' and 3" extended substrates (1 and 5—-9)
were substantially tighter than those of the minimal ssRNAs
and the perfect duplex (substrate 4). For example, Dbp3p has
K, /2rna) Values of 3100 + 900 nM for the 13 nt ssRNA and
125 + 39 nM for substrate 1. These data indicate that addition
of a duplex to the single-stranded region increases the binding
energy for all four of the proteins irrespective of their single-
stranded site size requirements.

Role of Nucleotide Binding and Hydrolysis during
RNA Duplex Displacement. Recent studies have shown that
duplex separation by DEAD-box proteins is connected to a
particular step within the hydrolysis cycle.”**** For some

DEAD-box proteins, unwinding can be facilitated by nucleotide
binding and subsequent hydrolysis recycles the enzyme.***>%¢
The bacterial DEAD-box protein DbpA, in contrast, requires
ATP hydrolysis to initiate duplex disruption.*> The rate of
duplex separation for substrate 1 in the presence of various
nucleotides was determined for the four DEAD-box proteins.
As seen in Figure S, the measured displacement rates in the
presence of dATP were identical to the rates observed in the
presence of ATP, similar to other DEAD-box proteins.”
However, the effects on duplex separation with ADP and
AMPPNP differed substantially for the four proteins (Figure S).
The activities of Dbp3p and Rrp3p decreased 180- and 24-fold,
respectively, when ATP was replaced with AMPPNP or ADP.
In contrast, the rate of duplex separation for Dbp4p and Roklp
in the presence of AMPPNP or ADP was similar to that
observed with ATP (Figure S). For all four proteins, the rates in
the presence of AMPPNP or ADP are approximately 10-fold
faster than the rates measured in the absence of nucleotide.
While the activities of several DEAD-box proteins in the
presence of AMPPNP or ADP were found to be the result of
trace amounts of ATP contamination in the nucleotide
preparation,”** our experiments show that this is not the
case for the four proteins in this study. Both AMPPNP and
ADP were treated with hexokinase, and the absence of ATP in
each nucleotide was confirmed by analytical HPLC (Figure S2
of the Supporting Information).”® Indeed, pretreatment with
hexokinase did not substantially decrease the displacement rates
(Table 2). These results indicate that ADP or AMPPNP
binding is sufficient to slowly displace the duplex for all four
proteins, yet the rapid duplex displacement observed for Dbp3p
and Rrp3p requires ATP hydrolysis.

B DISCUSSION

All four of the selected yeast DEAD-box proteins were found to
disrupt a 10 bp helix in the presence of ATP at a rate
significantly faster than the spontaneous dissociation rate,
thereby formally classifying them as helicases. However, none
of the proteins were able to significantly disrupt a slightly
longer 13 bp helix. This inability to disrupt a longer helix is a
common characteristic of most DEAD-box proteins,®"***” and
it distinguishes them from DNA helicases, which share many of
the conserved elements yet are able to unwind long duplexes in
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Table 2. Kinetic Parameters with Hexokinase-Treated
Nucleotides”

protein nucleotide kgis (X100 min™")
Dbp3 none 0.17 + 0.03
AMPPNP 0.7 £ 0.1
ADP 1.0 + 0.4
Dbp4 none 0.18 £ 0.05
AMPPNP 0.8 £ 0.2
ADP 12 £ 0.3
Rokl none 0.16 + 0.06
AMPPNP 1.1 £0.5
ADP 1.0 + 0.4
Rrp3 none 0.17 + 0.0S
AMPPNP 3+2
ADP 4+1

“All reactions were performed at 30 °C in S0 mM Hepes (pH 7.5) [SO
mM Mes (pH 6.5) for Roklp], S0 mM KCl, 1 mM DTT, 0.1% Tween
20, 0.1 mg/mL BSA, 5 mM MgCl,, 5% glycerol, 10 nM substrate 1,
750 nM cold 10-mer (trap), 6 mM nucleotide:Mg*, and 600 nM
DEAD-box protein.

a highly processive fashion.*** This difference presumably
reflects the paucity of longer helices in folded RNA structures.
Thus, DEAD-box proteins do not need to ensure that multiple
rounds of ATP hydrolysis and helix disruption occur per
binding event. Disruption of 1 or 2 bp may be all that is needed
for these proteins to carry out their function.

The observed helix unwinding rates of the four DEAD-box
proteins span 2 orders of magnitude, ranging from the fast
Dbp3p (3.6 min~") and the intermediate Rrp3p (0.1 min~") to
the very slow Dbp4p (0.012 min~") and Roklp (0.021 min~").
These rates are lower than the corresponding rates of ATP
hydrolysis obtained with the same substrates (7—200 min™"),
consistent with the idea that the enzymes can undergo multiple
“futile” rounds of binding, ATP hydrolysis, and release of the
substrate without catalyzing helix disruption.* Nevertheless, the
duplex disruption rates for the four proteins roughly correlate
with the ATPase rates at saturating substrate concentrations.
For example, Dbp3p can rapidly disrupt a helix (3.6 min™") and
hydrolyze ATP (185 min~"), while Dpb4p shows slower duplex
disruption (0.012 min™") and ATPase (81 min~"') activities. A
similar comparison of nine additional DEAD-box proteins
maintained the weak correlation, and thus, two potential classes
of DEAD-box proteins emerge. The first, “fast”, class of
proteins (DbpA,>® Mss116p,>" Dbp3p, Cyt19,>" and Ded1®')
hydrolyze ATP at a rate of >130 min~" and unwind duplexes at
a rate of >1 min~". For the “slow” class of proteins (Roklp,
Dbp41;3), Rrp3p, Haslp,zg SrmB,*> CsdA,*> RhIE,** and
elF4A>%), both activities are considerably lower (Figure 6). It
is unclear whether this classification is meaningful. Because
each DEAD-box protein functions on quite different substrates
in distinct pathways, the varying intrinsic properties of each
protein simply may reflect the kinetics of these pathways.
Alternatively, the various measured rates may indicate the
ability of these proteins to function on what are likely to be
nonphysiological substrates. Finally, it is known that the
ATPase and helicase activities of DEAD-box proteins can be
altered dramatically by the presence of accessory proteins.”>~>*
In this regard, it is interesting that with the exception of
Ded1,*" all the members of the fast class either are transiently
associated or do not participate in large RNP processing
complexes.*"**~®" In contrast, at least five members of the slow
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Figure 6. Comparison of ATPase and displacement activity of
Haslp,29 RhIE,* CsdA,** SrmB,* eIF4A,>%%° Mssll6p,51 Cy’c19,51
SrmB,>! Ded1,>" and Dpr.50 Most proteins listed reflect dissociation
rates of a 9—11 nt duplex substrate except in the cases of Has1p* (16
nt) and CsdA (14 nt).>?

class (Dbp4p, Haslp, Roklp, eIF4A, and SrmB) have been
genetically or biochemically identified to bind specific accessory
proteins (Dbp8p, Esf2p, RrpSp, Garlp, eIF4B, elF-iso4F,
MLNGS1, eIF4H, eIF4F, L4, and L24) 25°°%569276% Thyg, their
relatively weak activity when measured independently does not
reflect their catalytic capacity.

Length Dependency of Displacement Activity. Most
well-characterized DEAD-box proteins, such as elf4A,>"
Ded1,*® SrmB,** CsdA,* Mssll6p,40 and Hasl,* require a
single-stranded region 5’ or 3’ of a duplex for efficient base pair
disruption.2 Only a few DEAD-box proteins, such as RhIE,** are
able to unwind perfect RNA duplexes as well as substrates
containing 3’ or 5" extensions. Among the four proteins in this
study, Rrp3p, Dbp4p, and Roklp require single-stranded
extensions, while Dbp3p does not. Interestingly, all three
proteins that require an extension show an asymmetric length
dependence on the single-strand regions. Varying the length of
the 5’ extension from 18 to 40 nt has no effect on the rate,
while the helicase activity increases as the 3’ extension increases
in length from 18 to 40 nt. Roklp, the protein with the largest
single-stranded site size requirement for hydrolysis,*® shows the
strongest dependence on 3’ extension length. In contrast, the
helicase activity of Rrp3p, which has the smallest site size,
shows an only modest dependence on 3’ extension length.
Although such asymmetry in the length dependence of 3" and
S5’ extensions on helicase rate has not been examined in many
other cases, similar data have been reported for eIF4A and E.
coli DbpA.*>"* In addition, several other DEAD-box proteins
show quite different activities when 3’ and S’ extensions are
compared.””*°

A simple model to account for the orientation preference is
to assume that the proteins do not bind 3’ and 5’ extended
helicase substrates in the same way. Because the cocrystal
structures of six DEAD-box proteins with single-stranded RNA
show the N-Rec domain binding to the 3’ terminus of an
oligonucleotide and the C-Rec domain binding to the S’
terminus,° 7" it is reasonable to expect that the catalytic cores
of Dbp4p, Roklp, and Rrp3p interact with helicase substrates in
a similar fashion. This orientation places the basic C-terminal
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“tails” for these proteins adjacent to the S’ extensions where
electrostatic interactions could enhance substrate binding as
well as permit the catalytic domains to disrupt an RNA
duplex.*””"”* Thus, to facilitate duplex disruption in the
presences of a 3’ extension, the single-stranded region would
have to wrap around the duplex to bind to the basic C-terminal
tail. As a result, a longer 3’ extension is needed to promote
optimal helicase activity in our experiments. Such a looping or
wraparound model also was suggested to explain the catalytic
properties of E. coli DbpA in which helicase substrates
contained a hairpin either 3’ or 5 to the duplex.*®

Dependency of ATP Hydrolysis in Duplex Unwinding.
While the four yeast DEAD-box proteins were unable to
unwind a short model duplex in the absence of nucleotides, all
four showed a similar slow rate (0.01—0.04 min~') of helix
disruption in the presence of ADP, a product of ATP
hydrolysis, or AMPPNP, a nonhydrolyzable binding analogue.
These rates do not reflect trace amounts of contaminating ATP
present in the preparation of ADP or AMPPNP, because this
impurity was carefully removed with hexokinase. Thus, these
results indicate that a complete cycle of ATP binding,
hydrolysis, and product release is not necessary for slow,
single-turnover, helix disruption. While this observation is not
common in the biochemical analysis of DEAD-box proteins,
similar results have been reported in few cases. Proteolysis and
fluorescent experiments have established a protein conforma-
tional change upon addition of AMPPNP or ADP.**7*>~7% YxiN
can destabilize a short RNA duplex in the presence of
AMPPNP. Similarly, DDX1 can facilitate duplex unwinding in
the presence of ADP,”® whereas Ded] utilizes ADP to modulate
duplex annealing and unwinding activity depending on the
nature of the helicase substrate.”” Because the ADP-dependent
rate reported in this study is only 6—10-fold faster than the
spontaneous rate of helix dissociation, it is possible that the
helicase assays used for other DEAD-box proteins were not
optimal for the detection of such low activity. Thus, slow helix
disruption by ADP may be a property of all DEAD-box
proteins.

In the presence of ATP, two of the proteins (Rrp3p and
Dbp3p) showed enhanced helix disruption rates (10—200-fold)
compared to the AMPPNP unwinding activity. Roklp and
Dbp4p, in contrast, showed no measurable enhancement. The
faster helicase rates, in the presence of ATP, suggest that Rrp3p
and Dbp3p function in RNA remodeling as is generally
proposed for this class of proteins." However, the absence of a
hydrolysis-dependent rate for Roklp or Dbp4p makes assigning
a function for these proteins difficult. The observed slow
activity exceeds the doubling time of yeast, making it unlikely to
be relevant to the ribosomal assembly pathways. This may
reflect the fact that the assay used a nonphysiological substrate
or that an accessory protein was omitted. Alternatively, because
the unwinding rate with ATP matches the rate with ADP, these
proteins may not function in RNA remodeling.
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