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ABSTRACT: DEAD-box RNA helicases, which are involved in virtually all aspects of RNA metabolism,
are generally viewed as enzymes that unwind RNA duplexes or disrupt RNA-protein interactions in an
ATP-dependent manner. Here, we show in vitro that the DEAD-box protein DED1 fromSaccharomyces
cereVisiae promotes not only RNA unwinding but also strand annealing, the latter in such a profound
fashion that the physical limit for a bimolecular association rate constant is approached. We further
demonstrate that DED1 establishes an ATP-dependent steady state between unwinding and annealing,
which enables the enzyme to modulate the balance between the two opposing activities through ATP and
ADP concentrations. The ratio between unwinding and annealing and the degree to which both activities
are ATP- and ADP-modulated are strongly influenced by structured as well as unstructured regions in the
RNA substrate. Collectively, these findings expand the known functional repertoire of DEAD-box proteins
and reveal the capacity of DED1 to remodel RNA in response to ADP and ATP concentrations by
facilitating not only disruption but also formation of RNA duplexes.

Among the large number of diverse proteins that facilitate
structural transitions of RNA in biological systems, the
DExH/D proteins stand out, because of their ability to directly
alter RNA structure in an ATP-dependent fashion (1).
Members of the DExH/D protein family are involved in
virtually all aspects of RNA metabolism, and these proteins
represent the largest family of enzymes in eukaryotic RNA
metabolism (2, 3). DExH/D proteins contain at least eight
characteristic sequence motifs that are conserved from
bacteria to humans. The amino acid sequence of conserved
motif II that often takes the form DEAD, DEAH, or DExH
(combined DExH/D, in single letter code), provides the name
for the protein family and for the three predominant
subgroups, the DExH, the DEAH, and the DEAD-box
proteins (1). DExH/D proteins are believed to catalyze many,
if not all, ATP-driven1 conformational changes in complexes
that contain RNA, such as the spliceosome (2). Despite this
central biological importance, the molecular mechanism(s)
by which DExH/D proteins alter structure and/or composition
of RNA-protein complexes remain poorly understood.

Many DExH/D proteins unwind RNA duplexes in vitro
in an NTP-dependent fashion, and therefore, DExH/D

proteins are frequently referred to as RNA helicases (2).
Moreover, several DExH/D proteins have been shown to
disrupt RNA-protein interactions in an NTP-dependent
manner (4, 5). For these reasons, DExH/D proteins have been
primarily implicated in processes that involve the dis-
assembly of RNA-RNA and RNA-protein interactions (1).
However, exact physiological targets for most DExH/D
proteins are not well-defined, and it is thus unclear whether
all DExH/D proteins are exclusively disassembling RNA or
RNA-protein complexes. In fact, it has recently been
reported that some DEAD-box proteins, including human
p68 and bacterial CrhR, promote the formation of RNA
duplexes in vitro, in addition to RNA unwinding (6, 7). These
findings suggest that both unwinding and annealing activities,
as well as a capacity to “tune” between RNA unwinding
and duplex formation, may be important for the remodeling
of RNA/RNP structure(s) by select DExH/D proteins. Yet,
there is virtually no mechanistic understanding of whether
and, if so, how these DEAD-box proteins coordinate RNA
unwinding and annealing activities.

Here, we show in vitro that the DEAD-box protein DED1
from Saccharomyces cereVisiae, which is highly conserved
among eukaryotes (8), has the ability to balance RNA
unwinding with a profound strand annealing activity in a
highly dynamic fashion. We demonstrate that DED1, in
addition to its previously shown RNA helicase activity (9),
also facilitates the formation of RNA duplexes. DED1
accelerates the bimolecular rate constant for RNA duplex
formation to an extent that the diffusion limit for a bi-
molecular reaction is approached. We further show that
DED1 establishes an ATP-dependent steady state between
unwinding and strand annealing. The unwinding activity
increases with the ATP concentration, whereas the annealing
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activity decreases with the ATP concentration, and DED1
is thus able to modulate the balance between the two
opposing activities. Moreover, the balance between duplex
unwinding and formation strongly depends on the nature of
the RNA substrate. Finally, we demonstrate that ADP
influences the balance between unwinding and annealing
even more than ATP at comparable concentrations and that
the degree of this ADP-dependent modulation depends on
the nature of the RNA substrate as well. These results expand
the functional repertoire of DEAD-box proteins. Our obser-
vations reveal that DED1, by involving a significant strand
annealing activity, is able to differentially regulate RNA
remodeling for distinct substrates as a function of ATP and
ADP concentration.

MATERIALS AND METHODS

Protein Expression and Purification.DED1 was expressed
in Escherichia coliand purified as previously described (5).
Homogeneity (>98%) and concentration of DED1 was
assessed by SDS-PAGE and Coomassie staining. The
DED1∆C mutant, in which 86 amino acid residues at the
carboxyl terminus of DED1 were deleted, was generated by
replacing the codon of T519 with a UAA stop codon using
PCR-based mutagenesis. The PCR products were cloned into
pET-22b and sequenced. The resulting plasmid was then
transformed into BL21(DE3) (9). DED1∆C was expressed
and purified as wtDED1. Homogeneity (>90%) and con-
centration of DED1∆C was assessed by SDS-PAGE and
Coomassie staining. NPH-II was expressed in baculovirus-
infected insect cells and purified as described (10). Purified
eIF4A was a gift from Dr. W. Merrick (11).

RNA Substrate Preparation.RNA oligonucleotides were
purchased from DHARMACON, and duplex substrates were
prepared as described (12). Top strands of duplexes were
labeled with [γ32P]ATP, and RNA was quantified by
scintillation counting. Substrates were formed as follows
(duplex regions are underlined). S[16]: T16+ B41 (5′-AGCA
CCGUAAAGACGC + 5′-GCGUCUUUACGG UGCU-
UAAAACAAAACAAAACAAAACAAAA-3 ′). F[16]: T41
+ B41 (5′-AAAACAAAACAAAACAAAACAAAAUAG-
CACCGUAAAGACGC + 5′-GCGUCUUUACGGUGCU-
UAAAACAAAACAAAACAAAACAAAA-3 ′). S[19]: T19
+ B44 (5′-AGCACCGUAAAGACGCAGC-3′ + 5′-GCU-
GCGUCUUUACGGUGCUUAAA ACA AAACAAAA-
CAAAACAAAA).

Unwinding Reactions.Reaction mixtures (30µL) contain-
ing 40 mM TrisHCl (pH 8.0), 50 mM NaCl, 0.5 mM MgCl2,
2 mM DTT, 1 unit/µL RNasin, 0.01% NP40, and 0.5 nM
32P-labeled RNA substrate were incubated with 600 nM
DED1 for 5 min. DED1 at 600 nM was saturating with
respect to the RNA substrates at all reaction conditions (data
not shown). Reactions were performed in a temperature-
controlled aluminum block at 19°C. All reactants were
incubated at 19°C prior to the reaction to avoid temperature
changes upon addition of components. Unwinding reactions
were initiated by adding an equimolar mixture of MgCl2 and
ATP. For reactions including ADP and AMPPNP, ADP-
MgCl2 and AMPPNP-MgCl2 were added together with ATP-
MgCl2 at the reaction start. At the times indicated, aliquots
(3 µL) were removed and the reaction was stopped with a
buffer containing 1% SDS, 50 mM EDTA, 0.1% xylene

cyanol, 0.1% bromophenol blue, and 20% glycerol. Aliquots
were applied to a 15% nondenaturing PAGE, and duplex
and single-stranded RNA were separated at room temperature
at 100 V/cm. Subsequently, gels were dried, and the
radiolabeled RNAs were visualized and quantified with a
Molecular Dynamics Phosphorimager and the ImageQuant
5.2 software (Molecular Dynamics).

Annealing Reactions.Reaction mixtures (30µL) contain-
ing 40 mM TrisHCl (pH 8.0), 50 mM NaCl, 0.5 mM MgCl2,
2 mM DTT, 1 unit/µL RNasin, and 0.01% NP40 were
incubated with 600 nM DED1 and, where indicated, with
MgATP, MgADP, or MgAMPPNP for 5 min. The duplex
RNA substrates were denatured at 95°C for 2 min to
generate single-stranded RNAs. Reactions were performed
in a temperature-controlled aluminum block at 19°C.
Annealing reactions were initiated by addition of 0.5 nM of
the denatured substrate strands. Aliquots (3µL) were
removed at the times indicated, and reactions were stopped
with the same buffer used to quench the unwinding reactions.
Single-stranded and duplex RNAs were separated as de-
scribed for the unwinding assays.

Data Analysis.The fractions of single-stranded and duplex
RNA were determined from the relative amount of radiao-
activity in the respective bands (single strand,Iss; duplex,
Idpx), measured with the ImageQuant 5.2 software (Molecular
Dynamics). The fraction of single-stranded RNA was
determined according to

The fraction of duplex RNA was computed according to

Observed rate constantskobs
(unw) for unwinding reactions were

determined by fitting time courses to the integrated rate law
for a homogeneous first-order reaction:

A is the reaction amplitude. Bimolecular rate constants for
strand annealing reactions,kobs

(ann), were determined by fitting
time courses to the integrated rate law for the bimolecular
annealing reaction, considering that both strands were present
at equal concentrations:

[RNA]0 is the concentration of each strand. Rate constants
for unwinding (kunw) and annealing (kann) at the ATP-
dependent steady state between duplex formation and strand
separation were determined based on the following kinetic
scheme:

where dpx stands for duplex and ss stands for single strands.
Solving the two differential equations, integrating, and
rearranging for the fraction of single stranded RNA yields

Frac ss) Iss(Iss+ Idpx)-1 (I)

Frac dpx) 1 - Frac ss (II)

Frac ss) A{1 - exp(-kobs
(unw)‚t)} (III)

Frac ss) (1 + [RNA]0‚kobs
(ann)‚t)-1 (IV)

d[ss]/dt ) kunw[dpx] - kann[ss] (V)

d[dpx]/dt ) kann[ss] - kunw[dpx] (VI)

Frac ss)
kunw(kunw + kann)

-1(1 - exp{-(kunw + kann)t}) (VII)
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Eq VII was used to fit the time courses of unwinding
reactions at varying ATP, ADP, and AMPPNP concentra-
tions. Note that the annealing rate constant here is treated
as an apparent first-order rate constant, valid at the fixed
concentration of DED1 (600 nM) and RNA (0.5 nM for each
strand or the duplex). This mathematical treatment yields
robust solutions by providing a simple analytical term for
the integrated rate law, in contrast to a significantly more
complex numerical solution that incorporates bimolecular rate
constants for the annealing reactions. Controls showed that
observed first-order rate constants (kfirst

ann) and observed
second-order rate constants (ksecond

ann) for the same annealing
reaction could be interconverted using an expression that
equates first- and second-order half-lifes (concentration of
both strands is equal) according to

Discrepancies between the two rate constants as a result of
this conversion were significantly smaller than the experi-
mental error.

The dependencies of rate constants for unwinding and/or
annealing or ratios of rate constants on ATP, ADP, or
AMPPNP concentrations were analyzed by either fitting the
respective curves to a hyperbolic binding isotherm

or to a sigmoidal Hill binding isotherm

wherekx is the value for the rate constant at a given ATP,
ADP, or AMPPNP concentration;kx

max is the rate constant
(or ratio of rate constants) at ATP, ADP, or AMPPNP
saturation; andKm represents the ATP, ADP, or AMPPNP
concentration where the half-maximal effect is reached and
n is the Hill coeffcient. Curve fitting was performed with
Kaleidagraph (Synergy software).

RESULTS

DED1 Catalyzes Both Unwinding and Annealing of RNA
Duplexes.To gain insight into the biochemical properties
of DED1, we first tested the ability of the enzyme to unwind
an RNA duplex substrate containing a 25 nucleotide over-
hang 3′ to a 16 basepair duplex region. DED1 readily
separated the two strands in the presence of ATP (Figure
1A). Unwinding was only observed with ATP or dATP.
Virtually no helicase activity was detected with other
nucleoside triphosphates, and no significant strand separation
occurred in the presence of the ATP analogue AMPPNP or
in the presence of ADP (Figure 1B). These results show that
the RNA helicase activity of DED1 is strictly dependent on
adenosine triphosphates.

Unexpectedly, DED1 significantly accelerated the forma-
tion of an RNA duplex (Figure 1C,D). This annealing activity
did not require ATP (Figure 1C). DED1 enhanced the
bimolecular rate constant of spontaneous duplex formation
of (1.4 ( 0.3) × 106 M-1 min-1 by more than 3 orders of
magnitude to (3.1( 0.6) × 109 M-1 min-1 (Figure 2A).
Significantly, the bimolecular rate constant for strand an-

nealing in the presence of DED1 approaches the diffusion
limit for a bimolecular reaction of∼1010 M-1 min-1 (13).

To test whether this pronounced strand annealing activity
was specific for DED1, we measured to which extent duplex
formation was promoted by two other DExH/D enzymes,
the DExH protein NPH-II and the DEAD-box protein eIF4A
(Figure 2A). Both proteins increased the bimolecular an-
nealing rate constant by approximately 1 order of magnitude
over the basal rate constant. This increase is significant, yet
2 orders of magnitude less than the enhancement by DED1
(Figure 2A). These findings suggest that DExH/D proteins
do not generally facilitate duplex formation to the level seen
with DED1.

Nonetheless, a capacity to promote both duplex unwinding
and strand annealing in vitro had been previously reported
for three other DEAD-box proteins (human p68 and p72,
and CrhC from cyanobacteria), although it is unknown
whether those proteins enhance the annealing rate constant
to the level measured for DED1 (6, 7). However, we noted
that these proteins share with DED1 a characteristic C-
terminus containing clusters of arginines and glycines, in
addition to the commonly conserved regions of DEAD-box
proteins (Figure 2B). To ascertain the importance of the
C-terminus for the annealing activity of DED1, we deleted
the C-terminal 86 amino acids from DED1, expressed and
purified the mutant protein DED1∆C, and measured the
annealing activity of this altered peptide (Figure 2A). With
saturating DED1∆C, the bimolecular rate constant of duplex
formation was decreased approximately 12-fold, compared
to wild-type DED1 (Figure 2A). The unwinding activity was

ksecond
ann) kfirst

ann([RNA]0 ln 2)-1

kx ) kx
max‚[NTP]‚([NTP] + Km)-1 (VIII)

kx ) kx
max‚[NTP]n‚([NTP]n + Km

n)-1 (IX)

FIGURE 1: RNA unwinding and strand annealing activties of DED1.
(A) Representative PAGE of an unwinding time course. Mobilities
of duplex and single-stranded RNAs are indicated by the cartoons
on the left. The block arrow emphasizes that the reaction was started
with duplex RNA. The 0 time point represents the reaction before
ATP addition. Aliquots were removed between 5 s and 5 min. (B)
Unwinding reactions with various NTPs at 1 mM (left panel) and
1 mM AMPPNP and 1 mM ADP (right panel). Reactions were
performed as described in Materials and Methods, except that ATP-
MgCl2 was replaced with equimolar mixtures of MgCl2 and NTPs,
dNTPs, AMPPNP, or ADP, as indicated underneath the gels.
Reactions were incubated for 30 min. (C) Representative PAGE
of a strand annealing time course with DED1. No ATP was present
during the reaction. The block arrow indicates that the reaction was
started with single-stranded RNA. The 0 time point represents the
reaction before DED1 addition. Aliquots were removed from 0.5
to 30 min. (D) Representative PAGE of a strand annealing time
course without DED1. Lane C indicates the control for the duplex.
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only reduced by a factor of∼1.2 (Figure 3F). This result
shows that the C-terminus with the characteristic RG-clusters
contributes to the annealing activity of DED1, yet the ability
to promote duplex formation does not reside exclusively
within this part of DED1.

DED1 Establishes an ATP-Dependent Steady State be-
tween RNA Unwinding and Strand Annealing.Having
established the ability of DED1 to profoundly facilitate RNA
duplex formation without ATP, we next investigated whether
DED1 also promoted strand annealing in the presence of
ATP. With 0.1 mM ATP, DED1 readily catalyzed duplex
formation (Figure 3A). However, the reaction did not proceed
to completion, as observed without ATP (cf. Figure 1C).
Instead, a distinct reaction amplitude was reached (Figure
3A,C). This reaction amplitude was not caused by inactiva-
tion of the enzyme or ATP depletion during the reaction, as
DED1 remained fully active with respect to both unwinding
and annealing for more than 60 min under all reaction
conditions (data not shown). Unwinding time courses at 0.1
mM ATP also showed a clear reaction amplitude that was
virtually identical to the amplitude of the annealing reaction
at the same ATP concentration (Figure 3B,C). At 0.25 mM
ATP, reaction amplitudes for the unwinding and annealing

FIGURE 2: Pronounced strand annealing activity is specific for
DED1. (A) Observed rate constants for strand annealing reactions
in the presence of different proteins. Points on the scaled bars (note
log scale) indicate the observed annealing rate constants (kobs

ann),
which were calculated by fitting time courses of annealing reactions
to eq IV (Materials and Methods). Time courses for each protein
given on the left were constructed from at least 6 time points. Each
time point was determined in at least three independent experiments.
All reactions were performed at identical salt and buffer conditions
with identical RNA concentrations (Materials and Methods).
Proteins were present in the reaction in the following concentra-
tions: BSA, 1 µM; control, no protein added; NPH-II, 50 nM
(saturating with respect to the RNA (10); eIF4A, 1µM (maximal
possible concentration (11); DED1, 600 nM (saturating with respect
to the RNA); DED1∆C, 600 nM (saturating with respect to the
RNA). DED1∆C lacked the C-terminal 86 amino acids (Materials
and Methods). (B) Sequence alignment of the C-termini of DEAD-
box proteins with annealing activity in vitro. Alignments were
generated with CLUSTAL X (32). Numbers indicate amino acids
counted from the N-terminus.

FIGURE 3: DED1-catalyzed ATP-dependent steady state between
RNA unwinding and strand annealing. (A) Representative PAGE
for a strand annealing reaction in the presence of DED1 and 0.1
mM ATP. The RNAs were identical to those used in Figure 1. The
arrow indicates that the reaction was started with single-stranded
RNA. Aliquots were removed from the reaction at the times
indicated in panel C. (B) Representative PAGE for an unwinding
reaction in the presence of DED1 and 0.1 mM ATP. The arrow
indicates that the reaction was started with duplex RNA. Aliquots
were removed at the times indicated in panel D. (C) Time courses
of strand annealing (O) and unwinding (b) reactions in the presence
of DED1 and 0.1 mM ATP. Data points represent the average of
at least three independent reactions; error bars indicate one standard
deviation. The line through the data points represents the best fit
to the integrated form of a homogeneous first-order rate law (eq
III, Materials and Methods). The reaction amplitudeAunw ) 0.41
( 0.02. The line through the annealing time course represents the
best fit to the integrated form of a homogeneous first-order rate
law (eq IV, Materials and Methods).Aann) 0.43( 0.02. (D) Time
courses of strand annealing (O) and unwinding (b) reactions in
the presence of DED1 and 0.25 mM ATP. Data were measured,
and rate constants and reaction amplitudes were determined as in
panel C.Aunw ) 0.56( 0.05;Aann) 0.54( 0.02. (E) Time courses
for unwinding reactions with wtDED1 at 0.1 mM ATP (b), 0.5
mM ATP (O), and 2 mM ATP ([). Time courses were fit to eq
III, yielding the following values: at 0.1 mM ATP,kobs

unw ) 1.5
( 0.1 min-1, Aunw ) 0.42( 0.02; at 0.5 mM ATP,kobs

unw ) 3.0
( 0.2 min-1, Aunw ) 0.73( 0.02; and at 2 mM ATP,kobs

unw ) 3.7
( 0.4 min-1, Aunw ) 0.90( 0.05. (F) Time courses for DED1∆C-
catalyzed unwinding reactions at 0.1 mM ATP (b), 0.5 mM ATP
(O), and 2 mM ATP ([). Time courses were fit to eq III, yielding
the following values: at 0.1 mM ATP,kobs

unw ) 0.6 ( 0.2 min-1,
Aunw ) 0.90( 0.02; at 0.5 mM ATP,kobs

unw ) 2.5 ( 0.3 min-1,
Aunw ) 0.97( 0.03; and at 2 mM ATP,kobs

unw ) 2.8( 0.3 min-1,
Aunw ) 0.97 ( 0.03.
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process were virtually identical too (Figure 3D). Notably, a
larger fraction of single-stranded RNA was formed at 0.25
mM ATP than at 0.1 mM ATP (Figure 3D).

These observations show that DED1 generated the same
fraction of duplex and single-stranded RNAs at a given ATP
concentration, regardless of whether the reaction was initiated

from single strands or from the duplex. Thus, observed
amplitudes are not the result of a stable dead-end complex
between DED1 and one (or both) of the RNA strands. In
this case, unwinding would have proceeded to completion,
as the dead-end complex would have “pulled” all RNA
toward the single-stranded products. Instead, the data were

FIGURE 4: Dependence of unwinding and annealing rate constants on ATP-concentration and the nature of the RNA substrate. (A)
Representative unwinding time course for S[16] with 2 mM ATP. Reaction amplitudeAunw ) 0.90 ( 0.05. (B) Rate constants for both
unwinding and annealing reactions with S[16] at 2 mM ATP. The time course in panel A was fit to eq VII (Materials and Methods), yielding
the indicated rate constants. For the annealing reaction, both apparent first-order rate constants and bi-molecular rate constants are given;
for interconversion, see Materials and Methods. (C) Dependence of unwinding (b) and annealing (O) rate constants on ATP concentration.
Rate constants were determined as described in panel B from unwinding time courses at each ATP concentration. Data points are the
average value from multiple independent measurements; error bars indicate one standard deviation. The curve for unwinding rate constants
vs [ATP] was fitted to a binding isotherm (eq VIII, Materials and Methods), yieldingkunw

[max] ) 4.4( 0.2 min-1 andKm
unw ) 0.43( 0.04

mM. The line through the annealing rate constants vs [ATP] represents a linear trend. (D) Ratio of unwinding and annealing rate constants
vs [ATP]. The ratio was calculated from the values given in panel C. Note the logarithmic scale of they-axis. The dashed line emphasizes
the ratio of 1; values above the line indicate predominant annealing, values below the line predominant unwinding activity. The solid line
represents a hyperbolical trend. (E) Representative unwinding timecourse for F[16] with 2 mM ATP (A ) 0.45( 0.05). (F) Rate constants
for both unwinding and annealing reactions with F[16] at 2 mM ATP. (G) Dependence of unwinding (b) and annealing rate (O) constants
on ATP concentration for F[16]. Rate constants were determined as in panel C. The curve for unwinding rate constants vs [ATP] was fit to
a sigmoidal binding isotherme (eq IX), yieldingkunw

[max] ) 3.1 ( 0.3 min-1, Km
unw ) 0.36( 0.05 mM, and a Hill coefficient ofn ) 2.2

( 0.6. The dashed line illustrates a hyperbolic binding isotherm (eq VIII). The line through the annealing rate constants vs [ATP] represents
a linear trend. (H) Ratio of unwinding and annealing rate constants vs [ATP] for F[16]. The solid line represents a hyperbolic trend. (I)
Representative unwinding timecourse for S[19] with 2 mM ATP (A ) 0.24 ( 0.02). (J) Rate constants for both unwinding and annealing
reactions with S[19] at 2 mM ATP. (K) Dependence of unwinding (b) and annealing (O) rate constants on ATP concentration for S[19]. Rate
constants were determined as in panel C. Unwinding rate constants vs [ATP] were fit to a hyperbolic binding isotherm (eq VIII), yielding
kunw

[max] ) 0.69( 0.04 min-1 andKm
unw ) 0.55( 0.08 mM. (L) Ratio of unwinding and annealing rate constants vs [ATP] for S[19]. The

solid line indicates a hyperbolic trend.
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consistent with DED1 simultaneously exhibiting two mecha-
nistically distinct activities, ATP-independent annealing and
ATP-dependent unwinding. As a result, a steady state
between duplex and single-stranded RNA is reached. Since
the poise of a steady state between two opposing processes
is determined by the ratio of the two reaction rate constants,
a greater fraction of single-stranded RNA at a higher ATP
concentration suggested that increasing ATP concentrations
enhanced the rate constant for the unwinding process, relative
to that for the annealing reaction. This notion was further
supported by time courses for unwinding reactions over a
larger range of ATP concentrations (Figure 3E). Reaction
amplitudes (fraction of single-stranded RNA) increased with
the ATP concentrations, indicating that higher ATP concen-
trations enhanced the rate constant of unwinding, relative to
the rate constant for annealing.

To establish further the ability of DED1 to promote an
ATP-dependent steady state between unwinding and anneal-
ing, we directly tested a central prediction: reaction ampli-
tudes at a given ATP concentration result from a distinct
ratio of unwinding and annealing rate constants. We reasoned
that measuring the ATP dependence of the reaction ampli-
tudes with a variant of DED1 that promoted both processes
with a different velocity ratio should yield different ampli-
tudes, compared to reactions with wtDED1 under identical
reaction conditions. Therefore, unwinding reactions with the
C-terminal DED1 deletion mutant (DED1∆C), which favors
unwinding over annealing, compared to wtDED1 (Figures
2A and 3F), should yield greater amplitudes than wtDED1.
This expectation was confirmed. Reaction amplitudes for
DED1∆C were significantly higher than with wtDED1 under
identical conditions (Figure 3E,F). This result clearly cor-
roborates the notion that DED1 establishes an ATP-depend-
ent steady state between unwinding and annealing reactions.

ATP Modulates the Balance between RNA Unwinding and
Strand Annealing.To understand the mechanism by which
DED1 balanced catalysis of the two opposing processes, it
was of interest to assess quantitatively the effect of the ATP
concentration on the ratio between unwinding and annealing
rate constants. To this end, we determined unwinding and
annealing rate constants at different ATP concentrations
(Figure 4). We note that each individual rate constant is likely
to describe a complex reaction consisting of multiple steps.

The unwinding rate constant increased by a factor of 4.9
between 0.1 and 2 mM ATP (Figure 4C). The annealing rate
constant decreased by a factor of 2.1 between 0.1 and 2 mM
ATP (Figure 4C). This decrease, although smaller than the
increase in the unwinding rate constant, is significant. We
confirmed independently the ATP-mediated inhibition of the
annealing activity in separate annealing reactions, and we
also verified that the measured changes in both unwinding
and annealing rate constants were not caused by an increase
in free Mg2+ ions, which accompany the ATP (data not
shown).

Thus, our data show that ATP exerts differential effects
on unwinding and annealing rate constants. As a conse-
quence, DED1 is able to modulate between unwinding and
annealing activities in an ATP-dependent fashion. At low
ATP concentrations (ATP< 0.1 mM), annealing is favored
over unwinding; at high ATP (ATP> 0.1 mM), the reverse
is true (Figure 4D). This observation suggests that the ATP
concentration is critical not only for establishing the steady

state between unwinding and annealing but also for deter-
mining the ratio between the rate constants for both
processes.

The Balance between Unwinding and Annealing ActiVities
of DED1 Depends on the RNA Substrate.We next tested
whether the nature of the RNA substrate affected the
activities of DED1. We generated a forked RNA complex
containing unpaired nucleotides 5′ and 3′ to the duplex region
of the substrate used above (F[16], Figure 4E). Although the
forked RNA complex differed only in unstructured regions
from the RNA used above (S[16]), time courses at 2 mM ATP
showed a significantly lower reaction amplitude (Figure 4E).
(Note that in all reactions (i) DED1 was present at saturating
concentrations with respect to the substrates, (ii) the con-
centration of all substrates was held constant at 0.5 nM, and
(iii) the basal rates for spontaneous annealing were within
the same order of magnitude for all substrates.) Interestingly,
the unwinding rate constant for F[16] was only slightly lower
than for S[16], whereas the annealing rate constant was
significantly greater for F[16] (Figure 4F). These findings
suggest that the presence of unpaired substrate regions
impacts the annealing activity of DED1 while affecting the
unwinding activity only slightly.

We then determined unwinding and annealing rate con-
stants for F[16] over a range of ATP concentrations (Figure
4G). The unwinding rate constant increased by a factor of
4.3 between 0.1 mM and 2 mM ATP (Figure 4G). This
increase is similar to the extent by which the unwinding rate
constant increased with the ATP concentration for S[16] (cf.
Figure 4C). The dependence of the unwinding rate constants
on the ATP concentration for F[16] was better described by
a sigmoidal curve, rather than by a hyperbola as for S[16].
DED1 may thus interact differently with each of the
substrates and perhaps function as an oligomer on F[16]

(Figure 4G). The annealing rate constant for F[16] decreased
by a factor of 1.2 between 0.1 and 2 mM ATP (Figure 4G).
This decrease does not exceed the error range of the
experiment and/or the effect caused by the Mg2+ that
accompanies the ATP (data not shown). Thus, in contrast to
the observations made with S[16], no clear effect of ATP on
the annealing rate constant could be detected for F[16],
indicating that the unpaired RNA region in the top strand of
the substrate affected not only the overall annealing rate
constant but also the degree by which this annealing rate
constant was influenced by the ATP concentration.

Despite the less pronounced ATP effect on the annealing
activity of DED1 with F[16], the ratio between annealing and
unwinding rate constants decreased with the ATP concentra-
tion (Figure 4H). Notably, at all ATP concentrations tested
with the given substrate concentrations, the annealing rate
constant outweighed the unwinding rate constant; that is,
DED1 was a much stronger “annealer” for F[16] than for S[16],
even though the annealing activity was attenuated at higher
ATP concentrations (Figure 4H). The results with F[16], taken
together with the data obtained with S[16], thus indicate that
unpaired substrate regions affect the ATP-dependent modula-
tion between RNA unwinding and strand annealing.

We next tested how the length of the duplex region
influenced the activities of DED1. To this end, we generated
a substrate where we extended the duplex region of the
complex with the single overhang (S[19], Figure 4I). Unwind-
ing time courses at 2 mM ATP showed a smaller amplitude
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than identical reactions with F[16] and S[16] (Figure 4I). The
unwinding rate constant was considerably lower than for the
two other substrates, whereas the annealing rate constant was
greater than for S[16], yet smaller than for F[16] (Figure 4J).
The unwinding rate constant increased, while the annealing
rate constant decreased with increasing ATP concentrations
(Figure 4K). The relative changes in the rate constants were
similar to those observed for S[16] (cf. Figure 4C). Notably,
DED1 catalyzed predominantly annealing with S[19] over the
entire range of ATP concentrations. Increasing ATP con-
centrations attenuated the annealing activity of DED1 (Figure
4L).

Collectively, the data with the three different substrates
demonstrate that the nature of the substrate influences (i)
the balance by which DED1 catalyzes disruption and
formation of RNA duplexes and (ii) the degree by which
ATP modulates the ratio between unwinding and annealing.

ADP Also Modulates the Balance between RNA Unwind-
ing and Strand Annealing.Having demonstrated an ATP-

dependent modulation of the balance between unwinding and
annealing activities of DED1, we wondered whether the other
prevalent cellular nucleoside phosphate, ADP, also affected
the activities of DED1. ADP itself did not promote substrate
unwinding, as shown above (Figure 1B). To ascertain the
effect of ADP on both unwinding and annealing rate
constants, we conducted unwinding reactions with the three
substrates tested above in the presence of 2 mM ATP and
increasing amounts of ADP (Figure 5). The ATP concentra-
tion of 2 mM was chosen in order to obtain significant
reaction amplitudes for all substrates (Figure 4).

Amplitudes of unwinding reactions with S[16] decreased
with increasing ADP concentrations (Figure 5A), immedi-
ately indicating that annealing was favored over unwinding
at higher ADP concentrations. Unwinding rate constants
declined by a factor of 36.6 between 0 and 2 mM ADP
(Figure 5B). Annealing rate constants also declined between
0 and 2 mM ADP, but only by a factor of 4 (Figure 5B).
Thus, the relative decline of both rate constants differed, and

FIGURE 5: ADP-dependent modulation of unwinding and annealing activities of DED1. (A) Representative unwinding timecourses for S[16]

in the presence of 2 mM ATP without ADP (b, reaction amplitudeA ) 0.83( 0.07), 1 mM ADP (O, A ) 0.57( 0.02), and 2 mM ADP
((, A ) 0.39( 0.03). (B) Dependence of unwinding (b) and annealing (O) rate constants for S[16] on ADP concentration. Rate constants
were determined as described in Figure 4B. (C) Ratio of unwinding and annealing rate constants vs [ADP] for S[16]. Values were calculated
as in Figure 4D. The line represents a linear trend. (D) Representative unwinding timecourses for F[16] in the presence of 2 mM ATP
without ADP (b, A ) 0.45 ( 0.05), 1 mM ADP (O, A ) 0.40 ( 0.01), and 2 mM ADP ([, A ) 0.34 ( 0.01). (E) Dependence of
unwinding (b) and annealing (O) rate constants for F[16] on ADP concentration. Rate constants were determined as described in Figure 4B.
(F) Ratio of unwinding and annealing rate constants vs [ADP] for F[16]. Values were calculated as in Figure 4D. The solid line indicates
a sigmoidal trend. (G) Representative unwinding timecourses for S[19] in the presence of 2 mM ATP without ADP (b, A ) 0.24( 0.02),
1 mM ADP (O, A ) 0.10 (0.01), and 2 mM ADP ([, A ) 0.07 ( 0.01). (H) Dependence of unwinding (b) and annealing (O) rate
constants for S[19] on ADP concentration. Rate constants were determined as described in Figure 4B. (I) Ratio of unwinding and annealing
rate constants vs [ADP] for F[16]. Values were calculated as in Figure 4D. The line represents a sigmoidal trend.
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as a result, annealing was favored over unwinding at higher
ADP concentrations (Figure 5C).

The nonhydrolyzable ATP analogue AMPPNP did not
alter the balance between the two activities in a comparable
fashion, even though increasing concentrations of AMPPNP
inhibited both unwinding and annealing activities (Figure
6A,B). Moreover, increasing concentrations of free Mg2+ did
not change the ratio between unwinding and annealing rate
constants (data not shown). Thus, the ADP-dependent
alteration of the balance between unwinding and annealing
was not due to general inhibition of DED1.

Taken together, the above data provide the following
insights. First, the balance between unwinding and annealing
can be modulated by ADP. Second, ADP modulates the
balance between unwinding and annealing activities to a
higher degree than comparable ATP concentrations. Third,
the ADP-mediated modulation is accomplished through a
differential inhibition of unwinding and annealing activities.

The Degree of the ADP-Dependent Modulation between
Unwinding and Annealing Depends on the RNA Substrate.
The observed ADP-dependent alteration of the DED1 activity
with S[16] raised the question whether the degree of this ADP-
dependent modulation would also differ for distinct sub-
strates. We therefore measured unwinding timecourses with
increasing ADP concentrations with the substrates F[16] and
S[19] (Figure 5D,G).

With F[16], reaction amplitudes decreased only slightly with
increasing ADP (Figure 5D). This observation indicates a
smaller degree of modulation between unwinding and
annealing than seen with S[16] (cf. Figure 5A). Nonetheless,
both unwinding and annealing rate constants declined with

increasing ADP concentrations (Figure 5E). While the
unwinding rate constant decreased by a factor of 28 between
0 and 2 mM ADP, the annealing rate constant decreased by
a factor of 17 between 0 and 2 mM ADP (Figure 5E). Thus,
the unwinding rate constant was affected to a degree similar
to that seen with S[16]. The annealing rate constant was
significantly more decreased by ADP with F[16]. Conse-
quently, the ratio between both rate constants did not change
as dramatically as with S[16] (Figure 5F). These observations
show that the degree by which ADP modulates the balance
between unwinding and annealing depends on the nature of
the substrate too and that the presence of an additional
unpaired region in the RNA substrate has a notable effect.

With S[19], amplitudes of unwinding timecourses also
declined with increasing ADP concentrations (Figure 5G).
The unwinding rate constant decreased by a factor of 18
between 0 and 2 mM ADP; the annealing rate constant
decreased by a factor of 4.2 between 0 and 2 mM ADP
(Figure 5H). Thus, ADP inhibited unwinding of a 19 bp
duplex slightly (yet significantly) less than unwinding of the
16 bp duplexes in S[16] and F[16] (Figure 5B,E). ADP-mediated
inhibition of the annealing rate constant for S[19], however,
was similar to the inhibition observed for S[16] and signifi-
cantly smaller than the inhibition seen for F[16] (Figure 5E).
Notwithstanding, the ratio of unwinding and annealing rate
constants changed for S[19] with increasing ADP concentra-
tions such that annealing was increasingly favored over
unwinding at higher ADP concentrations (Figure 5I).

AMPPNP did not alter the ratio between unwinding and
annealing rate constants for either F[16] or S[19] substrate to
the extent of the effects observed with ADP (Figure 6C-

FIGURE 6: Effects of AMPPNP on unwinding and annealing activities of DED1. (A) Representative unwinding timecourses for S[16] in the
presence of 2 mM ATP without AMPPNP (b, A ) 0.82( 0.08), 1 mM AMPPNP (O, A ) 0.76( 0.06), and 2 mM AMPPNP ([, A )
0.84( 0.08). (B) Ratio of unwinding and annealing rate constants vs [AMPPNP] for S[16]. Values were calculated as in Figure 4D. The line
represents a linear trend. (C) Representative unwinding timecourses for F[16] in the presence of 2 mM ATP without AMPPNP (b, A ) 0.45
( 0.05), 1 mM AMPPNP (O, A ) 0.55( 0.10), and 2 mM AMPPNP ([, A ) 0.47( 0.06). (D) Ratio of unwinding and annealing rate
constants vs [AMPPNP] for F[16]. Values were calculated as in Figure 4D. The line represents a linear trend. (E) Representative unwinding
timecourses for S[19] in the presence of 2 mM ATP without AMPPNP (b, A ) 0.24( 0.02), 1 mM AMPPNP (O, A ) 0.29( 0.03), and
2 mM AMPPNP ([, A ) 0.27( 0.01). (F) Ratio of unwinding and annealing rate constants vs [AMPPNP] for S[19]. Values were calculated
as in Figure 4D. The line represents a linear trend.

13598 Biochemistry, Vol. 44, No. 41, 2005 Yang and Jankowsky



F). These observations further demonstrate that the balance
between unwinding and annealing activities is altered by
ADP and not by general inhibition of DED1 with ATP
analogues such as AMPPNP.

DISCUSSION

We have shown here that the DEAD-box protein DED1
strongly promotes RNA strand annealing, in addition to its
ability to unwind RNA duplexes. We have further demon-
strated that the balance between these two opposing activities
is modulated by ATP and ADP concentrations and also
depends on the nature of the RNA substrate. These features
enable DED1 to regulate RNA remodeling in response to
ATP and ADP concentrations and to features of the RNA
substrate.

The strand annealing activity of DED1 is profound. Under
our reaction conditions, DED1 enhances the rate constant
for duplex formation by more than 3 orders of magnitude,
up to a level that approaches the diffusion limit for a
bimolecular reaction (13). This large increase of the annealing
rate constant significantly exceeds enhancements reported
for most other proteins that promote duplex formation, such
as Ncp7, p53, or gBP21 (14-16).

Two other RNA helicases tested here did not display
annealing activity comparable to that of DED1, although
these enzymes did enhance the annealing rate constant by
approximately 1 order of magnitude, which is significant.
These observations suggest that RNA helicases may com-
monly promote strand annealing by an order of magnitude
above the basal rate constant, perhaps by neutralizing charges
through binding to the RNA backbone (17).

To our knowledge, only the RNA binding protein hnRNP
A1 has been shown to accelerate strand annealing to the level
seen with DED1 (18). Interestingly, hnRNP A1 contains, in
addition to its RRM domains, a C-terminus rich in glycines
and arginines. Removal of this C-terminus decreases the
annealing activity of hnRNP A1 by an order of magnitude
(18). DED1 also contains an RG-rich C-terminus, and as
shown here, the removal of this C-terminus decreases the
annealing activity of DED1 by an order of magnitude, too.
Moreover, three other DEAD-box helicases containing such
RG-rich C-termini (human p68 and p72 and cyanobacterial
CrhR, Figure 2) have recently been shown to promote strand
annealing as well (6, 7), although it is unknown whether
these proteins enhance the annealing rate constant to the level
seen with DED1. Collectively, these findings make it
attractive to hypothesize that C- or N-terminal RG-clusters
may confer a pronounced ability to promote strand annealing
to a diverse range of proteins. The exact role of RG-rich
termini in RNA strand annealing is presently unknown, but
it may be possible that the arginines neutralize charges of
the sugar phosphate backbones of the RNA strands (19). Such
charge neutralization is known to facilitate strand annealing
(18). Glycines may provide the peptide (segment) with the
flexibility necessary to adapt to different RNA structures or
to allow for induced fit between RNA and protein (20).

Despite the prominence of the C-terminal RG-clusters, the
strand annealing activity of DED1 most likely involves the
helicase core domain with the ATP-binding site as well,
enabling the enzyme to affect duplex formation with ADP
and ATP. An influence of ATP on the annealing activity

has also been observed for the cyanobacterial DEAD-box
protein CrhR (6). However, in contrast to DED1, CrhR
promotes duplex formation only in the presence of ATP.

A central insight of the present work is the capacity of
DED1, and possibly other similar DEAD-box proteins, to
establish a steady state between duplex disruption and
formation. Significantly, duplex unwinding and strand an-
nealing by DED1 are not microscopic reversals of the same
reaction, but two distinct processes, each of which utilizes
nucleotide cofactors differently. RNA unwinding is strictly
dependent on the hydrolysis of ATP, whereas strand anneal-
ing does not require ATP hydrolysis or, inversely, ADP and
Pi to form ATP. Nonetheless, both ATP and ADP affect the
annealing reaction too, and it is also likely that both
unwinding and annealing activities employ overlapping or
even identical regions in DED1. That is, the two activities
are unlikely to reside in completely different parts of the
enzyme.

The employment of two distinct activities for unwinding
and strand annealing constitutes a critical mechanistic
distinction between DED1 and proteins with RNA or DNA
chaperone activity, which also promote both disruption and
formation of RNA duplexes (reviewed in ref21). These
“traditional” RNA/DNA chaperones do not utilize NTPs or
other cofactors and are only able to balance unwinding and
annealing through protein binding, that is, through the
microscopic reversal of helix destabilization and facilitation
of annealing (21). In contrast, DED1 can utilize ATP and
ADP to significantly affect the balance between RNA
unwinding and strand annealing. The ATP-dependent scaling
of the balance between unwinding and annealing is the sum
of opposite effects of ATP on each of the activities. ADP,
on the other hand, inhibits both unwinding and annealing,
presumably by interfering with ATP binding. However, ADP
inhibits both unwinding and annealing to a different degree,
and as a result, an increase in ADP concentration favors the
annealing activity.

The exact mechanisms by which ADP and ATP impact
strand annealing are not yet clear. However, our data suggest
that DED1, when bound to the RNA in the presence of ATP
or ADP, adopts conformations less favorable for the facilita-
tion of strand annealing, compared to DED1 without cofac-
tors. This conclusion can be drawn because DED1 was
present at saturating concentrations with respect to the RNA,
even at the highest ADP and ATP concentration used.

In addition to the ATP- and ADP-dependence of the steady
state between unwinding and annealing, we also found a
sensitivity of DED1 to the nature of the RNA substrate. The
unwinding rate constant decreases with the extent of the
duplex region, but is largely insensitive to the overall length
of the RNA. This observation is consistent with the proposed
limited processivity of DED1 (5). The annealing rate constant
increased with the overall length of the RNA, regardless of
whether the RNA was structured or not (Figure 4). In
addition, the increased length of RNA made the annealing
rate constant more susceptible to ADP modulation (Figure
5). As a result, additional unpaired substrate regions impact
the balance between unwinding and annealing activities as
well as the degree by which this balance is modulated by
ATP and ADP. Therefore, unpaired substrate regions can
exert a rather complex influence on the overall activity of
DED1, and consequently, the context of a given substrate
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even outside of a duplex region may potentially impact RNA
rearrangements by DED1.

The ability to remodel RNA structures through more than
duplex unwinding expands the horizon for possible roles of
DED1 (and other related DEAD-box proteins) beyond the
disruption of RNA-RNA or RNA-protein interactions.
Although the physiological significance of combined un-
winding and annealing activities has not been specifically
explored for DED1 or other DEAD-box proteins, DED1 is
one of the most efficient enzymes to catalyze strand
annealing. This profound activity is thus worth considering
when envisioning potential biological functions of DED1,
an essential protein in yeast. In this context, it is notable (i)
that deletion of the 90 C-terminal amino acids of DED1,
which are shown here to enhance the annealing activity of
DED1, is lethal inS. cereVisiae (T. H. Chang, personal
communication) and (ii) that theS. pombeDED1 homologue
was identified in a screen for factors promoting antisense-
mediated gene silencing (22). We emphasize that there are
clearly alternative explanations for these two observations;
however, a strand annealing activity of DED1 would directly
account for those results.

Although the exact physiological targets of DED1 are
currently unknown, it is attractive to speculate that the
enzyme may use its two opposing activities to directly
facilitate ATP-dependent exchanges of RNA-RNA or
protein-RNA interactions. ATP-driven exchanges of mutu-
ally exclusive RNA-RNA interactions as well as protein-
RNA exchanges are well documented in mRNA splicing or
ribosome biogenesis (23), and DED1 (and p68, which also
anneals RNA strands(7)) has been found in both spliceo-
somal and ribosomal precursor particles (24, 25).

Nonetheless, proximity of RNA helicase and strand
annealing activities have been observed to date only for
separate proteins. For instance, the DEAD-box protein eIF4A
interacts with eIF4B, which catalyzes strand annealing in
vitro, and the DExH protein Brr2 functions in conjunction
with Prp24, which promotes annealing of RNAs (26-28).
A protein harboring both ATP-dependent unwinding and
strand annealing activities would be well-suited to perform
more complex remodeling reactions without the simultaneous
need for multiple protein factors. It is also important to note
that the intermolecular strand annealing activities shown for
DED1, p68, and other DEAD-box proteins may be relevant
for intramolecular duplex formation, that is, RNA folding,
as recently shown for the DEAD-box protein RH-II/Gu (29).

Besides the mechanistic possibilities afforded by DEAD-
box proteins that promote both strand annealing and disrup-
tion of RNA-RNA or RNA-protein interactions, the
regulation of the two opposing activities is of potential
biological importance. Because the balance between unwind-
ing and annealing activities is sensitive to ATP and ADP
concentrations, it is conceivable that DED1 utilizes such ATP
and/or ADP modulation in one or more of its myriad
physiological roles (8). In fact, the maximal modulation by
ADP under our reaction conditions occurs in the range of
physiological ADP/ATP ratios (30). It is thus possible that
DED1 adjusts its activity under metabolic stress situations
that are accompanied by changes in ADP and/or ATP
concentrations.

Finally, the remarkably distinct response of DED1 to
different RNA substrates could conceivably provide a

physiological advantage. The ability to differentially remodel
distinct RNA substrates could reflect the adaptation of DED1
to its multiple biological functions in pre-mRNA splicing,
RNA export, and translation initiation, where the enzyme
has been shown to be required for the regulation of specific
genes (8, 31).

Collectively, our observations have added an intriguing
facet to the known mechanistic repertoire of the ubiquitous
DEAD-box protein family. The ability to balance strand
annealing and duplex unwinding in a dynamic and ATP/
ADP-dependent fashion raises the question whether a subset
of DEAD-box proteins including DED1 and p68 might be
more appropriately considered “RNA remodelers”, rather
than “just” RNA helicases or RNPases. It will now be
interesting to understand mechanistic implications of ATP
and ADP “tunable” RNA unwinding and strand annealing
activities combined in a single enzyme. At the same time, it
will be critical to elucidate physiological ramifications of
concurrent unwinding and annealing activities in the growing
number of DEAD-box proteins that catalyze both strand
separation and duplex formation.
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