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ABSTRACT

DbpA is a DEAD-box RNA helicase implicated in the assembly of the large ribosomal subunit. Similar to all the members of the
DEAD-box family, the DbpA protein has two N-terminal RecA-like domains, which perform the RNA unwinding. However, unlike
other members of this family, the DbpA protein also possesses a structured C-terminal RNA-binding domain that mediates specific
tethering of DbpA to hairpin 92 of the Escherichia coli 23S ribosomal RNA. Previous studies using model RNA molecules
containing hairpin 92 show that the RNA molecules support the DbpA protein’s double-helix unwinding activity, provided that
the double helix has a 3′ single-stranded region. The 3′ single-stranded region was suggested to be the start site of the DbpA
protein’s catalytic unwinding activity. The data presented here demonstrate that the single-stranded region 3′ of the double-
helix substrate is not required for the DbpA protein’s unwinding activity and the DbpA protein unwinds the double-helix
substrates by directly loading on them.
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INTRODUCTION

DEAD-box proteins are a family of enzymes that use the en-
ergy of ATP binding and hydrolysis to facilitate RNA confor-
mational changes in many pathways of RNA metabolism,
including RNA splicing, ribosome maturation, transcription,
RNA transport, and RNA degradation (Tanner and Linder
2001; Cordin et al. 2006; Pyle 2008; Pan and Russell 2010;
Linder and Jankowsky 2011). DEAD-box proteins are part
of the helicase 2 superfamily of enzymes (Caruthers and
McKay 2002) and, in vitro, most, but not all, show nonpro-
cessive RNA helicase activity on model substrates (Cordin
et al. 2006; Linder and Jankowsky 2011). However, unlike
the DNA and viral RNA helicases of the SF2 family, which
start their actions at the single-stranded region of the helical
substrate and translocate toward the opposite end, DEAD-
box proteins directly load on the double-helix substrate
and unwind it without translocation (Pyle 2008; Fairman-
Williams et al. 2010; Pan and Russell 2010).

The DEAD-box proteins’ direct loading mechanism was
originally proposed based on the crystal structure of the
Vasa protein in complex with a single-stranded RNA con-
struct and the nonhydrolyzable ATP analog, AMP-PNP
(Sengoku et al. 2006). This structure showed that the sin-
gle-stranded RNA bound to the catalytic core of the Vasa pro-
tein had a kinked structure that would be incompatible with

the conformation of that strand on an RNA double helix.
Hence, it was suggested that DEAD-box helicases unwind
their substrates by loading on one strand of the double helix
and kinking it, which forces the release of the second RNA
strand. Other crystal structures of DEAD-box proteins in
complex with a single-stranded RNA and nonhydrolyzable
ATP analogs agreed with the data from the Vasa structure
(Andersen et al. 2006; Bono et al. 2006; Del Campo and
Lambowitz 2009). In addition, an extensive series of kinetic
experiments using purified Saccharomyces cerevisiae proteins
Mss116p and Ded1p and Neurospora crassa protein CYT-19
demonstrated that the role of the single-stranded RNA exten-
sions is for tethering of the above DEAD-box proteins to the
RNA molecule rather than for initiation of the unwinding
process (Yang et al. 2007).
This paper addresses the mechanism of action of E. coli

DbpA, a DEAD-box protein involved in assembly of the large
ribosomal subunit (Fuller-Pace et al. 1993; Diges and
Uhlenbeck 2001; Sharpe Elles et al. 2009), using a series of
model helicase substrates. DbpA resembles other DEAD-
box proteins in having two RecA-like catalytic domains
that bind RNA and hydrolyze ATP, but it is unusual in having
a structured C-terminal domain that binds tightly and
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specifically to helix and hairpin 92 of the 23S ribosomal RNA
(Kossen and Uhlenbeck 1999; Diges and Uhlenbeck 2001;
Tsu et al. 2001; Karginov et al. 2005; Wang et al. 2006;
Hardin et al. 2010). Model DbpA substrates containing helix
and hairpin 92 and short RNA helices positioned 3′ or 5′ of
helix 92 supported DbpA catalytic activity, provided that
the double-helix substrates possess a 4-nucleotide (nt)-long
3′ single-stranded region (Diges and Uhlenbeck 2001,
2005). In analogy to the single-stranded extensions required
by other DNA and viral RNA helicases of the SF2 family, it
was proposed that the single-stranded region acted as the en-
try site for the DbpA protein’s catalytic domains into the
double-helix substrates (Diges and Uhlenbeck 2005).
A recent crystal structure of the C-terminal domain of

YxiN, a Bacillus subtilis ortholog of DbpA, bound to helices
90, 91, and 92 of the 23S ribosomal RNA (rRNA), shows ex-
tensive specific interactions between the protein and helix
and hairpin 92, as predicted from biochemical data and non-
specific electrostatic interactions between the protein’s lysine
and arginine residues and the phosphate backbone of helix 90
(Hardin et al. 2010). Model studies suggest that in the ab-
sence of helix 90 the C-terminal of YxiN interacts with the
phosphate groups on the single-stranded region 5′ or 3′ of
helix 92. These single-stranded regions are believed to be re-
quired for tight binding of the YxiN C-terminal domain to
RNA (Tsu et al. 2001; Wang et al. 2006). Hence, the YxiN
C-terminal domain uses different modes of interaction
with different RNA constructs. More importantly, the inter-
action of the DEAD-box proteins’ catalytic core with the
phosphate backbone of one of the strands of the double-helix
substrate is required for DEAD-box proteins’ helicase activity
(Linder and Jankowsky 2011; Henn et al. 2012; Putnam and
Jankowsky 2013) suggesting the interaction of the YxiN/
DbpA C-terminal domain with an RNA molecule could dic-
tate both which regions of that RNA are accessible for
the YxiN/DbpA core to act upon and the stability of the
RNA–protein complex. Thus, it is possible that the previous
observation for an apparent requirement of a single-stranded
region 3′ of the double-helix substrate to support the helicase
activity of DbpA could be a consequence of different modes
of interaction of the DbpA C-terminal domain with different
model RNA molecules. In an attempt to examine this possi-
bility further, this paper focuses on the role of the single-
stranded residues 3′ of the double-helix substrate on the
DbpA protein’s catalytic activity.

RESULTS

2′-OH moieties required for the catalytic activity
of DbpA

To investigate where DbpA starts its unwinding action, we
took advantage of the fact that DbpA, like most DEAD-box
helicases, is an RNA helicase and does not unwind double-
stranded DNA helices (Diges and Uhlenbeck 2001).

Moreover, previous studies have used model substrates that
lacked RNA 2′-OH groups to investigate Ded1p and
Mss116p helicase action initiation sites (Yang et al. 2007).
The molecules initially used for this study are shown in

Figure 1A. Molecule A:X consists of a 32-nt-long RNA con-
taining helix 92 and a 15-residue single-stranded region
5′ of helix 92 annealed to a 9-nt-long RNA strand. This model
molecule has been used extensively to investigate DbpA’s and
YxiN’s functional properties (Diges and Uhlenbeck 2001,
2005; Elles and Uhlenbeck 2008; Theissen et al. 2008;
Aregger and Klostermeier 2009; Henn et al. 2012). Molecule
B:X consists of a 32-nt-long DNA–RNA chimera, in which
15 RNA residues 5′ of helix 92 have been substituted by
DNA residues, annealed to the 9-nt-long RNA. In the mole-
cule A:Y, the 32-nt-long RNA construct is annealed to a
9-nt-long DNA construct.
The ability of the constructs to support the helicase activity

of DbpA was investigated by native gel electrophoresis as
previously described (Diges and Uhlenbeck 2001, 2005; Elles
and Uhlenbeck 2008). Figure 1B shows the dependence of the
fraction unwound versus the reaction time. The molecule
B:X, which contains 15 bases 5′ of hairpin 92 changed to
DNA, is unable to support the helicase activity of DbpA,
while the molecule A:Y, in which the short 9-nt-long top
strand is changed to DNA, supports the helicase activity of
DbpA. The higher observed rate constant of unwinding in
the presence of molecule A:Y when compared to molecule
A:X is a consequence of the fact that DNA–RNA helices are
less stable than RNA–RNA helices, and the helix stability
has been shown to influence both the observed rate constant
and the extent of the DEAD-box proteins’ unwinding activity
(Chen et al. 2008). Thus, the presence of 2′-OH on one
strand of the double-helix substrate is sufficient for a helix
to support DbpA helicase activity. This result agrees with
data from other DEAD-box proteins (Yang et al. 2007). In
addition, these experiments imply that the top stand of the
double-helix is mechanistically unimportant for the DbpA
protein helicase activity.
Previous studies performed with A:X and other small

model molecules show that DbpA protein is unable to un-
wind 100% of its substrates (Diges and Uhlenbeck 2001,
2005; Elles and Uhlenbeck 2008; Henn et al. 2008). This is be-
lieved to be a consequence of incorrectly formed alternative
RNA structures and helix annealing. Spontaneous reanneal-
ing is another process that could affect the extent of dou-
ble-helix unwinding by DbpA. At 1 nM RNA molecule, a
small amount of RNA spontaneously reanneals; however,
the observed rate constant of this process is slow and it
does not contribute significantly to the observed extent of
unwinding within the 30 min duration of our experiments.
Our observed rate constant of spontaneous annealing in
the presence of 1 nM construct A and X is 0.006 ± 0.003
min−1, which is consistent with previously performed exper-
iments with constructs A and X and at the same construct
concentration (Diges and Uhlenbeck 2001).

The mechanism of action of the DbpA protein
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The observation that molecule A:Y supports the helicase
activity of DbpA, while the molecule B:X does not, indicates
a role for the single-stranded region 3′ of a double-helix
substrate on DbpA helicase activity. To shed light on the
role of single-stranded region 3′ of the double-helix sub-
strate and regions within the double-helix on the DbpA
protein’s catalytic activity, helicase experiments were per-
formed in the presence of 32-nt-long constructs that had
five residues at different positions from helix 92 changed
to DNA. These are the molecules: C:X, D:X, and E:X in
Figure 1A.

All the molecules with five RNA residues changed to DNA
support the DbpA protein’s helicase activity (Fig. 1B).

However, the fraction of RNA un-
wound in the presence of molecules
C:X and D:X is smaller than in the
presence of molecule A:X and E:X.
In addition, the observed rate cons-
tant of DbpA helicase activity is differ-
ent in the presence of different
molecules. The fact that molecule E:
X supports the DbpA unwinding sug-
gests that the single-stranded region 3′

of the double-helix substrate, and 5′ of
helix 92, is not required for the DbpA
catalytic core to start its helicase activ-
ity. If this region were mechanistically
important for the DbpA protein heli-
case activity, then molecule E:X, sim-
ilar to molecule B:X, would not
support double-helix unwinding.

To understand how the 2′-OH
groups 5′ of helix 92 influence the am-
plitude and the observed rate constant
of DbpA helicase reaction, we investi-
gated the ability of A, B, C, D, and E
constructs (Fig. 1A) to stimulate the
ATPase activity of DbpA at a series
of ATP and nucleic acid concentra-
tions. The ability of the 32-nt-long
constructs to activate the ATP hydro-
lysis activity of DbpA was investigated
by the enzymatically coupled ATP/
NADH assay (Tsu and Uhlenbeck
1998; Elles and Uhlenbeck 2008).
Figure 2A shows the dependence of
the DbpA ATP hydrolysis rate at a se-
ries of ATP concentrations and in the
presence of an excess of nucleic acid
(2000 nM), while Figure 2B shows
the rate of nucleic acid turnover at
different 32-nt-long construct con-
centrations and in the presence of
excess ATP (5 mM). The Michaelis–
Menten equation was used to fit the

data and the kinetic and thermodynamic parameters for
those fits are shown in Table 2.
All constructs stimulate ATP hydrolysis; however, the

maximum rate of ATP hydrolysis and the apparent affinity
for ATP is considerably reduced in the presence of constructs
B, C, and D when compared with the RNA constructs A and
E (Table 2). DbpA binds the B, C, and D constructs with sim-
ilar affinity to constructs A and E, while in the presence of the
B, C, and D constructs the turnover number of nucleic acid is
reduced compared to constructs A and E (Table 2; Fig. 2).
The observation that in the presence of constructs B, C,

and D the DbpA catalytic core does not hydrolyze ATP as ef-
ficiently and binds it with a lower affinity than in the presence

FIGURE 1. (A) Model molecules used to investigate the initiation site of DbpA protein helicase ac-
tivity. (B) Helicase activity of DbpA in the presence of molecule A:X (filled triangle), A:Y (empty tri-
angle), B:X (circle), C:X (diamond), D:X (empty square), and E:X (filled square). These are
representative of the helicase experiments performed in the presence of 600 nMDbpA concentration.
The average values and standard deviations for the observed rate constants of unwinding at 100, 300,
and 600 nM of DbpA are shown in Table 1.
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of constructs A and E implies that the lack of 2′-OH groups
prevents the proper formation of the ATPase pocket.
Combined with the observation that the extent of double-he-
lix unwinding is reduced in molecules B:X, C:X, and D:X
when compared to molecules A:X and E:X, the ATPase
data suggest that a fraction of DbpA molecules that contain
the improperly formed ATPase pocket are stuck in an inactive
intermediate conformation and unable to perform double-
helix unwinding.
For the DEAD-box family of proteins, the observed rate

constant of double-helix unwinding is dependent on the un-
winding catalytic efficiency of the enzyme, which is depen-
dent on the rate of ATP hydrolysis, the stability of double
helix, and the ability of the enzyme to perform annealing
(Pyle 2008; Pan and Russell 2010; Henn et al. 2012; Putnam
and Jankowsky 2013). Previous experiments have shown
that the observed rate constant of DbpA-facilitated annealing
is very similar to the observed rate constant of BSA-facilitated
annealing; hence the DbpA protein does not seem to actively
facilitate double-helix unwinding (OUhlenbeck and CDiges,
pers. comm.). In the case of molecules B:X, A:X, and E:X, the
observed rate constant of helicase unwinding increases as the
maximum rate of ATP hydrolysis increases, suggesting that
the observed differences on the observed rate constant of un-
winding in the presence of these molecules are a consequence
of the differences on the DbpA catalytic core interaction with
the bottom strand of the double-helix. If significant con-
struct-dependent annealing was occurring, the maximum
rate of ATP hydrolysis and RNA unwinding would not be ex-
pected to follow a similar trend.
Construct C stimulates the ATPase activity of DbpA with a

much lower ATP and nucleic acid turnover than molecule A.

Surprisingly, although construct C stimulates the ATPase ac-
tivity of DbpA less than construct A, molecule C:X supports
the helicase activity of DbpA with a observed rate constant of
unwinding similar to molecule A:X (Tables 1, 2). The higher
than expected observed rate constant of unwinding observed
in the presence of construct C:X could be a consequence of
the fact that the double-helix in molecule C:X contains three
DNA residues. Therefore, the stability of the double-helix in
molecule C:X is reduced in comparison to molecule A:X.
Helix stability has been shown to influence the DEAD-box
proteins’ observed rate constants of unwinding (Chen et al.
2008).
Construct D stimulates the ATPase activity of DbpA simi-

lar to construct C as expected from the fact that both con-
structs contain five DNA bases 5′ of helix 92. The number
of DNA bases that molecules C:X and D:X contain in the
double helix differ; molecule D:X contains five DNA bases,
whereas molecule C:X contains only three. Due to the larger
number of DNA bases on molecule D:X as opposed to C:X,
the double helix in molecule D:X is expected to be less stable
than the double helix inmolecule C:X. Based on double-helix
stability and stimulation of DbpA ATPase activity, the ob-
served rate constant of double-helix unwinding in the pres-
ence of construct D:X should be higher than the observed
rate constant of double-helix unwinding in the presence of
molecule C:X; however, the data on Figure 1 and Table 1
show the opposite trend.
The discrepancies between the stimulation of the ATPase

activity, helix stability, and the observed rate constant of dou-
ble-helix unwinding in the presence of molecule D:X could
be a consequence of the low number of RNA bases on the
double-helix region of this molecule. There are only four
RNA residues that the DbpA catalytic core could interact
within the double helix of molecule D:X, three at the
5′ end and one at the 3′ end. Thus, the loading of the
DbpA catalytic core onto only a few regions of the double

TABLE 1. Helicase activity of DbpA interacting with various
model molecules

Molecule

kobs (min−1)

100 nM DbpA 300 nM DbpA 600 nM DbpA

A:X 0.43 ± 0.16 0.38 ± 0.23 0.39 ± 0.15
B:X ∼0 ∼0 ∼0
C:X 0.66 ± 0.11 1.00 ± 0.59 1.00 ± 0.66
D:X 0.13 ± 0.04 0.15 ± 0.02 0.21 ± 0.02
E:X 1.37 ± 0.69 1.57 ± 0.23 2.16 ± 0.42
A:Y 3.35 ± 2.08 2.60 ± 0.79 4.16 ± 1.11
F:Z 0.15 ± 0.02 0.24 ± 0.19 0.30 ± 0.10
G:Z 0.14 ± 0.03 0.21 ± 0.03 0.29 ± 0.10

The observed rate of unwinding was obtained by fitting the single
exponential equation to the helicase assay as previously described
(Diges and Uhlenbeck 2001). The values represent the means
from at least two independent experiments and the errors are the
deviation from the means. Molecule B:X is unable to support the
DbpA helicase activity at 1000 nM or 2000 nM DbpA. The ob-
served rate constant of unwinding at 1000 nM DbpA and in the
presence of molecule D:X is 0.16 ± 0.08, which is consistent with
saturation of the helicase assay at 100 nM DbpA for all the con-
structs employed in this study.

FIGURE 2. The role of 2′-OH moieties in DbpA ATPase activity. (A)
Activation of the ATPase activity of DbpA with a titration of ATP∗Mg
in the presence of 2000 nM of A construct (filled triangle), B construct
(circle), C construct (diamond), D construct (empty square), and E
construct (filled square). (B) Activation of the ATPase activity of
DbpA with titrations of the A construct (filled triangle), B construct
(circle), C construct (diamond), D construct (empty square), and E
construct (filled square) in the presence of 5 mM ATP. The data shown
represent one experiment. The average values and standard deviations
for the kinetics and thermodynamic parameters obtained from fitting
the Michaelis–Menten equation to similar data are shown in Table 2.

The mechanism of action of the DbpA protein
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helix would produce unwinding. For every encounter of the
DbpA catalytic core with the substrate helix, there is a smaller
chance for the helix to unwind in molecule D:X than in mol-
ecule C:X. In addition, while the DbpA catalytic core contacts
with a DNA–RNA region may produce unwinding, the un-
winding process could be slower because of the lack of proper
interactions between the catalytic core and the DNA residues.
The contacts between the catalytic core and DNA residues
would be more numerous in molecule D:X than in C:X.
This could be another plausible explanation for the low ob-
served rate constant of double-helix unwinding observed in
the presence of molecule D:X when compared to molecule
C:X. A decrease in the observed rate constant of unwinding
with an increase in the number of double-helix substrate
DNA bases has also been observed for Ded1p and Mss116p
DEAD-box helicases (Yang and Jankowsky 2005).

Although it is possible that the smaller than expected ob-
served rate constant of unwinding observed in the presence
of molecule D:X is a consequence of DbpA annealing activity,
taking into account that no annealing activity was previously
observed for the DbpA protein and that the observed rate
constant of unwinding for molecules A:X, B:X, C:X, and E:
X follows the same trend as the ATPase activity and the helix
stability, we believe that the slow observed rate constant of
unwinding in the presence of construct D:X is a consequence
of the lack of 2′-OH group on the bottom strand of this con-
struct. Detailed experiments investigating the activation of
DbpA annealing by molecule D:X, although interesting, are
outside the scope of this study.

The observation that construct E stimulates DbpA’s ATP
and nucleic acid turnover better than construct A (Table 2;
Fig. 2), and molecule E:X stimulates a higher observed rate
constant of DbpA unwinding than molecule A:X (Table 1;
Fig. 1) implies that the DNA segment 5′ of helix 92 is inter-
acting with the DbpAC-terminal domain differently than the

RNA segment in the same region. As the apparent binding af-
finity of the DbpA protein for the E construct and the A con-
struct are similar (Table 2), the DNA segment does not seem
to increase the affinity of the protein for construct E; howev-
er, the DNA segment may affect the way the 10 RNA residues
5′ of the DNA region are presented to the DbpA catalytic
core. More importantly, these experiments suggest that the
DNA region in construct E, which is the region 3′ of the dou-
ble-helix substrate in themolecule E:X, is not interacting with
the catalytic core of DbpA. If the DNA region were interact-
ing with the DbpA catalytic core, the ATPase activity of DbpA
would have decreased. Thus, the DbpA catalytic core could
not start its helicase activity at the 3′ end of the double helix.
The only mechanism that the DbpA catalytic core could em-
ploy to unwind the double-helix substrate on the E:X mole-
cule is by directly loading on this helix.
One explanation of why the previous studies suggested that

the region between helix 92 and the double-helix substrate
was required to be single stranded in order for an RNA mol-
ecule to support the helicase activity of DbpA (Diges and
Uhlenbeck 2001, 2005) is that the single-stranded region
could be required for the tight interaction of the DbpA C-
terminal domain with the RNA molecule. Modeling of the
interaction of an RNA molecule, containing helix 92 and
five residues 5′ of this helix, with the YxiN C-terminal do-
main shows that the five-residue single-stranded region
wraps around the protein (Hardin et al. 2010). A double-
stranded RNA region, which has a higher persistence length
than the single-stranded region, probably could not wrap
around the protein (Kebbekus et al. 1995; Abels et al. 2005;
Bizarro et al. 2012; Chen et al. 2012). In addition, the mod-
eling study shows that the single-stranded region 5′ of helix
92 interacts with the C-terminal of YxiN via nonspecific
charge–charge interactions (Hardin et al. 2010), and a sin-
gle-stranded DNA segment, such as the one in the molecule
E:X, could satisfy these interactions.
Comparison of the DbpA protein’s helicase activity in the

presence of molecules A:Y, B:X, and E:X suggests that the top
and bottom strands of the double helix interact differently
with the DbpA protein (Fig. 1). One possibility is that the
top RNA strand of the double-helix on the molecule B:X,
could be interacting with the C-terminal binding domain
of DbpA, and the 32-nt-long strand, which lacks the 2′-OH
groups 5′ of hairpin 92, is the only strand accessible to the
DbpA catalytic core. To test this hypothesis, a new construct
was designed in which all the residues 5′ of helix 92 are DNA,
but the single-stranded region is 23 nt longer than the single-
stranded region in molecule B (Fig. 3A molecule F:Z). The
longer construct places the double-helix substrate farther in
space from helix and hairpin 92 where the C-terminal
domain of DbpA is anchored. As a consequence, the C-ter-
minal domain of DbpA could not interact with the top strand
of the double helix. The data in Figure 3B show that the new
longer construct supports the helicase activity of the DbpA
protein. Thus, the DbpA protein’s inability to unzip the

Table 2. Kinetics and equilibrium parameters of DbpA interacting
with 32-nt-long nucleic acid constructs

RNA
kcat (ATP)

a

(min−1)
Km (ATP)a

(μM)
kmax (RNA)b

(min−1)
Kapp (RNA)b

(nM)

A 76 ± 12 337 ± 72 67 ± 3 1092 ± 152
B 10 ± 3 743 ± 105 9 ± 1 987 ± 64
C 15 ± 1 648 ± 115 15 ± 3 605 ± 291
D 53 ± 13 368 ± 170 25 ± 10 1095 ± 468
E 127 ± 20 289 ± 84 179 ± 72 946 ± 460

aThe turnover numbers for ATP hydrolysis and the ATP Michaelis–
Menten constant were obtained by fitting the Michaelis–Menten
equation to the dependence of ATP hydrolysis rate on the ATP
concentration data. The values represent the means from three in-
dependent experiments and the errors are deviations from the
means.
bThe nucleic acid turnover number and the DbpA protein’s appar-
ent binding affinity for the nucleic acid were calculated for the fit
of Michaelis–Menten equation. The values represent the average
of two independent experiments and the errors are deviations from
these averages.
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RNA strand annealed to molecule B:X is a consequence of the
top RNA strand of the double helix interacting with the
DbpA RNA-binding domain. Consequently, this strand is in-
accessible to interact with the DbpA catalytic core, while the
bottom DNA strand, which is accessible to interact with the
DbpA catalytic core, lacks the 2′-OH groups required to sup-
port the DbpA helicase activity. The experiments performed
with molecule F:Z (Fig. 3) further imply that the single-
stranded region 3′ of the double helix is not the DbpA pro-
tein’s entry site. All the residues 3′ of the double-helix sub-
strate and on the bottom strand of the double-helix
substrate are DNA in this construct.

RNA-polyethylene glycol chimera supports DbpA
helicase activity

To further investigate the possibility that the DbpA protein
employs the direct loading mechanism, we designed a model
molecule in which three ethylene glycol residues are placed
3′ of double-helix substrate and two residues removed from
it (Fig. 4A). Similar experiments with polyethylene glycol nu-
cleic acid chimeras have previously been performed with
NPH-II RNA helicase from the hepatitis C virus (Kawaoka
et al. 2004) and the E. coli Rep Helicase (Amaratunga and
Lohman 1993).
The ability of the RNA-polyethylene glycol chimera to sup-

port the DbpA protein’s helicase activity was measured by
native gel assay. Figure 4 shows the dependence of an RNA

fraction unwound versus the reaction
time. These data demonstrate that
the RNA-polyethylene glycol chimera
supports the DbpA protein’s unwind-
ing activity.

The fact that an RNA-polyethylene
glycol chimera supports the helicase
activity of DbpA, although polyethyl-
ene glycol is not a physiological poly-
mer and there are no chemical groups
in polyethylene glycol that the catalytic
core of DbpA could recognize, further
demonstrates that the four single-
strandedresidues3′ of thedouble-helix
substrate are not required to support
the DbpA protein’s helicase activity,
and that the DbpA protein, similar to
othermembers of theDEAD-box fam-
ily, unwinds the double-helix sub-
strates by directly loading on them.

DISCUSSION

The DbpA protein helicase and
ATPase data collected in the presence
of both the DNA–RNA and RNA–
polyethylene glycol chimeras shed

light on the RNA groups required to support the DbpA heli-
case activity. These data demonstrate that the residues outside
the double-helix region are mechanistically unimportant for
the DbpA catalytic activity and the single-stranded region
3′ of the double-helix substrate is not the DbpA protein’s
helicase action entry site. Similar to other members of the
DEAD-box family of enzymes, the DbpA catalytic core em-
ploys the direct loading mechanism to unwind its double-
helix substrate.
Within the nine-residue double-helix region, when the top

strand is interacting with the DbpA RNA-binding domain, as
few as four RNA residues on the bottom strand are sufficient
for the support of DbpA helicase activity. These results agree
with previous experimental data performed with Ded1p and
Mss116p. In those experiments, when one strand of a double-
helix was DNA, not all the residues on the other strands were
required to be RNA in order for the helix to support the heli-
case activity of Ded1p and Mss116p (Yang et al. 2007).
If the DbpA protein employs the direct loadingmechanism

to unwind its substrate, then why was this mechanism
not observed in the previous study (Diges and Uhlenbeck
2005)? Instead, it was suggested that the DbpA protein starts
its action at a single-stranded region 3′ end of the double-
helix substrate (Diges and Uhlenbeck 2001, 2005). The
data shown here combined with the crystal structure and pre-
vious biochemical data suggest that the DbpA RNA-binding
domain contacts different RNA regions in different RNA
model substrates (Tsu et al. 2001; Hardin et al. 2010). The

FIGURE 3. Effect of physical distance between the double-helix substrate and helix 92 on the DbpA
protein helicase activity. (A) The model RNA–DNA chimera used for this experiment. (B) Helicase
activity of the DbpA protein in the presence of longer RNA–DNA chimera. These data represent one
experiment performed at 600 nM DbpA. The observed rate constants of unwinding average values
obtained by multiple independent experiments and various DbpA concentrations are shown in
Table 1.
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interaction of the DbpA RNA-binding domain with an RNA
molecule modulates both the affinity of the DbpA protein for
that RNA molecule and the helix substrates accessible to the
DbpA catalytic core for unwinding. Therefore, it must be the
asymmetric interaction of the DbpA RNA-binding domain
with the model RNA molecules used in the previous study
that gave the appearance of a symmetric interaction of the
DbpA catalytic core with its double-helix substrate (Diges
and Uhlenbeck 2005).

The fact that the DbpA protein employs the direct loading
mechanism to unwind double-helix substrates has important
implications for the role of DbpA during ribosome assembly
in vivo. It suggests that during the ribosome assembly pro-
cess, DbpA could unwind any substrates within the catalytic
core’s reach by directly loading on them. The double-helix
substrates could be far in sequence from helix 92 and separat-
ed from helix 92 by space or other macromolecules.
Exceptions to the substrates that DbpA unwinds are the dou-
ble-helix regions that directly interact with its C-terminal
domain.

The precise RNA regions in addition to helix and hairpin
92 that the C-terminal and the catalytic core contacts during
the in vivo large subunit ribosome assembly remain un-
known. Determination of these regions may shed light on
the role of the C-terminal of DbpA on in vivo large ribosome
assembly. For instance, it is possible that the C-terminal
domain interaction with a correctly folded RNA double helix
during assembly of the large ribosomal subunit prevents the
DbpA catalytic core from unwinding that helix. Hence, the
C-terminal domain of DbpA, besides its known role of deliv-

ering the DbpA protein to its site of action on the peptide
bond formation site, could also have the role of preventing
the DbpA catalytic core access to correctly formed double he-
lices, which do not require unwinding.

MATERIALS AND METHODS

RNA molecules and enzymes

All RNA and DNA constructs, RNA–DNA, and RNA-polyethylene
glycol chimeras were purchased HPLC purified from IDT. Poly(A)
was purchased from Sigma-Aldrich. Pyruvate kinase/lactate dehy-
drogenase enzyme mixture was purchased from Sigma-Aldrich as
a buffered aqueous glycerol solution.

Protein purification

DbpA was purified as previously described (Elles and Uhlenbeck
2008) with the sole exception that KCl was used in all purification
and dialysis buffers instead of NaCl.

ATPase activity

The rate of ATP hydrolysis and nucleic acid turnover were measured
as previously described (Tsu and Uhlenbeck 1998). The KM (the
Michaelis constant) and kcat (the turnover rate) were obtained
from fitting the Michaelis–Menten equation to the data shown in
Figure 2A,B.

Helicase assay

The annealing and the helicase assay conditions used were similar to
those previously described with a few modifications (Diges and
Uhlenbeck 2005). The reaction was applied to a 20% acrylamide na-
tive gel (29:1 acrylamide to bis-acrylamide ratio) at 4°C. 5 mM
MgCl2 was present in both the gel and the gel running buffer. The
fraction of unwound RNA or DNA was calculated by the ratio of
the counts on the single-stranded band over the sum of the counts
on the annealed band plus the single-stranded band. The data were
fit to the equation:

fu = fu(0) + A(1− exp(−kt)),
where fu is the fraction of the double helix unwound, fu(0) is the
fraction of the double helix unwound before the addition of ATP,
A is the amplitude of unwinding transition, and k is the observed
rate constant of unwinding (Diges and Uhlenbeck 2001; Chen
et al. 2008; Elles and Uhlenbeck 2008).

Spontaneous unwinding was observed for molecules A:Y an F:Z.
For these molecules the observed rate constant of unwinding is cal-
culated from the differences in the observed rate constants of un-
winding in the presence and absence of ATP (Chen et al. 2008).
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