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ABSTRACT

DEAD-box helicases are involved in all steps of RNA
metabolism. They are ATP-dependent RNA binding
proteins and RNA-dependent ATPases. They can dis-
place short duplexes, but they lack processivity.
Their mechanism and functioning are not clearly un-
derstood; classical or bulk biochemical assays are
not sufficient to answer these questions. Single-
molecule techniques provide useful tools, but they
are limited in cases where the proteins are nonpro-
cessive and give weak signals. We present here a
new, magnetic-tweezers-based, single-molecule as-
say that is simple and that can sensitively measure
the displacement time of a small, hybridized, RNA
oligonucleotide. Tens of molecules can be analyzed
at the same time. Comparing the displacement times
with and without a helicase gives insights into the
enzymatic activity of the protein. We used this assay
to study yeast Ded1, which is orthologous to human
DDX3. Although Ded1 acts on a variety of substrates,
we find that Ded1 requires an RNA substrate for its
ATP-dependent unwinding activity and that ATP hy-
drolysis is needed to see this activity. Further, we
find that only intramolecular single-stranded RNA ex-
tensions enhance this activity. We propose a model
where ATP-bound Ded1 stabilizes partially unwound
duplexes and where multiple binding events may be
needed to see displacement.

INTRODUCTION

RNA helicases are ubiquitous proteins that are found in all
three kingdoms of life and that are associated with all pro-
cesses involving RNA, from transcription to decay (1-3).
Like their DNA helicase counterparts, they are character-
ized by highly conserved core structures with structural ho-
mology to the recombinant protein A (RecA) and that con-
tain highly conserved nucleotide triphosphate binding sites,
called the Walker A and B motifs. Most RNA helicases are
classified into superfamilies (SFs) 1 and 2, which contain
catalytic cores consisting of two, linked, RecA-like domains.
Despite their commonly shared cores, these proteins have
highly diversified specificities and enzymatic activities. They
have been shown to unwind RNA-RNA and RNA-DNA
duplexes, displace RNA-bound proteins, remodel ribonu-
cleoprotein complexes and act as RNA chaperones to in-
sure the correct formation of RNA secondary and tertiary
structures. Some translocate on RNAs in the 5 to 3’ di-
rection, others in the 3’ to 5 direction and some have lit-
tle or no translocation activity. Nevertheless, on the whole
they all can be considered to be NTP-dependent (or NDP-
dependent) RNA binding proteins and RNA-dependent
NTPases. In general, helicases (both RNA and DNA) show
a broad range of helicase activities that can be easily distin-
guished by single-molecule techniques (4). Some are highly
processive and active helicases: these proteins are able to
separate duplexes at a constant rate that is independent of
the stability of the base pairs. On the opposite extreme, some
are passive and opportunistic: they seem to take advantage
of base fraying to progress along the polynucleotide chain.
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Others pause at G/C-rich regions and accelerate in regions
that are less stable, and consequently they represent an in-
termediate activity.

The largest family of RNNA helicases is the DEAD-box
proteins found in SF2 (5,6). These proteins typically con-
tain a Walker B motif (motif IT) sequence that is D-E-A-D
in single amino-acid nomenclature, and they use ATP as a
cofactor. These proteins have weak, nonprocessive, helicase
activity that is highly sensitive to the stability of the duplex.
They are thought to unwind duplexes by localized strand
disruption at the site of binding (7). There are now a num-
ber of solved crystal structures of different DEAD-box pro-
teins bound to the nucleotide and RNA ligands, and they all
show the same underlining interactions (6). In the presence
of bound RNA and adenosine 5'-(B,y-imido)triphosphate
(AMP-PNP), which is a nonhydrolyzable analog of ATP,
the two RecA-like domains form a ‘closed’ conformation
with high affinity for RNA. The interactions with RecA-
like domain 2 are consistent with RNA (single-stranded or
double-stranded) in the form of an A-form helix, although
only a single strand of the RNA is actually bound. In con-
trast, the interactions with RecA-like domain 1 show steric
hindrance that would disrupt a helix and unstack the ter-
minal bases. This is considered the primary mechanism by
which DEAD-box proteins unwind duplexes. In the absence
of ATP or in the presence of ADP, the RecA-like domains
are thought to assume an ‘open’ conformation with low
affinity for the ligands (6,8).

Unfortunately, the lack of processivity of DEAD-box
proteins limits the sensitivity of single-molecule analyses be-
cause the region unwound is relatively small, which results
in a weak signal. To overcome this limitation of existing as-
says, we have developed a new assay using single-molecule
magnetic tweezers that amplifies the effects of the displace-
ment of a short duplex and reveals even weak helicase activ-
ity. We tested this system with the yeast Ded1 protein, which
belongs to the DDX3 subfamily of DEAD-box proteins
(9-13). These experiments differ from previously reported
single-molecule experiments of Ded 1 that used atomic force
microscopy because duplex unwinding was independent of
the applied force and because we could easily modify the ex-
perimental parameters (14). By studying Ded! activity on
various types of substrates at the single molecule level, we
show that Ded1 has high affinity for single-stranded RNA,
is nonprocessive and that it unwinds duplexes by local melt-
ing of a few base-pairs. On the basis of our results, we pro-
pose a model for the molecular mechanism of the unwind-
ing activity that is consistent with our results and previously
published data.

MATERIALS AND METHODS
Experimental setup

A PicoTwist magnetic tweezers instrument was used to ma-
nipulate individual DNA hairpins tethered between mag-
netic beads and a coverslip. The magnetic bead was held by
a force due to a vertical magnetic field gradient generated
by a pair of permanent magnets. Precisely controlling the
distance of the magnets from the sample surface varied the
force on the samples. The movement of these magnets was
achieved with the help of PI DC-motor, which allowed us to

exert a force with sub-picoNewton accuracy. The force was
calculated from the Brownian fluctuations of the tethered
bead (15).

The DNA substrate used in the single-molecule studies
consisted of a 1239 bp hairpin with a four-nucleotide-loop,
a 76-nucleotide-long, 5'-biotinylated, ssDNA tail and a 146
bp 3’-digoxigenin-labeled dsDNA tail (see Supplementary
Figure S1). The 1.2 kbp hairpin was synthesized and at-
tached as previously described (16). In brief, we attached
this hairpin at one end to a streptavidin-coated magnetic
bead through a biotin-streptavidin bond and at the other
end to a coverslip through a digoxigenin-anti-digoxigenin
bond.

A CMOS camera at the image plane of the objective was
used to track the position of the tethered magnetic bead in
three dimensions with nanometer resolution at 30 Hz. Thus,
tracking the z-axis fluctuations of the tethered bead enabled
us to monitor the change in extension of the tethered DNA
hairpin in real time with an accuracy of about 5 nm. The ex-
tension of the DNA changed in accordance with the applied
force, by the presence of hybridized oligonucleotides and by
added DedI protein. Tens of beads were tracked simultane-
ously in real time in order to obtain statistically significant
measurements of single molecule events. More details about
the experimental setup are mentioned elsewhere (17). The
determination of the ssDNA elasticity is described in Sup-
plemental Figure S2.

The working buffer used in all the helicase assays for
Ded1 was composed of 20 mM Tris-HCI, pH 7.5, 50 mM
potassium acetate, 3 mM magnesium acetate, 2 mM dithio-
threitol and 0.2 mg/ml bovine serum albumin. All the
single-molecule experiments were conducted at a temper-
ature of 30°C.

Hairpin refolding blockage and ssDNA binding assay

A DNA hairpin was unfolded by pulling a magnetic bead
on one end of the strand while the other end was tethered to
a glass surface. The hairpin became unfolded and fully ex-
tended at a force larger than 15 pN, and it instantaneously
refolded, when the force was reduced, through initial base
pairing at the region corresponding to the apex of the hair-
pin. The net extension thereby became zero. However, an
oligonucleotide hybridized to the apical region, during the
phase when the DNA was extended, blocked the reforma-
tion of the hairpin when the force was reduced. As a conse-
quence, the extension of the hairpin was transiently blocked
for a finite value before the hairpin fully refolded. Adjusting
the force during the refolding provided a way to detect weak
binding. The blocking event strongly depended on whether
the oligonucleotide bound in the loop apex or in the stem
region of the DNA molecule. In the first case, the blocking
was stronger because nucleation of the hairpin was kinet-
ically blocked. This represented several kgT units (Boltz-
mann constant multiplied by the temperature in K; 1 kg7
=4.18 pN-nm at 30°C). In the latter case, oligonucleotides
were more easily displaced because the refolding hairpin ex-
erted a displacement force.

In our assay, we programmed the magnetic-tweezers de-
vice to periodically open and close the hairpin with a short
opening time and a longer refolding time; we then studied
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the refolding signals to determine how many blockages were
observed versus the number of cycles. This assay detected
single binding events. We could alter the conditions by vary-
ing the force and by adding various factors, such as a heli-
case and ATP, that altered the observed off rates, Tof.

Data collection and analysis

The image of the bead displayed diffraction rings that were
used to estimate its three dimensional position as explained
elsewhere (15). From the fluctuating positions of the bead
both the mean elongation of the molecule and the force ap-
plied to it could be deduced (18). The z-axis fluctuations
were acquired at 30 Hz. We drew the cumulative histogram
of the number of events that lasted longer than T}4q in or-
der to measure the mean displacement rate (I7,gl) of the
oligonucleotide when the duplex was very stable and most
of the displacement times (7,) exceeded the holding force
time (Tho1q); this function was an exponential with a char-
acteristic time | 7l, and it represented a classical histogram
of the number of events in a bin that presented an exponen-
tial behavior except for the last bin, which corresponded to
all the events lasting more than Tygg.

Oligonucleotides

The following oligonucleotides were used, where
base-paired regions to the DNA are under-
lined and DNA nucleotides indicated with a ‘d*
Ilbp (5 AGA UGCCAAAA 73); 5ss-11 bp (¥

AAA AAA AAA AAA GAU GCC AAA A 3'); 11 bp-3'ss
(5 AGA UGC CAA AAA AAA AAA AAA A 3); 15 bp
(8 CGUC AGA UGC CAA AA 3'); 5'ss-15 bp (5" AAA
AAAAAA AAC GUC AGA UGC CAA AA 3'); 15bp-
F'ss (5 CGU CAG AUG CCA AAA AAA AAA AAA AA
3); DNA-11 bp (5 dAdGdA dTdGdC dCdAdA dAdA

3); 11 bp-2R-9D (5 AGdA dTdGdC dCdAdA dAdA

3); 11 bp-3R-8D (5 AGA dTdGdC dCdAdA dAdA
3); 11 bp-4R-7D (5 AGA UdGdC dCdAdA dAdA
3); 11 bp-8D-3R (5" dAdGdA dTdGdC dCdAA AA

3); 11 bp-7D-4R (5 dAdGdA dTdGdC dCAA AA 3');
11 bp-4D-2R-5D (5" dAdGdA dTGC dCdAdA dAdA 3);
11 bp-4D-4R-3D (5 dAdGdA dTGC CAdA dAdA 3);
RNAO1 (5 UCA UACUUU UCU UUU CUU UUC CAU
C3); RNAO2 (5 GAU GGA AAA GAA AAG AAA AGU
AUG A 3); 5'ss-30 bp (5 AAA AAA AAA AAA AAA

GAU AAG CCU ACU ACA GUA GAU UUU GAC GGG

3’). The two mixed RNA-DNA oligomers, where the
RNA-RNA interactions are underlined, used to form
the cruciform consisted off: 5 GAG CGU CAG CdCdC
dAdCdC dAdTdT dCdAdC dAdTdG dCdTdT dAdGdG
dAdGdC dGdG 3’ and 5 dCdGdG dTdTdA dGdTdT dT
dCdC dGdCdT dCdCdT dAdAdG dCdAdT dGdTdG dA
dAdT dGdGdT dGdGG CUG ACG CUC 3.

Recombinant protein expression and purification

Ded1-His6 was expressed in pET22b (Novagen) and puri-
fied as previously described (19,20). The purity was veri-
fied by separating the material by electrophoresis on a SDS,
Laemmli, polyacrylamide gel. The protein concentrations
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were determined by the Bio-Rad Protein Assay using bovine
serum albumin as a standard. The activities were verified
by measuring the RNA-dependent ATPase activities using
whole yeast RNA as previously described (21). Dedl was
aliquoted in small portions and stored at —80°C in 50% glyc-
erol until needed. To insure reproducibility, aliquots were
thawed once and discarded after each experiment.

RESULTS
Single-molecule magnetic tweezers experimental system

The experimental system was based on manipulating mul-
tiple single-stranded DNAs (ssDNA) that were attached
to a glass slide on one end and magnetic beads on the
other (4). The DNA contained extensive regions of self-
complementarity that resulted in an extended hairpin.
However, under sufficient force the DNA could be extended
to form a single-stranded chain. This unwound DNA was
subsequently stabilized by hybridizing an oligonucleotide
of interest at the region corresponding to the apex of the
hairpin, which blocked the refolding of the hairpin when
the force was reduced. The eventual displacement of this
oligonucleotide was followed over time by the spontaneous
reformation of the DNA hairpin that was readily seen by
the large differences in extension between the two forms.
We were able to monitor a field of multiple molecules at the
same time to obtain statistically significant measurements
of the enzymatic activities under various conditions.

The assay consisted of applying periodic force cycles over
three major phases that imposed three molecular states
(Figure 1A). In phase I, the force was set at ~20 pN (Fopen)
for a few seconds to convert the DNA hairpin into an ex-
tended single strand (Figure 1A, state A to B). An oligonu-
cleotide present in the chamber then hybridized at the api-
cal position of the hairpin. In phase II (Figure 1A, state
B to C), the force was decreased to ~5-6 pN (Fpeq) for
a fixed time (Thola). At Fho, the DNA hairpin sponta-
neously refolded in the absence of the oligonucleotide (state
A). In its presence, the DNA remained extended as long
as the oligonucleotide remained bound; the molecule ex-
tension was slightly reduced due to the elasticity of the ss-
DNA (state C). We defined the refolded state as zero exten-
sion. Thus, a 1.2 kb hairpin extended to ~1.2 wm when F
= Fypen, reduced to ~0.75 wm when F was set at Fi,o1q and
an oligonucleotide was hybridized, and then to zero when
the oligonucleotide was displaced (Figure 1b). The transi-
tion from state C to A gave the displacement rates (7) of
the oligonucleotides at Fj,oq. Finally, in phase III the force
was reduced to ~0.5-1 pN to eject any remaining oligonu-
cleotide (Figure 1A). This cleaning phase ensured that all
the cycles were independent. A typical experiment is shown
in Figure 1B for several DNA molecules.

This cyclic assay provided several important advantages.
First, the bound oligonucleotide did not need to be labeled.
Second, the force in phase Il (Fjoq) was adjusted so the
extension of the ssDNA was equal to that of a B-form
DNA-DNA helix or of an A-form RNA-DNA helix, so
that there was no mechanical stretching energy contribution
involved in the hybridization process (22, see Supplemen-
tary Figure S2). Third, the transition from elongated DNA

6102 JoqWIBAON Z0 U0 Josn (9 slied) rSNIg Ad 62161 ES/669€/L/LFH0BISqe-8[0NE/IeU/W0D dNO"DILSPEDE//:SARY WO} POPEOJUMO(T



3702 Nucleic Acids Research, 2019, Vol. 47, No. 7

A B’Z‘ZO "'l""l'"l"'l"'l""""l"'_.
a
B 510 B
S}
TF:ZOpN C L ....lll...l. il .|..._,|....|....l'...:
Fopen TF_G LA B B UL B B B B SR B L B A B B S L B
Ope =6pN A H ]
il | H H ]
A ) . ) A = B ]
off s f\\ \ 1
c C |
Kl 1
Fhold 205 ]
8 |
x
F F N f
F=0 zZero Force ste Zero F=0 0 —i ‘ | ‘
0 50 100 150 200 250 300 350 400
Time (sec)

Figure 1. Principle of the assay done with magnetic tweezers. (A) The assay involved three phases and three possible molecule states (A, B and C; described
in detail in the text). In brief, the force value imposes the molecular state. At phase one, the force was close to 0 pN (Fero), the hairpin was completely
folded (state A), and its extension was defined as zero. At phase two, the force was increased (Fopen) to about ~20 pN for a few seconds, and the hairpin
was completely unwound and the DNA fully extended (state B). An oligonucleotide (RNA or DNA) complementary to the apical region of the DNA
hairpin (shown in magenta) was able to hybridize to the DNA after a few seconds at Fopen. At phase three, the force was reduced to 6 pN (Fp,o1q); however,
the bound oligonucleotide prevented the DNA hairpin from reforming, and the DNA remained in a transiently extended (state C). During this phase, the
oligonucleotide could dissociate from the DNA and return the molecule to state A, where the duration of state C was defined as Tg. Finally, the force
was reduced to zero (Fyero), which caused any remaining molecules in state C to refold, and a new cycle was started. These phases were repeated numerous
times with the same DNA molecule. (B) An example of the experimental assay. The top panel shows the force modulation acting on the hairpin while the
lower panel shows the real time extension of three individual hairpins (red, blue, orange) with respect to the force applied. The red and blue traces were
displaced slightly up and down, respectively, to facilitate viewing. The force modulation cycles were repeated ~100-150 times with about 30 to 50 beads to

obtain statistically significant values of the mean T, | Togl.

to closed hairpin amplified the signal and revealed the dis-
placement of even short oligonucleotides. Another advan-
tage of this assay was that the ssDNA was not a substrate
for the protein; DEAD-box proteins have only weak, ATP-
independent affinity for ssDNA (23). Moreover, the con-
tacts with the RNA substrate in all the solved crystal struc-
tures of DEAD-box proteins involves only a single strand of
the RNA; the complementary strand can be either RNA or
DNA (6). Indeed, it has been shown that both RNA-RNA
and RNA-DNA duplexes are good substrates for DEAD-
box proteins (e.g. 19,24).

The observed rate of displacement of the oligonucleotide
was directly related to the dissociation constant (ko) be-
cause the fast irreversible refolding of the DNA hairpin pre-
vented rehybridization. Thus, 7o displayed an exponential
distribution that could be fit to the equation P(¢) = a*exp(—
t/1Toil), where ¢ is time, a is a constant and |7l is the mean
off rate (ITogl = 1/kogr). This value was highly dependent on
the G/C content and on the length of the oligonucleotide.
In general, we found empirically that |7, was reduced by
a multiple of approximately three to four for each base pair
eliminated. For an RNA oligonucleotide, |7,y spanned a
fraction of a second for a 7-mer and reached ~1000 s for
a 15-mer. On some occasions, T exceeded the hold time,
Thotd, used in phase I1. In these cases, fitting the histogram
with the last bin summing all events exceeding Thoq en-
abled us to determine the |7oyl, as long as Thoq was not
too short (see methods). In contrast, the hybridization time
(Ton) was dependent on the oligonucleotide concentration.
We typically used nanomolar concentrations of oligonu-
cleotide that yielded high ratios to the tethered DNA and
added enzyme.

The Tyl measured provided a proxy to detect a helicase
activity: destabilizing the oligonucleotide reduced |7l sig-
nificantly. Thus, the ratio [Tyl /170 [H]l, where [H] is the
helicase concentration, was a measure of the enzymatic ac-
tivity. However, this ratio was not entirely proportional to
this activity because it did not take into account the time
it takes for the protein to bind to the substrate, which de-
pended on the concentration-dependent diffusion of the
protein and its correct positioning on the substrate. There-
fore, the ratio was a reflection of both protein binding and
helicase activity, and it would vary according to the duplex
stability.

The DEAD-box helicase Ded1 can efficiently displace RNA
oligonucleotides

To test our system we chose the DEAD-box helicase Ded1
from yeast. It has previously been shown to be one of the
most active DEAD-box proteins with the capacity to un-
wind, in an ATP-dependent fashion, a large excess of sub-
strates at nanomolar concentrations (25). Both RNA-RNA
and RNA-DNA duplexes are efficiently disrupted as long
as any single-stranded regions are RNA (19). Others found
that flanking ssDNA also could enhance the activity but
only at very large concentrations of Dedl relative to the
substrate (26). These regions provide ‘landing sites’ that
greatly enhance the enzymatic activity, but they are found
to be equally effective either 5 or 3’ to the duplex. Con-
sequently, Ded1, like most characterized DEAD-box pro-
teins, does not show any directionality. The unwinding ac-
tivity is highly sensitive to the duplex stability; for exam-
ple, it was shown that a 50-fold excess of a 16 bp duplex,
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with a calculated Gibbs free energy of —19.8 kcal/mol (-
82.8 J/mol), is completely displaced in an ATP-dependent
manner in under five minutes at 30°C by Ded1, while a du-
plex with a value of —25.3 kcal/mol (-106 J/mol) is not com-
pletely disrupted even after 30 min with an equimolar con-
centration of protein and substrate (19).

We tested three RNA oligonucleotides that could form
11 bp RNA-DNA duplexes at the region corresponding to
the apex of the DNA hairpin. One oligonucleotide had a 5’
single-stranded extension consisting of (A);; (5'ss-11 bp),
the second had the equivalent extension on the 3’ end (11
bp-3’ss), and the third formed a blunt-end duplex (no ss-
RNA extension; 11 bp). We tested these oligonucleotides
in the absence of protein (Figure 2A; Table 1). Both 11 bp
and 11 bp-3’ss had similar |17l of around 15-17 s, while
the Tyl of the 5'ss11 bp oligonucleotide was nearly twice
longer (Figure 2A; Table 1). This was probably because the
5" extension could form an additional G-A bp at the end
of the duplex. Thus, the intrinsic (protein-independent) dis-
placements of the oligonucleotides were consistent with the
anticipated stabilities of the duplexes.

We then added 10 nM Dedl and 1 mM ATP to the reac-
tions (Figure 2B; Table 1). As expected, the blunt-end du-
plex (11 bp) was the worst substrate for Dedl, which in-
creased the off rate by 3.9-fold (16.9 s/4.30 s) over the in-
trinsic, protein-independent rate. Unexpectedly, Dedl in-
creased the off rate of the more stable 5’ss-11 bp oligonu-
cleotide by nearly 22-fold (28.0 s/1.30 s) while the less sta-
ble 11 bp-3’ss was enhanced by only 5.9-fold (14.7 s/2.50 s).
This contradicted previously published results that duplexes
with either 5’ or 3’ extensions were equally effective as sub-
strates. These values were equivalent with Dedl reducing
the duplex energy by one or two base pairs. Increasing the
Ded]1 concentrations increased the off rates, which was con-
sistent with a rate-limiting step being diffusion-controlled
binding of the substrate by the helicase (I7,gl(+ATP), Ta-
ble 1). Interestingly, Dedl in the absence of ATP likewise
showed a concentration-dependent displacement of the du-
plex, although significantly less efficiently than with ATP
(IT,I(-ATP), Table 1). However, these ATP-independent
values were more dependent on the duplex stability than on
the presence of single-stranded extensions (data not shown).

As mentioned above, DEAD-box proteins are thought
to be highly sensitive to the duplex stability. Thus, we re-
peated the previous experiment with oligonucleotides that
could form 15 bp RNA-DNA duplexes but with the same
flanking sequences, when present. As expected, the 15 bp
duplexes were 35- to 70-fold more stable than the 11 bp du-
plexes in the absence of protein (Table 1). We then tested
the stability of the duplexes in the presence of 20 nM Ded1
and 1 mM ATP; the higher protein concentration was used
to partially compensate for the much larger values of Ty
Once again, the more stable duplex was displaced more ef-
ficiently while the blunt-end duplex was displaced less well,
although the off rates between duplexes showed less vari-
ability than for the 11 bp duplexes (Table 1). However, the
|Togl values in the presence of ATP were very similar to
those obtained for the 11 bp duplexes, even though the for-
mer duplexes were much more stable. This was further ev-
idence that the rate-limiting step was partially determined
by diffusion-controlled binding of the substrate by the he-
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licase. Thus, Ded1 in the presence of ATP enhanced the in-
trinsic displacement of the 15 bp duplexes by 250- to 380-
fold, which was 15- to 65-fold more than for the same re-
action with 11 bp duplexes. This ratio was compatible with
the enzyme reducing the duplex size by 2—4 bp (Table 1). In
contrast, Ded1 in the absence of ATP had negligible effects
on the off rates of the 5'ss-15 bp, which was not the case for
the less stable 11 bp duplexes (Table 1).

DNA duplexes were weak substrates for Ded1

DEAD-box proteins are generally considered to be ATP-
dependent RNA binding proteins and RNA-dependent AT-
Pases. Indeed, about a third of the interactions between
Vasa and the RNA ligand involve interactions with the 2
hydroxyl of the ribose sugar (27). However, the remain-
ing two-thirds of the interactions are with the phospho-
diester backbone, which are probably stronger. Moreover,
some laboratories have reported that DNA duplexes are
substrates for other DEAD-box helicases (reviewed by 5).
Although dsDNA forms a B-form helix, as opposed to the
A-form helix for dsSRNA and for RNA-DNA duplexes, it
is flexible enough to assume the A form as well. Therefore,
we tested the 11 bp oligonucleotide as a DNA-DNA du-
plex. Typically, RNA-RNA duplexes are more stable than
the equivalent DNA-DNA duplexes, but RNA-DNA du-
plexes are highly variable and strongly dependent on the se-
quence (28). Consistent with this, the DNA-DNA 11 bp du-
plex was 3.5-fold more stable (59.5 sec) than the equivalent
RNA-DNA duplex (16.9 sec) in the absence of protein (Ta-
ble 1).

We next tested the DNA-DNA duplex with variable con-
centrations of Dedl in the presence or absence of ATP.
Dedl showed only a ~20% increase (59.5 sec/49.4 sec) in
displacement over the intrinsic |7l in the presence of ATP
and at the 10 nM concentration used with the RNA-DNA
duplex (Table 1). We needed to use 5- to 10-fold higher Ded 1
concentrations to get comparable values as those obtained
with the 11 bp RNA-DNA duplex. However, these values
were only slightly faster than the values we obtained in the
absence ATP (IT,xl(+ATP), compared to ITyxl(-ATP), Ta-
ble 1). In contrast, the 15 bp RNA-DNA duplex, which
was nearly 14-fold more stable (820 s) than the 11 bp DNA-
DNA (59.5 s), showed nearly 250-fold (820 s/3.30 s) higher
activity in the presence of ATP than in its absence (Table 1
and data not shown). We had previously shown that Ded1
has weak, ATP-independent, affinity for ssDNA (23). This
suggested that Dedl was able to disrupt duplexes largely
through a mass action effect that presumably stabilized or
promoted the ssDNA. This was consistent with what other
investigators found with single-stranded DNA binding pro-
teins; e.g. T4 bacteriophage Gene 32 (29). Thus, it appeared
Dedl was using different binding mechanisms to displace
the different duplexes that were either dependent or inde-
pendent of bound ATP.

Mixed DNA-RNA chimeric oligonucleotides were variable
substrates for Ded1

The previous experiment showed that the ATP-dependent
displacement activity of Ded1 was highly dependent on the
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Figure 2. The rates at which oligonucleotides were displaced from the extended DNA at Fy1q (Figure 1A, state C to A) in the presence or absence of
Dedl. The RNA oligonucleotides all formed the same 11 bp duplex at a region corresponding to the apex of the DNA hairpin. The 5'ss-11bp had an
11-nucleotide-long, single-stranded region on the 5" end. As a consequence, it could form an additional G-A base pair on the duplex end. The 11 bp-3'ss
had an 11-nucleotide-long, single-stranded region on the 3’ end, and the 11bp had no single-stranded RNA extensions. The oligonucleotides were used at
200 nM and the Fj,0)g was maintained at 6 pN. Each datum point consisted of ~30 hairpins that were subjected to ~50 opening and closing cycles. This
gave us a large pool of values that gave statistically significant measurements. The distributions were fit to the equation, P(1) = a*exp(—t/ITogl), where ¢ is
time, a is a constant and |7l is the mean off rate. The data points represent the mean and standard deviations of oligonucleotides displaced for each time
interval. (A) The intrinsic off rates of the oligonucleotides in the absence of protein. (B) The off rates in the presence of 10 nM Ded! and | mM ATP.

presence of RNA in at least one of the strands. Previous in-
vestigators found that as few as two RNA nucleotides in an
otherwise DNA duplex were sufficient for it to function as
a substrate for Dedl1 (7). We tested this in our assay with
11 bp DNA oligonucleotides that had two to four RNA nu-
cleotide substitutions at various positions. For example, 3R-
8D had three ribose nucleotides at the 5" end of the oligonu-
cleotide and 8D-3R had three ribose nucleotides at the 3’
end. As expected, the intrinsic [Tyl in the absence of Ded1
was dependent on the position of the RNA nucleotides and
subsequent nearest-neighbor energies. We found that du-
plexes with RNA at the 5’ end of the oligonucleotide were
more stable than those at the 3’ (mixed, Table 1).

We next determined the off rates in the presence of Ded1
with and without ATP. In these experiments, a different
preparation of Ded1 was used that was found to be slightly
more active. Consequently, we recalibrated the protein con-
centrations used in the assay to give approximately the same
| Tl with the 5'ss-11 bp duplex for the new preparation rel-
ative to the previous preparation (2.58 s versus 1.30 s, re-
spectively; Table 1). Regardless, all direct comparisons were
made with the same preparation of Dedl. As noted above
for the DNA duplex, Dedl enhanced the off rates of the
oligonucleotides in the absence of ATP (IToxl(-ATP), Table
1). Although the |7l values varied, the relative efficiencies
were very similar regardless of the position of the ribose nu-
cleotides. In contrast, in the presence of ATP the oligonu-
cleotides with three or four ribose nucleotides at the 5" end
(3R-8D, 4R-7D) were much more efficiently displaced than
those with the 3’ ribose (§D-3R, 7D-4R) even though the
former formed more stable duplexes (I7,gl(+ATP), Table
1). Ribonucleotides in the middle of the oligonucleotides
(4D-2R-5D, 4D-4R-3D) likewise showed inefficient ATP-
dependent displacement (Table 1). It may be that ribonu-

cleotides at the 5 positions promoted an A-form helix that
was a better substrate for Dedl, perhaps through binding
of RecA-like domain 2.

Ded1 has high affinity for ssRNA and low affinity for dsSRNA

We have previously shown that Dedl has low affinity for
dsRNA in electrophoretic mobility shift assays (EMSA)
and high AMP-PNP-dependent affinity for single-stranded
RNA (23). Thus, we expected an added ssRNA, which
could not hybridize on the ssDNA, would be an affective
competitor for Ded1 binding in the presence of ATP and
that this would reduce the observed |7l values. We used
increasing amounts of a 25-nucleotide-long oligonucleotide
(ssRNAO1). However, the 5'ss-11 bp RNA (22mer) oligonu-
cleotide that formed the duplex was used in large excess (200
nM) over the fixed ssDNA to ensure complete hybridiza-
tion, and consequently it also could function as a competi-
tor. As anticipated, Figure 3 shows that ssRNAO1 was an
effective competitor in the presence of ATP for Dedl. In
contrast, a dsSRNA made by hybridizing ssRNAO1 with ss-
RNAO02, which formed a 25 bp duplex, was a relatively poor
competitor. The much higher concentrations needed to see
inhibition of Dedl with dsSRINA reflected either low associ-
ation affinities, high off rates or both.

ATP hydrolysis was needed to see duplex displacement

It previously was shown that ADP-BeF,, a nonhydrolyzable
analog of ATP, supported the unwinding activity of Ded1
(30). Others have shown that Dedl requires less than one
ATP per unwinding event (31). This implied that ATP hy-
drolysis was only needed to recycle the protein by convert-
ing it into an ‘open’ state with low affinity for the RNA.
The release of the ligands (RNA, ADP, and PO,>~) would
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Table 1. The off rates for hybridized oligonucleotides

Oligo length I Toil(-ATP)° | Tl (+ATP)d

Oligo (type®) (bp+flanking®) [Dedl] (nM) (s/event) (s/event) Relative® (-ATP) Relative® (+ATP)
RNA 11 bp 0 16.940.3 NA' NA NA
RNA 11 bp 10 ND¢ 43040.13 ND 3.93
RNA 5ss-11 bp 0 28.0 + 0.8 NA NA NA
RNA 5'ss-11 bp 10 18.04 0.5 1.30 +0.05 1.56 21.5
RNA 5'ss-11 bp 50 9.10 4 0.27 <0.1 3.08 >28
RNA 5'ss-11 bp 100 2.70 £ 0.07 <0.1 10.4 > 28
RNA 11 bp-3'ss 0 14.7 + 0.44 NA NA NA
RNA 11 bp-3'ss 10 ND 2.50 & 0.08 ND 5.88
RNA 15 bp 0 820. + 80 NA NA NA
RNA 15 bp 20 ND 3.30 £ 0.07 ND 248
RNA 5/ss-15 bp 0 989. + 168 NA NA NA
RNA 5/ss-15 bp 10 976. + 65 13.6 + 0.6 1.01 72.8
RNA 5/ss-15 bp 20 ND 3.00 + 0.05 ND 330
RNA 15 bp-3'ss 0 1030. + 80 NA NA NA
RNA 15 bp-3'ss 20 ND 2.70 £ 0.05 ND 381
DNA 11 bp 0 59.5+4.2 NA NA NA
DNA 11 bp 10 ND 494+49 ND 1.21
DNA 11 bp 50 4.80 +0.23 3.60 £0.15 12.4 16.5
DNA 11 bp 100 3.30 £0.13 2.50 +0.22 18.0 23.8
RNA 5'ss-11 bp 2h 20.4+0.7 2.58 +0.07 1.56 10.9
mixed 11 bp-2R-9D 0 583+ 3.4 NA NA NA
mixed 11 bp-2R-9D 2 282+ 1.4 20.0 +0.9 2.07 2.92
mixed 11 bp-3R-8D 0 73.0 +2.8 NA NA NA
mixed 11 bp-3R-8D 2 250+0.9 4.60+0.15 2.92 15.9
mixed 11 bp-4R-7D 0 67.0 +5.0 NA NA NA
mixed 11 bp-4R-7D 2 243412 1.00 % 0.04 2.76 67.0
mixed 11 bp-8D-3R 0 218412 NA NA NA
mixed 11 bp-8D-3R 2 159+ 1.4 9.20 £ 0.70 1.37 2.37
mixed 11 bp-7D-4R 0 20.6 + 1.3 NA NA NA
mixed 11bp-7D-4R 2 1624+ 0.4 6.00 £ 0.40 1.27 3.43
mixed 11 bp-4D-2R-5D 2 148+ 0.4 16.9+0.7 ND ND
mixed 11 bp-4D-4R-3D 0 20.1 + 1.4 NA NA NA
mixed 11 bp-4D-4R-3D 2 10.0 4+ 0.2 470 +0.19 2.01 4.28

2Q0ligonucleotides consisted of ribose or deoxyribose residues that formed RNA-DNA or DNA-DNA duplexes on the ssDNA attached to the magnetic
beads. The mixed oligonucleotides were deoxyribose residues with two to four ribose substitutions at different positions within the oligonucleotide (see

text).
PThe single-stranded flanking sequence (5’ or 3') was (A)1;

I Tyl is the mean displacement time of the oligonucleotide from the DNA; the values of |7l are shown with the standard errors of the regression; values

typically represent 100-150 cyclic measurements with about 30-50 beads;
ATP concentration was 1 mM.

€The factor of Ded1-dependent enhancement of 7o over that of the intrinsic 7o (no protein).

fNA: not applicable.
END: not determined.

h A different preparation of Ded1 was used that had slightly higher helicase activity.

prepare Ded1 for a new round of reactions. We tested this
with our single-molecule assay using the 5'ss-11 bp oligonu-
cleotide (Figure 4). As previously noted, Ded1 enhanced the
intrinsic Tyl by 1.6-fold (28.0 s/18.0 s) in the absence of
ATP and by 22-fold (28.0 s/1.30 s) in its presence with 10
nM protein (Table 1, Figure 4). We next tested various ATP
analogs. Beryllium can take multiple valences, but the forms
of BeF, are isomorphous with the phosphate group (32).
Thus, ADP-BeF, is considered an analog of the ground
state of ATP. In contrast, MgADP-AIF,~ is an analog of the
transition state of ATP during Sx2 hydrolysis (32). How-
ever, when tested in our assay the compounds actually sta-
bilized the duplexes in the presence of Ded1 (Figure 4). This
was not entirely surprising; aluminum cations were expected
to stabilize the duplex through the Manning’s counterion
condensation principle. Although beryllium has high ion-
ization energy and probably does not exist as a free cation, it
is known to bind to and aggregate nucleic acids (33). These

stabilizing effects probably compensated for the presence of
Ded1, which by itself destabilized the duplex slightly.

Ded1 with AMP-PNP enhanced the displacement of the
oligonucleotide slightly less well than the protein alone.
AMP-PNP is an imperfect analog of ATP because of
the different bond angles of phosphorus with nitrogen
and those with oxygen. In contrast, adenosine 5-[y-S]-
triphosphate (ATP-vy-S), which replaces a nonbridging oxy-
gen with a sulfur, is often considered a slowly hydrolyzing
analog (34). We found that ATP-y-S stimulated the dis-
placement reaction of Ded1 by about 30% of that obtained
with ATP (Figure 4). Dedl was a recombinant protein ex-
pressed in Escherichia coli, and there was a risk of contami-
nating Escherichia coli proteins. We controlled for this with
a mutation in the Walker A motif (motif I) that changed a
lysine into an alanine in the P-loop (Ded1-GAT). This mu-
tant was inactive for the ATPase activity (20). It showed the
same slight enhancement of the displacement activity in the
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Figure 3. Extraneous RNA inhibited the displacement reaction of Ded1 by
sequestering the protein in a nonproductive state. Single-stranded (ssRNA)
or double-stranded (dsSRNA) RNA was added in increasing amounts to
reactions containing 10 nM Dedl, 1 mM ATP and 200 nM of 5'ss-11 bp
RNA, which was complementary to the DNA. The 5'ss-11 bp RNA was
used at large excess over the fixed DNA, and consequently it also repre-
sented an ssSRNA competitor for binding Ded1. The ssRNA (RNAO1) was
a 25-nucleotide-long oligonucleotide with little or no complementarity to
the DNA. The dsRNA was made by hybridizing RNAOI1 to its comple-
mentary strand (RNAO02). The Fyog was at 7 pN. Data were fit to an ex-
ponential equation, P(RNA) = a + b*exp(Kinnivit *[RINA]), where a and b
are constants and Kjyphibic i the affinity for the competitors. The values of
| Tl are shown with the standard errors of the regression.
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Figure 4. The dissociation rates (1/ITygl) of the 5'ss-11 bp RNA oligonu-
cleotide in the presence of Dedl and different ATP analogs. The intrinsic
stability (—-Ded1, —ATP) of the duplex is as shown. Ded1-GAT contained
a mutation in the Walker A motif (motif I) that inactivated the ATPase ac-
tivity and eliminated its ATP-dependent affinity for RNA (20). ADP-BeF,
was made by mixing | mM ADP with 3 mM BeCl, and 15 mM NaF. Simi-
larly, ADP-AIF,;~ was made by mixing | mM ADP with 3 mM AICl; and
15mM NaF. Ded1 was used at 10 nM, and ATP and the analogs were used
at 1 mM concentrations when present. The Fj,oig Was at 6 pN. The mean
ko 1s shown with the standard errors of the regression. The lower error
bars were deleted for clarity.

presence of ATP as the wildtype Dedl did in its absence,
which showed that the ATP-dependent reactions were in-
deed caused by Ded1 (Figure 4).

Our results with ADP-BeF, were in contradiction with
previously published results that indicated that ATP hydrol-
ysis was only needed for recycling the protein. However, the

previous experiments with ADP-BeF, were done with sev-
eral orders of magnitude more Dedl than substrate (30),
and those done with ATP involved a weak duplex of 5-6 bp
(31). Consequently, these unwinding events were likely in-
efficient and reflected very low probability events. This im-
plied that multiple Ded1-ATP binding and hydrolysis events
were needed for each observed displacement reaction. How-
ever, it should be noted that ATP analogs can alter the en-
zymatic properties of proteins in unanticipated ways (35).

Ded1 lacked processivity

We tested for Dedl processivity with an RNA oligonu-
cleotide that could form a 30 bp duplex with a 5, 15-
nucleotide-long, ssRNA tail (5'ss-30 bp; Figure SA). In this
case, we hybridized the oligonucleotide in the stem region
of the hairpin because the |7l would be far too long in the
apical region. During phase Il at an Fyqq of 12 pN, the hair-
pin spontaneously refolded until it reached the hybridized
oligonucleotide. However, the refolding hairpin destabilized
the hybridized oligonucleotide relative to the case of an un-
constrained duplex. Nevertheless, the oligonucleotide re-
mained bound during the Tjoq of 60 s at an Fj,q)q of 12 pN.
At phase I11, the force was reduced to zero (Fe) to remove
any remaining bound oligonucleotide.

We obtained a complicated blocking distribution that re-
flected long-lived, completely hydridized oligonucleotides
at 60 s and various short-lived, partially hybridized species
at 10-30 s (Figure 5B). Ded1 in the presence of ATP reduced
the short-lived species to the 10 s range, but it left the long-
lived species unchanged (Figure 5¢). In contrast, Dedl in
the solution reduced the number of completely hybridized
RNA oligonucleotides at an Fopen of 20 pN, presumably
by binding and sequestering portions of the ssRNA. Thus,
Ded1 displaced the weaker duplexes, but it was unable to
translocate on the RNA and displace the longer duplex.
Moreover, Ded1 was not able to form functional oligomers
on the duplex to facilitate its displacement.

Ded]1 displaced blunt-end duplexes even in the absence of ss-
RNA or ssDNA

We called the duplexes blunt end when they lacked single-
stranded RNA extensions. However, this was not strictly
true because of the flanking ssDNA of the extended hair-
pin template. Moreover, others have shown that at very
high Dedl to substrate concentrations that ssDNA en-
hanced the enzymatic activity by acting as loading sites
(7). We designed another experimental assay to test real
blunt-end dsRNA. We hybridized two DNA-RNA mixed
oligonucleotides at positions corresponding to the fork sec-
tion of the extended DNA hairpin. The DNA residues of
the oligonucleotides were complementary to the extended
DNA and formed 25 and 35 bp duplexes. The RNA residues
between the two oligonucleotides were complementary to
each other but not to the extended DNA, and they formed a
10 bp RNA-RNA duplex. The result was a cruciform struc-
ture with three dSDNA arms, one dsSRNA arm and an in-
termediate extension at an Fjoq, of 12 pN (Figure 6).

The cruciform resisted the reopening of the hairpin at 20
pN (state B). The average time, |Topenl, to open the hairpin
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Figure 5. Experimental protocol for determining the processivity of Dedl. (A) An RNA oligonucleotide (magenta) was used that could form a 30 bp
duplex with the DNA and that had a 5, 15-nucleotide-long, single-stranded region. The RNA hybridized in the forked region of the DNA hairpin,
and consequently the hairpin could only partially reform. An Fyoq of 12 pN was used to offset the refolding force of the hairpin that would otherwise
displace the hybridized RNA (equivalent to step C, Figure 1A). The Fyg was maintained for a T} of 60 s. The force was then reduced to zero, and
the oligonucleotide was fully displaced for the next round of experiments. (B) The distribution of the 7, values of the oligonucleotide in the absence of
protein. Each of the histogram bars represents the mean and standard deviations of oligonucleotides displaced from the DNA at the indicated times that
was normalized for the total observed events. The distribution was not uniform; this indicated that the long-lived species were stable during the hold time
of 60 seconds and represented fully hybridized duplexes. The shorter-lived species (10-30 s) represented partially hybridized oligonucleotides that were
eventually displaced by the refolding DNA hairpin. (C) The displacement profile of the hybridized oligonucleotide in the presence of 100 nM Ded1 and 1
mM ATP. Ded| facilitated the displacement of the partially hybridized oligonucleotides, which resulted in a single large peak at 10 s. In contrast, Dedl was
not able to displace the fully hybridized oligonucleotide during the duration of the 7},14. The mean number of events for each time interval normalized for

the total number of observed events is shown with the standard deviations. The lower error bars were deleted for clarity.

in the absence of ATP and Dedl was found to be 96.5 s at
20 pN. Dedl in the absence of ATP reduced the |Topeq! to
79 s, which represented a relative enhancement of 1.2-fold.
In the presence of ATP, Dedl reduced the |7Topenl to 20.6
s, which was similar to relative efficiency as the previously
used blunt-end 11 bp duplex (~4.7-fold; Table 1). We con-
cluded that Ded1 could directly bind and disrupt blunt-end
RNA duplexes, although less efficiently than those with ss-
RNA extensions.

DISCUSSION

We present here a new, highly sensitive method for detecting
the displacement of short duplexes by nonprocessive heli-
cases. This assay is based on the large change in extension
of a DNA hairpin that is manipulated at the single-molecule
level with magnetic tweezers. The method involves hybridiz-
ing oligonucleotides in regions corresponding to the apex
or forked regions of an extended DNA hairpin under force.
When the force is reduced, the hybridized oligonucleotides
prevent the hairpin from refolding, which can be easily
quantified by differences in the extension length. The time
it takes to displace the oligonucleotide and reform the full-
length DNA hairpin is given as the mean off time (IToql),
which can be measured in the presence and absence of heli-
cases, and under different conditions. The assay is extremely
flexible and sensitive, and it can be easily modified so that
different parameters can be varied. Moreover, we can ana-
lyze dozens of individual molecules simultaneously, which
gives us a statistically significant sampling of the reaction
events. We validated this experimental method by analyz-
ing the yeast DEAD-box protein Ded1.

To our surprise, we find that the ATP-dependent activity
of Ded1 is remarkably insensitive to the absolute stability of
the duplexes within a relatively narrow window of duplex

lengths. Ded1 in the presence of ATP displaced duplexes
that are 35- to 70-fold more stable at essentially the same
ITonl rates as the weaker duplexes, which is indicative of
a reaction that is partially diffusion-limited. Our measure-
ments support a model where Ded1 effectively destabilizes
the double helix by the equivalent of two to three base pairs,
but it does not translocate. We think that our assay directly
shows the mode of action of Ded1: destabilizing short du-
plexes. We measure up to several hundred-fold enhanced off
rates. Our assay with mixed RNA-DNA nucleotides also
reveals that Ded1 activity is mostly dependent on at least
three to four ribose nucleotides on the 5" end of the sub-
strate. Short duplexes with 5" ssRNA flanking regions were
the preferred substrates for Dedl. This is consistent with
the solved crystal structures of DEAD-box proteins with
ligands that show ‘kinking’ of the 3’ end of the RNA with
binding (6). In this case, Ded1 binding the 5’ ssSRNA region
of the bound oligonucleotide places the kink near the du-
plex region, which would not be the case for a 3’ ssSRNA
overhang. Similar observations were recently obtained with
the human ortholog of Dedl, DDX3 (24). Moreover, the
terminal G-A base pair might create a partially ‘kinked’
substrate that had higher affinity for the protein. However,
this effect disappeared with longer duplexes, and it appears
to be only one of many different pathways that Ded1 uses to
unwind duplexes. Although less efficient, we find that Ded1
is also able to directly bind to and disrupt the duplex. More-
over, Dedl can displace DNA duplexes, although these lat-
ter reactions were relatively weak and largely independent
of added ATP. In these cases, Ded] may be functioning as
a molecular detergent to destabilize the duplexes (36,37).
The ATP-dependent reactions are much more efficient
than those catalyzed in its absence. This is consistent with
the much higher binding affinity of Dedl for ssRNA in
its presence and its weak, ATP-independent affinity for
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Figure 6. The experimental protocol for determining whether Ded1 recognized blunt-end duplexes. Two mixed RNA-DNA oligonucleotides were used
that hybridized at the forked region of the DNA hairpin. The lower oligonucleotide formed a 35 bp duplex and the upper oligonucleotide formed a 25
bp duplex (shown in blue) at Fypen of 20 pN (equivalent to state B, Figure 1A). When the force was reduced to 12 pN (equivalent to state C, Figure 1A),
the DNA hairpin refolded until it arrived at the hybridized oligonucleotides. At this point a 10 bp RNA duplex (shown in green) formed between the
oligonucleotides. This cruciform was highly stable and resisted hairpin opening for some time (I7openl) even at 20 pN of applied force. However, the DNA
became fully elongated when the RNA duplex was disrupted. (A) The top panel shows the applied force, the middle panel the number of events and the
bottom panel shows a typical assay in the presence of 2 nM Ded]1 alone for six cycles of an attached DNA molecule. The last time point for the number of
events represents mostly unreacted molecules. The average time ITol to open the duplex in this case was 79 s with 34 molecule unwound out of 187. (B)
A typical assay in the presence of 2 nM Dedl and 1 mM ATP for six cycles of an attached DNA molecule. In the presence of ATP, the Ded! was able to
disrupt the RNA duplex more effectively, thus reducing the mean opening time to 20.6 s with 123 molecule unwound out of 177.

dsRNA and ssDNA (23). However, the absence of in-
creased duplex displacement activity in the presence of non-
hydrolyzable ATP analogs indicates that a simple binding
model is inadequate. It may be that the analogs are im-
perfect mimics of ATP or that conformational changes are
needed during hydrolysis and phosphate release. On the
other hand, it has been shown that Ded1 can displace du-
plexes in the absence of hydrolysis under conditions of very
high protein concentrations or of partially stable duplexes
(30,31). Thus it appears that the displacement reaction of
Ded1 in the presence of ATP might be inefficient, and that
multiple binding and hydrolysis events (turnover) might be
needed to see unwinding events. In these cases, the reac-
tion rate would be controlled by the diffusion rate of Ded1
binding to the RNA in the presence of ATP and its subse-
quent release after hydrolysis, which is consistent with the
concentration-dependent reactivity of Ded1 seen by us and
by others (38).

The multitude of pathways that Dedl seems to use to
displace duplexes is in agreement with the various pub-

lished experimental results and different experimental con-
ditions. This is consistent with a highly branched and multi-
ple species pathway, where each intermediate is represented
by their own micro rate constants (8). The actual path-
way would depend on the experimental conditions and sub-
strates, and it would predominately follow the route of least
resistance, which would vary with the conditions. Thus,
DNA-DNA displacement might be caused by a mass action
phenomenon where the protein stabilizes ssDNA at the ex-
pense of the dsDNA, which is largely independent of ATP.
However, dsSRNA and RNA-DNA duplexes are much more
efficiently displaced in the presence of ATP, which points to
a different reaction pathway. In all the solved crystal struc-
tures of DEAD-box proteins, the RNA substrate is kinked
by RecA-like domain 1 in a conformation that is not con-
ducive to a duplex in the presence of ATP analogs (6). In
principle, this means ATP-bound Dedl could not directly
bind both RecA-like domains to the duplex. However, RNA
and DNA duplexes are highly dynamic in solution, and they
undergo unstacking and base pair flaying/opening in the ps
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Figure 7. A cartoon of the reaction mechanism. (A) The duplex has a 5’ ssRNA overhang, and the duplex shows base pair fraying due to thermal fluc-
tuations. RecA-like domain 2 bind the ssSRNA in an A form helix but RecA-like domain 1 kinks the RNA with binding. By so doing it prevents the
reformation of the base pairs and additional fraying can occur that ultimately results in duplex displacement. (B) The duplex has a 3’ ssRNA overhang.
RecA-like domain 2 binds the dsSRNA (but only one strand) while RecA-like domain 1 stabilizes the frayed end in a kinked form. This orientation might
be expected to be slightly less probable because the binding would have to be right at the junction, since binding further 3" on the ssRNA would not have
any affects. Eventually further fraying results in displacement. (C) The duplex has blunt ends. RecA-like domain 2 binds dsRNA (but only one strand)
without a problem, but the region that RecA-like domain 1 can bind in the kinked form is rather limited because of the smaller binding site, and hence it
is less probable. In all three cases, the binding of RecA-like domain 2 can directly enhance further base pair fraying, and it is possible that direct binding
is associated with base pair disruption at the site of binding through a molecular detergent effect (36,37). Dedl dissociates from the RNA for another
round of reactions with ATP hydrolysis and release of the phosphate. In this model, binding can often occur in a nonproductive manner. Hence, ATP
hydrolysis and ligand release is important in order for Ded1 to find the correct (productive) orientation. This model involves conserved features found in

all DEAD-box proteins and probably represents a common unwinding mechanism.

to ms time scale, depending on the conditions (39). In par-
ticular, base pair flaying could occur at the ends of the du-
plex and would be highly sensitive to the stabilities of these
base pairs.

On the basis of these observations, we propose a model
for the unwinding mechanism of DEAD-box helicases as
shown in Figure 7. The ATP-bound form of Ded!l recog-
nizes and binds to frayed regions of the duplex and stabi-
lizes them by kinking the RNA bound to RecA-like domain
1 and thereby preventing reformation of the base pairs. De-
pending on the overall stability of the duplex and the time
the protein remains bound, the helix would either further
unravel or the protein would fall off and the base pairs
would reform. A similar phenomenon occurs with catalytic
antibodies (40). The antibodies stabilize reaction intermedi-
ates and thereby lower the activation energy barrier. Many
enzymes exploit the same strategy (41). By doing so, they
can enhance reactions by many orders of magnitude. The
ATP-bound form of Dedl thus stabilizes a reaction inter-
mediate through binding, where the end result depends on
the relative energy wells of the substrates and products.
Nevertheless, it is clear that no single mechanistic path-
way is sufficient to explain all the observed results. Finally,
we hope that this new methodology will open new hori-
zons to studying other DEAD-box proteins, as well as other
nucleic-acids binding proteins, that have otherwise been dif-
ficult to study with single-molecule techniques.
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