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RNAs in biological processes often interconvert between defined structures.
These RNA structure conversions are assisted by proteins and are
frequently coupled to ATP hydrolysis. It is not well understood how
proteins coordinate RNA structure conversions and which role ATP
hydrolysis has in these processes. Here, we have investigated in vitro how
the DEAD-box ATPase Ded1 facilitates RNA structure conversions in a
simple model system. We find that Ded1 assists RNA structure conversions
via two distinct pathways. One pathway requires ATP hydrolysis and
involves the complete disassembly of the RNA strands. This pathway
represents a kinetically controlled steady state between the RNA structures,
which allows formation of less stable from more stable RNA conformations
and thus RNA structure conversion against thermodynamic equilibrium
values. The other pathway is ATP-independent and proceeds via multi-
partite intermediates that are stabilized by Ded1. Our results provide a basic
mechanistic framework for protein-assisted RNA structure conversions that
illuminates the role of ATP hydrolysis and reveal an unexpected diversity of
pathways.
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structure has to be disrupted to form another one,?
but it is not understood how proteins facilitate the

Introduction

RNAs in biological processes such as pre-mRNA
splicing, ribosome biogenesis, RNA export, and
translation have to fold into distinct structures and
often interconvert between defined structures in an
accurate and exquisitely timed fashion."” Examples
of such RNA structure Converswns (also called
conformational switches') from the pre-mRNA
splicing machinery include the exchange of Ul for
U6, the disruption of U4 /U6 stem II and subsequent
formation of U6 3’ stem—loop, and the disruption of
the U2 5’ stem-loop and subsequent formation of
the U2/U6 helix 1.2 Many, if not all RNA structure
conversions are assisted by protems > but it is
unclear which roles proteins have in complex RNA
re-arrangements. For example, interconverting RNA
structures are often mutually exclusive, i.e. one RNA
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necessary RNA re-arrangements in an accurate and
well-timed fashion. In addition, more stable RNA
structures are frequently converted into less stable
conformations.” While this is a potentially important
distinction to processes that govern the folding of
functional RNAs, which generally occurs from
unfolded via less stable to more stable confor-
mations,®* it is uncertain how RNA structures can
be converted against thermodynamic equilibrium
values and how proteins assist in such reactions.
One group of proteins pivotal for facilitating RNA
structure conversions are the DExH/D proteins, the
largest group of enzymes in eukaryotic RNA me-
tabolism.” DExH/D proteins are highly conserved
with at least eight characteristic sequence motifs.®
The sequence of the characteristic motif II provides
the name DExH/D, in the single letter code. DExH/
D proteins remodel RNA structure or RNA—-protein
interactions in an ATP-dependent fashion.””®
Although it is not known where precisely the vast
majority of DExH/D proteins bind to their targets or
which exact conformational changes these proteins
catalyze in their respective substrates, physiological
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functions of many DExH/D proteins correlate with ~ conversions such as the mutually exclusive nature
their ability to hydrolyze ATP in an RNA-stimulated  of the structures formed. With this system, we have
manner, and often with the ability of the enzymes to ~ investigated how the DEAD-box protein Dedl
unwind RNA duplexes in vitro in an ATP-dependent  facilitates complex structural changes in RNA in
fashion. For these reasons, DExH/D proteins are  wvitro. Dedl is an essential enzyme from Saccharomyces
frequently referred to as RNA helicases and, as such,  cerevisiae that has been shown to unwind and anneal
are implicated mainly in steps involving the disas-  RNA duplexes.'”'*'® Here, we show that Ded1 can
sembly of RNA complexes. However, several  assist RNA structure conversions via two distinct
DEAD-box proteins, (motif II takes the form  pathways. One pathway requires ATP hydrolysis
DEAD, DEAD-box Eroteins are the largest DExH/  and allows the formation of less stable RNA
D protein subfamily”’) have been shown recently to  structures from more stable structures, i.e. a distribu-
facilitate the formation of RNA duplexes, in addition =~ tion of RNA structures against thermodynamic
to their ability to unwind those.”'” These observa-  equilibrium values. The second pathway does not
tions suggested that the function of certain DEAD-  involve ATP hydrolysis and proceeds via the sta-
box proteins may not be restricted to the disruption  bilization of an intermediate comprised of compo-
of RNA duplexes or RNA protein interactions, but ~ nents from both RNA structures. This pathway does
that these enzymes perhaps utilize both, unwinding ~ not allow RNA structure conversions against ther-
and annealing activities to directly assist RNA  modynamic equilibrium values, and resembles re-
structure conversions.” While this is an attractive  actions catalyzed by proteins with RNA chaperone
prospect, given the involvement of some DEAD-box  activity. Collectively, our results provide a basic
proteins in physiological RNA structure  mechanistic framework for protein-assisted RNA
conversions,”” including the splicing of group I  conversions thatilluminates a role for ATP hydrolysis

and group II introns,''% it is unknown how DEAD-  and reveals an unexpected diversity of pathways.
box proteins may coordinate complex structural
changes in an RNA. Results

To understand how DEAD-box proteins facilitate
RNA structure conversions, relevant reactions have to
be analyzed quantitatively. It is presently not techni- ~ Substrate design
cally possible to quantitatively dissect physiological
RNA structure conversions because those usually To investigate Dedl-facilitated RNA structure
occur within large RNA—protein complexes, such as ~ conversions, we designed a tripartite RNA system
the splicing machinery, which cannot be controlled  (strands x, y, and z, Figure 1(a)). As the physiological
easily in vitro. However, progress in the knowledge of =~ RNA targets of Ded1 are not known, the sequence of
protein and RNA folding demonstrates that mechan- ~ the RNA strands was not based on a specific

istic principles of complex conformational rearrange-  biological RNA system. In our tripartite RNA
ments can be illuminated by investigating defined = model system, strand y formed a stable structure
and tractable model systems.™"? with either strand z (complex A) or strand x (complex

Here, we have devised a simple model system that B) (Figure 1(a)). That is, formation of complex A re-
recapitulates essential aspects of RNA structure  quired disruption of complex B, and wvice versa.
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Figure 1. Substrate design and characterization. (a) Substrate design. Three single strands (x, v, z) form two mutually
exclusive structures (A and B). Numbers indicate the base-pairs formed, and the unpaired nucleotides. (b) Thermal
melting curves of structures A and B. The curves represent a smoothed trend, yielding a melting temperature for complex
A of T4 =75.0(0.5) °C and a melting temperature for complex B of T8 =65.0(£0.5) °C. () Representative gels for ATP-
dependent unwinding of A and B (two left panels), and facilitation of strand annealing for both complexes (two right
panels) by Ded1. Unwinding reactions were performed with 0.5 mM ATP at 24 °C. The average unwinding rate constants
from multiple independent experiments were kA w=1.1(x0.2) min ! and k&, =2.1(+0.2) min .. Annealing reactions were
performed in the absence of ATP at 24 °C. Average annealing rate constants from multiple independent experiments were
k&, =6.0(x0.8)10° M 'min! and kZ,,=2.8(x0.5):10° M 'min'. Strand annealing without Ded1 yielded less than 5%
product in 30 min (data not shown).
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Further considerations for the design of the RNA
substrates included: (i) distinct thermodynamic
stability of both substrates; (ii) ability of Ded1 to
completely bind both RNA structures at experimen-
tally accessible enzyme concentrations; (iii) ability of
Ded1 to unwind both structures with rate constants
allowing manual monitoring of the reaction; (iv)
ability of Dedl to facilitate the formation of
complexes out of the single strands; and (v) marked
separation of both structures from each other and
from single-stranded RNA on PAGE.

Complex B had a lower thermodynamic stability
than complex A. At 0.5 nM RNA, the melting
temperature for B was lower than that of A by 10
deg.C (Figure 1(b)). The stability difference was
maintained with Dedl bound; Dedl bound to
complex A with a higher affinity (Kq=17(+2) nM)
than to complex B (K3q=208(+x17) nM, data not
shown). Both A and B were unwound by Ded1 in
an ATP-dependent fashion, and the enzyme facili-
tated the formation of both structures out of single
strands (Figure 1(c)).

RNA structure conversion by Ded1

To measure the extent to which Dedl could
convert complex A into complex B, and vice versa, it
was necessary to determine the distribution of the
two structures at the thermodynamically controlled
equilibrium under the respective reaction condi-
tions. To this end, pre-formed A was combined with
strand x. The mixture was heated to 95 °C and cooled
slowly to the reaction temperature, which allowed
the two structures to form in a distribution dictated
by thermodynamic stabilities and respective concen-
trations (Figure 2(a)). The resulting distribution of
the RNA complexes was analyzed by non-denatur-
ing PAGE and yielded a distribution of 20% B and
80% A (Figure 2(a), lane AT). An identical distribu-
tion was detected when strand z was added to pre-
formed B (identical concentrations), indicating that
20% B and 80% A indeed reflected equilibrium
values (data not shown). Thus, as expected, the
thermodynamic equilibrium between the two RNA
structures favored formation of the more stable A
over B by a factor of 4 at the reaction conditions and
the concentrations used.

We then tested whether the two RNA structures
could interconvert without a protein co-factor
(Figure 2(b)). Starting with 100% A, no notable
conversion to B was detected within 6 h (Figure 2(b)).
No conversion of B into Awas seen when pre-formed
B (100%) was incubated with strand z at concentra-
tions and conditions identical with those used for the
reverse reaction. Thus, without protein co-factors, no
RNA structure conversion was observed within the
reaction time.

Addition of Dedl without ATP resulted in a
clearly measurable conversion of complex A into B
(Figure 2(c)). Starting at 100% A, approximately 20%
A were converted into B, upon which the reaction
reached a steady level virtually identical with the
distribution between complexes A and B dictated by

the thermodynamic equilibrium (i.e. 20% B, 80% A,
Figure 2(a)). Starting the reaction with pre-formed B
(100%), and free strand z, resulted in the same
distribution between A (80%) and B (20%) (Figure
2(c)). These observations preclude the possibility
that the levels of B and A were caused by formation
of a dead-end complex. Rather, the data indicated
that Ded1, in the absence of ATP, had the capacity to
facilitate the RNA structure conversion by acceler-
ating the observed rate constant for establishing the
thermodynamic equilibrium between the two RNA
structures.

Next, we measured the conversion of A to B by
Dedl in the presence of ATP (Figure 2(d)). This
reaction proceeded significantly faster than the
structure conversion without ATP. Moreover, an
amplitude was reached at 60% B (Figure 2(d)). This
level of B is clearly above the 20% B seen in both the
reaction by Ded1 without ATP and in the establish-
ment of the thermodynamic equilibrium between
the two structures. Thus, Ded1 with ATP appeared
to be able to convert the more stable into the less
stable RNA structure. Conversion of B into A with
Ded1l and ATP also yielded 60% B and 40% A, a
distribution identical with that seen in the reverse
reaction (Figure 2(d)). This observation, again,
precluded formation of dead-end complexes as a
possible reason for the measured distribution. ATP
alone did not facilitate any measurable structure
conversion (data not shown). The non-hydrolysable
ATP analog AMPPNP, which has been shown to
bind to Ded1,'%'® could not substitute for ATP (data
not shown). Therefore, hydrolysis and not mere ATP
binding were critical for the observed structure
conversion. Collectively, these data indicated that
Ded1, in the presence of ATP, can establish a
distribution between RNA structures favoring the
less stable conformation. In addition, the RNA
structure conversion occurs markedly faster with
than without ATP.

To further probe the role of ATP hydrolysis, we
tested the effect of ATP depletion during the reaction
(Figure 2(e)). To this end, conversion of A (100%) to B
with Ded1 and ATP was allowed to proceed for ten
minutes, after which the reaction amplitude of 60% B
was reached (Figure 2(e), lane S). Then hexokinase
was added,"” which hydrolyzed the ATP in the
reaction mix within approximately 4 s (ATP decay
data not shown). We observed a clear decrease of the
fraction B, accompanied by an increase in the fraction
of A (Figure 2(e)). This transition reached a plateau at
20% B and 80% A, the distribution dictated by the
thermodynamic equilibrium value. This result indi-
cates that continuous ATP hydrolysis by Ded1 is
required to maintain a B/A distribution shifted
towards the less stable structure.

To explore correlations between the concentration
of ATP and the Ded1-mediated structure conversion
process, we performed reactions in the presence of a
higher concentration of ATP (0.5 mM, Figure 2(f)).
The distribution of B and A in the steady state was
not significantly different from that at the lower
concentration of ATP (0.1 mM, Figure 2(d)). How-
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Figure 2. RNA structure conversions. (a) Size standards (left panel) and thermodynamically dictated equilibrium between structures A and B (right panel, AT). Cartoons
indicate species A, B, and strand y, the asterisk represents the radiolabel. The green block arrow emphasizes that reactions were started with pre-formed complex A. The procedure
to measure the thermal equilibrium is described in Materials and Methods. (b)-(f) Representative time-courses for structure conversion (A—B). Aliquots were removed as
indicated underneath the gels. Plots below the gel panels show time-courses for structure conversion A—B (@), and for the reverse reaction, B—A (O). The fraction of complex B
(Fraction B) is plotted versus time. Fraction B was calculated from the amount of radioactivity in the bands representing species A, B, and y, according to Fraction B=B/(A+B+y).
The dotted lines indicate the distribution between structures A (80%) and B (20%) at the thermodynamically dictated equilibrium, and the distribution in the presence of Ded1 and
ATP (A 40%, B 60%). Lines represent the best fit to the integrated form of a homogeneous first-order rate law. Observed first-order rate constants (k.s) were computed from
multiple independent experiments and are listed under the plots. The fit of plot of the time-course after hexokinase addition (e) lists the observed rate constant (kops ) for the
transition from distribution of the ATP-dependent steady state to the thermodynamic equilibrium. The triangle in (f) indicates the single-stranded species v.
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ever, the reaction proceeded significantly faster at
the higher concentration of ATP, indicating that
more energy “consumed” during the reaction
affected primarily the reaction kinetics and less the
distribution between the RNA structures (discussed
in more detail below).

We also noted a slight, yet significant accumula-
tion of single-stranded RNA y (Figure 2(f), triangle).
A further rise in the concentration of ATP resulted in
an even larger fraction of this single-stranded
species (Figure 3(a)). At 2 mM ATP, approximately
80% of the RNA was single-stranded (Figure 3(b)).

Basic kinetic mechanism for ATP-dependent
RNA structure conversion

The accumulation of single-stranded species at
higher concentrations of ATP suggested that the
RNA structure conversion involved ATP-dependent
duplex unwinding by Ded1 (Figure 3). From the
disassembled strands, the actual structure conver-
sion could then be accomplished readily by the
ability of Ded1 to promote strand annealing.!® The
strand annealing activity does not require ATP, and
the rate constant for the annealing steps do not
change at lower concentrations of ATP as markedly
as the rate constants for the disassembly steps.'®
Therefore, it seemed likely that at lower concentra-
tions of ATP, virtually all disassembled strands re-
acted immediately, further forming the new
structure (Figure 4(a)). Consistent with previous ob-
servations,'’ the rate constants for the strand sepa-
rations increased with the concentration of ATP,
whereas the rate constants for the annealing steps
decreased more markedly at higher concentrations of
ATP (Figure 4(b)). As a consequence, the disassembly
of the strands is favored at higher concentrations of
ATP, and single-stranded species accumulate.

The simple two-step process (Figure 4(a)) quanti-
tatively explained the distribution between A and B
against the thermodynamic equilibrium value, the
relative insensitivity of the distribution at concen-
trations of ATP between 0.1 mM and 0.5 mM (Figure
4(c)), and the observed accumulation of single-

(a)

stranded species only at higher concentrations of
ATP (Figure 4(d)). Rate constants obtained by the fit
closely matched the respective rate constants deter-
mined separately for unwinding and annealing
reactions of the respective complexes (Figure 1(c)).
We concluded that this basic two-step mechanism
was therefore sufficient to quantitatively explain our
observations during RNA structure conversions
with ATP.

This kinetic model shows Ded1 facilitating RNA
structure conversions through the establishment of a
kinetically controlled, ATP hydrolysis-dependent
steady state between the two RNA structures. The
kinetics of disassembly and formation of the RNA
structures, rather than their thermodynamic stabi-
lities determine the distribution of the complexes. It
is interesting to note that the distribution of B/A is not
determined solely by the unwinding rate constants,
as this scenario would have yielded Fraction B=0.35
in the steady state (still favoring the less stable
structure more than the thermodynamically con-
trolled equilibrium with Fraction B=0.2). The
observed distribution, Fraction B=0.6, thus indicates
that the ability of Dedl to facilitate both duplex
unwinding and strand annealing is critical for the
structure conversion. The relatively constant ratio of
rate constants for unwinding and annealing steps
dictates the largely unchanged A/B ratio at 0.1 mM
and 0.5 mM ATP, yet the structure conversion occurs
faster at higher concentrations of ATP.

ATP-independent structure conversion
proceeds via tripartite species

While the mechanism described above explained
the structure conversion with ATP, it remained
unclear how Ded1 facilitated the reaction without
ATP. Clearly, depletion of ATP during the reaction
changed the distribution of A and B (Figure 2(e)).
Furthermore, Ded1l was unable to unwind either
RNA complex without ATP within the time-frame of
our experiments (data not shown). Especially, the
latter observation precluded a mechanism for the
ATP-independent structure conversion proceeding
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Figure 3. RNA structure conversion with Ded1 and 2 mM ATP. (a) Size standards and representative time-course of a
structure conversion (A—B) with Ded1 in the presence of 2 mM ATP. Cartoons indicate species A, B, and strand y (triangle).
The asterisk represents the radiolabel. Reactions were performed with 0.5 nM A and 2 mM x, to emphasize the emergence
of the single-stranded y. (b) Plot of a representative time-course for conversion A—B with 2 mM ATP. Species A, B, and
strand y are plotted as indicated. Note the logarithmic scale of the time axis. Lines represent the best fit to the integrated
form of a homogeneous first-order rate law. The apparent rate constant for emergence of strand ¥ is kY, =2.3(£0.3) min .
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Figure 4. Basic kinetic scheme for structure conversion with Ded1 and ATP. (a) Schematics for the reaction. (b) Rate
constants for individual reaction steps at different concentrations of ATP. Rate constants were determined by numerically
fitting the time-courses shown in Figures 2 and 3 using the Kinsim/Fitsim software package.* (c) Simulated time-courses
(lines) using these rate constants for 0.5 mM ATP (gray) and 0.1 mM ATP (black) for both structure conversions A—B (@),
and B—A (O). The points included represent actual data. (d) Simulated time-course for the reaction in the presence of

2 mM ATP, species A, B, and y are plotted as indicated.

via disassembled strands. If the strands were not
disassembled, then the only other pathway in our
tripartite system would require intermediates con-
taining all three RNA strands in one complex.

To probe the existence of such tripartite RNA
species, we employed a fluorescence technique
(Figure 5(a)). We labeled strand x with Cy5 and
strand z with Cy3, two fluorophores that undergo
fluorescence energy transfer (FRET), when within a
distance of less than approximately 8 nm.'® A
tripartite RNA species was thus expected to yield a
FRET signal (Figure 5(a)). When Cy3-labeled com-
plex A was incubated with only Cy5-labeled strand
x, no FRET was observed (Figure 5(b), left panel),
suggesting no significant accumulation of an even-
tual tripartite intermediate. However, addition of
Ded1 without ATP resulted in a small, yet significant
FRET signal (Figure 5(b), middle panel). The FRET
signal was strictly dependent on the presence of
strand y. Omitting this strand under otherwise
identical conditions produced no FRET in the
presence of Ded1 (Figure 5(c) and (d)). The observed
FRET therefore suggested a genuine tripartite
species, not a Dedl-mediated aggregation of the
strands z and x.

Addition of 0.5 mM ATP decreased the FRET
signal between A and strand x, compared to the re-
action without ATP (Figure 5(b), right panel), and the
FRET signal disappeared at higher concentrations of
ATP (data not shown). These results are consistent
with the above finding, that Ded1 disassembled the

RNA strands in the presence of ATP. FRET signals
similar to those described above were observed
when Cyb5-labeled complex B was incubated with
Cy3-labeled strand z and Ded1 in the absence of ATP
(data not shown). Thus, the Ded1-facilitated forma-
tion of tripartite species was not restricted to strand x
associating with complex A. Rather, a tripartite
species could be formed as soon as an RNA region
was available that allowed the pairing of a few bases.

However, the low FRET signal raised the question
of whether the tripartite intermediate was stable or
formed only transiently. A low FRET signal could be
caused by a highly populated (stable) state with low
FRET efficiency, or by a rarely populated (unstable)
state with high FRET efficiency.!*-2! To distinguish
between these two possibilities, we conducted fluo-
rescence measurements at the single-molecule level
(Figure 6). We used the labeling scheme described
above and a wide-field, total internal reflection
(TIR)-based single molecule fluorescence detection
system (see Materials and Methods).”” Cy3-labeled
complex A was immobilized and free, Cy5-labeled
strand x was present in solution (Figure 6(a)). As in
the ensemble measurement above, Cy3-labeled com-
plex A was expected to show no FRET signal, where-
as the tripartite should produce a higher FRET value.

In the presence of Dedl without ATP, time
trajectories of individual complexes showed long
durations without FRET (FRET ~ 0) punctuated by
short spikes of high FRET (FRET ~ 1, Figure 6(b)).
Without Ded1, only the low FRET state was observed
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Figure 5. Dedl-assisted stabilization of tripartite intermediate. (a) Position of the fluorescent labels. Cy3 is indicated
by a green circle (on complex A, strand z), and Cy5 by a red circle on strand x. (b) Ensemble fluorescence spectra. Pre-
formed complex A (Cy3) was incubated with strand x (Cy5) in the absence of Dedl and ATP (left panel), with Ded1
(middle panel), and with Ded1 and 0.1 mM ATP (right panel). The triangle indicates the emission resulting from energy
transfer of the tripartite complex. The FRET intensity in the presence of Ded1 without ATP (middle panel) is ~0.04, as
estimated by fitting of the spectra with three Gaussian curves and analysis of the areas corresponding to donor and
acceptor emission after normalization to the spectra in the absence of Ded1. The FRET intensity with ATP (right panel) is
~0.02. (c) Control reactions without strand y. (d) Ensemble fluorescence spectra without strand y. Strand x (Cy3) was
incubated with strand z (Cy5) in the absence of Ded1 and ATP (left panel), with Ded1 (middle panel), and with Ded1 and

0.1 mM ATP (right panel). Concentrations were as in (b).

and no FRET spike was detected in any of the time
trajectories (data not shown). These observations
suggested immediately that in the presence of Ded1,
the tripartite species were present for only short
times. Analysis of FRET values for all recorded
spikes revealed that the FRET for the majority of
these spikes was high, although there was a smaller
population of spikes with intermediate FRET values,
which may indicate multiple distinct tripartite
species (Figure 6(c)). However, a histogram of
durations of the FRET spikes fit well to a single-
exponential decay with a lifetime of 7=0.17(x0.02) s,
(Figure 6(d)), indicating that a possible heterogeneity
was without marked consequence for the stability of
the respective tripartite species. We note that the
time-resolution of the instrument (10 fps) precluded
accurate recording of events shorter than 0.1 s, and
many FRET spikes lasted for only one frame.
Therefore, the lifetime of the tripartite species of
7=0.17 s should be viewed as an upper limit.
Nonetheless, our data demonstrate clearly that the
FRET spikes were universally short. These results, in
conjunction with the ensemble fluorescence data,
indicate that without ATP, Ded1 transiently stabi-
lizes one or several tripartite intermediates that are
otherwise too fragile to accumulate.

With ATP (0.5 mM), Dedl caused a significant
decrease in the number of immobilized complexes A
over the course of a few minutes (data not shown).
These observations are consistent with the ability of
Ded1 to unwind complex A in an ATP-dependent
fashion (Figure 1(c)). In no case were the unwinding
events accompanied by an increase in FRET, strongly

supporting the conclusion that, in the presence of
ATP, Dedl completely disassembled the RNA
strands without formation of tripartite intermedi-
ates. Time trajectories for Cy3-labeled complex A
before unwinding events, however, were highly
similar to those without ATP (data not shown). We
concluded that these time trajectories showed Ded1
without ATP bound, given the sub-saturating con-
centrations of ATP. These observations are in
excellent agreement with the ensemble FRET mea-
surements, which showed a lower average FRET in
the presence of these sub-saturating concentrations
of ATP (Figure 5(b), right panel).

With Dedl but in the absence of ATP, we also
observed a small number of time trajectories (ap-
proximately 10 in 10* overall trajectories) where
complexes, after reaching the high FRET state, did
not return immediately to the low FRET state, but
continued to show prolonged fluorescence fluctua-
tions (Figure 7). These time trajectories are consistent
with a scenario where a tripartite complex does not
immediately dissociate but reacts further towards
the complete structure conversion (Figure 7(a)). The
fluorescence fluctuations may reflect movement of
the fluorescently labeled strands x and z back and
forth on strand y, much like a branch migration
(Figure 7(b)). The distinct signature of these time
trajectories thus suggested that the observed tripar-
tite species are on-pathway for the structure conver-
sion. The small number of time trajectories showing
these distinct prolonged fluorescence fluctuations
precluded a sound statistical analysis, and effects
other than the scenario discussed above may there-
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Figure 6. Transient formation of tripartite species detected at the single molecule level. (a) Immobilization of
fluorescently labeled complex A via biotinylated strand y. The complex was immobilized via a streptav1d1n link to a quartz
slide coated with polyethylene glycol to prevent non-specific binding of the protein to the slide.*> Cy5-labeled strand x was
present in solution at 8 nM. (b) Representative time-trace of an individual complex A in the presence of Ded1 and Cy5-
labeled strand x (upper panel). The yellow triangles emphasize the short, anti-correlated spikes of high Cy5 and low Cy3
intensity, indicative of the transient formation of tripartite species. The lower panel shows the above time-trace converted
to FRET intensity according to FRET =intensity(acceptor)/ (intensity(acceptor) +intensity(donor)) with intensities
corrected for channel crosstalk.”' (c) Histogram of the FRET intensity of multiple anti-correlated spikes. The FRET
intensity given in the left panel represents the average FRET value of the individual spikes, regardless of their duration. (d)
Statistical analysis of the duratlon of the high FRET spikes. The duration of individual FRET spikes was measured with a
customized Matblab program.”’ The dwell time of molecules in the high FRET state (>0.6) is plotted in the histogram. The

line represents a fit of the data points to a single-exponential decay, yielding t=0. 17(i0 02) s and thus a rate constant by
which strand x dissociates from the tripartite intermediate of k. =353(+41) min~

fore account for the observations. However, a small
number of complete structure conversion events
observed in single-molecule trajectories is consistent
with the ensemble kinetics of the reaction, as
discussed below.

Basic kinetic mechanism for ATP-independent
RNA structure conversion

The fluorescence data described above established
the brief existence of tripartite RNA species in the
presence of Dedl without ATP. Furthermore, the
results suggested that the observed tripartite species
may be on-pathway for the structure conversion
without ATP. It is important to note that our results
do not provide unambiguous proof for the latter
assertion. The structure conversion may proceed
through other tripartite complexes not detected in
our measurements, or even via multiple pathways.
However, the Dedl-assisted structure conversion
without ATP involves tripartite species in any event,

because the reaction cannot proceed through com-
plete disassembly of the strands, as in the presence of
ATP. Structure conversion without tripartite inter-
mediates would require complete disassembly of A
(or B) with a rate constant of at least kyny, >0.02 min ',
the observed rate constant for the structure conver-
sion without ATP (Figure 2). No comparable un-
winding rate constant was detected when incubating
complex Awith Ded1 in the absence of ATP (data not
shown). It is important to note that the detected
tripartite species are not necessarily representing a
homogeneous population, although eventual hetero-
geneity appears to be without marked consequence
for the observed stability of the tripartite species.
Considering the caveats mentioned above, we
propose a basic mechanism for the Ded1-assisted
RNA structure conversion without ATP, on the basis
of both fluorescence data and measurements of the
RNA structure conversions by PAGE. The structure
conversion proceeds through tripartite intermedi-
ates that are formed only transiently (Figure 8(a)).
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Figure 7. Persistent fluorescence fluctuations during the Dedl-assisted structure conversion without ATP. (a)
Representative time-trace of a putative complete structure conversion. At ~51 s, the tripartite intermediate is formed, one
distinct fluctuation is observed (~55 s), which may represent a back and forth migration of the two RNA structures. A
decrease in overall fluorescence intensity is seen at ~59 s. This event is consistent with a final dissociation of strand z, which
bears the Cy3 label. However, photo-deactivation of the Cy3 label might also account for this observation. The cartoons
above illustrate the different states in the time-trace. The representation of the tripartite intermediates is speculative. (b)
Representative time-trace for a putative tripartite species showing multiple FRET fluctuations. Only the fluorescence

fluctuations are shown.

The lower limit for the dissociation rate constants of
the tripartite species is reflected in the lifetime of the
tripartite complexes, as measured with single-mole-
cule FRET. Corresponding association rate constants
were estimated from the FRET value seen in the
ensemble measurements (FRET ~ 0.04, Figure 5(b)).
Although numerous events indicating formation of
tripartite species were observed directly in single-
molecule experiments, it remains less clear how the
physical transition from a tripartite species to the
final structure B (and A) occurs. Most likely, a
mechanism resembling a branch migration switches
the structures from a tripartite species to the final
complex (B or A). Presumably, a further opening of
the existing helix during the short lifetime of the
tripartite species could promote the respective RNA
structures to “equilibrate” according to the thermo-
dynamic stability of the respective complexes.

The number of trajectories showing prolonged
fluctuations that presumably reflect such branch
migration events, was small. However, the kinetic
mechanism implies a slow step between the tripartite
species and, therefore, the small number of trajec-

tories showing the actual structure exchange is
expected. According to the kinetic mechanism, the
tripartite species should dissociate approximately
1000 times until one complete structure conversion
occurs, which is consistent with the observations.

Regardless of the exact physical events leading to
the strand exchange, the mechanism shown for the
ATP-independent structure conversion via tripartite
intermediates accounted quantitatively for the
observed timecourses for reactions starting from A
or B (Figure 8(b)). In addition, the mechanism
accurately described the transition from the ATP-
induced steady state towards the thermodynamic
equilibrium upon sudden ATP depletion (Figure 2,
simulation data not shown), and the mechanism
accounted for all observations made during the
fluorescence measurements.

Discussion

In this work, we used a tripartite model system to
investigate an RNA structure conversion that is
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Figure 8. Basic kinetic scheme for Ded1-assisted structure conversion without ATP. (a) Rate constants for dissociation
of strands x and z from the respective tripartite intermediates were determined with single-molecule experiments
described for Figures 6 and 7. Data for dissociation of z are not shown. Corresponding association constants (strand x and
complex A, and strand z and complex B) were determined from the equilibrium between complexes A and B, and the
corresponding tripartite intermediates measured in ensemble FRET experiments (Figure 5). Data for ensemble FRET
experiments of complex B with strand z are not shown. Rate constants for the actual strand exchange reaction (grey) were
determined by numerically fitting time-courses in Figure 2 using the Kinsim/Fitsim software package.*” Association and
dissociation rate constants determined separately (black numbers) were fixed and the strand exchange rate constants were
allowed to float. (b) Simulated time-courses (lines) using the rate constants given in (a) for both structure conversions
A—B (@), and B—A (O). The points included represent actual data.

assisted by the DEAD-box protein Ded1. Despite its
simplicity, the model system recapitulates essential
aspects of much more complex physiological struc-
ture conversions, notably the mutually exclusive
nature of the two RNA structures, and the conver-
sions towards, and, for the first time shown in vitro,
against thermodynamic equilibrium values. The
basic mechanistic features elucidated in this work
may thus also underlie more complex protein-
assisted RNA structure conversions.

We have found that the Dedl-assisted RNA
structure conversion can proceed via two distinct
pathways, depending on whether ATP is present
(Figure 9). The pathway without ATP involves

+ ATP - ATP

E

@l@

Tripartite
Intermediates

Disassembled
Strands

2l

B~

Figure 9. DED- assisted RNA structure conversion.
Schematics of the ATP-dependent (left) and the ATP-
independent (right) pathway of the structure conversion.
Complexes and intermediates are labeled as in the
preceding text and Figures. The different sizes of the
arrows indicate the distinct observed rate constants for the
respective reactions.

multipartite intermediates and results in a distribu-
tion of the RNA structures dictated by thermody-
namic equilibrium values. The ATP-dependent
pathway proceeds via completely disassembled
RNA structures and allows RNA structure conver-
sion against thermodynamic equilibrium values.
Without Ded1, none of the two possible pathways
for RNA structure conversion can be sufficiently
populated within the reaction time.

If Ded1 is present without ATP, no strand separa-
tion can be detected, which precludes a structure
conversion via disassembled strands with the
observed kinetics. Therefore, in a system comprising
only three strands, the structure conversion must
proceed through species with all three strands in one
complex. We have observed these tripartite species
directly (Figures 5-7). While it remains unclear
whether these complexes represent one or multiple
species, it is evident that the tripartite complexes are
stabilized by Ded1. Nevertheless, even with Ded1,
the tripartite species still dissociate with rate
constants exceeding kgqjss > 300 min ! (Figure 6). Yet,
for approximately 1000 dissociation events now
roughly one transition from one structure to the
other (e.g. A—B) can occur. This small probability is
sufficient to enable the interconversion of the two
RNA structures within the reaction time.

We have observed several single-molecule trajec-
tories that presumably show complete structure
conversions (Figure 7). These trajectories suggest
that the structure conversion proceeds from the
observed tripartite intermediates, placing these
species on-pathway” for the structure conversion.
Only a small fraction of the trajectories (~0.1% of all
observed traces) show these complete structure
conversions, which precludes a sound statistical
analysis of these processes. Nonetheless, it is critical
to note that the ensemble kinetics indicate such a
small number of complete structure conversions
relative to the number of events showing formation
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and dissociation of tripartite species. Thus, all of our
observations made with various techniques can be
explained quantitatively with the proposed kinetic
model (Figure 8).

Notwithstanding, we note that it is formally
possible that the observed tripartite species are not
on-pathway for the actual structure conversion,
because processes involved in the exchange of the
structures A to B could be completely invisible to
our fluorescence assays. Given the geometry of the
complex and the labeling scheme which should
detect dyes as far apart as ~80 A,*! we consider this
possibility somewhat unlikely. In any event, for the
reasons mentioned above, the structure conversion
in the absence of Dedl must still proceed through
tripartite species.

Our observations leave open the question of how
exactly the transition between tripartite intermedi-
ates and final RNA structures takes place. The data
appear most consistent with a process resembling a
branch migration, starting perhaps from the region
that allows base-pairing between all three strands.
As discussed above, several single-molecule trajec-
tories presumably show such putative branch
migration events (Figure 7). Our data do not indicate
whether Ded1 (without ATP) accelerates the putative
branch migration process, but we note that branch
migrations can occur spontaneously, as has been
observed in other systems.”**

Irrespective of the actual mode of transition from
the tripartite species to the final RNA structure, our
results suggest that RNA structure conversions can
be facilitated through stabilization of inherently
unstable RNA species. While stabilization of the
weak RNA-RNA interactions by proteins may be
important throughout RNA metabolism,!-2-24-26
such structure stabilization has never been observed
directly for a DEAD-box protein. Nonetheless,
stabilization of tripartite species by Ded1 may cor-
relate with the capacity of the enzyme to facilitate
strand annealing.'" In fact, acceleration of strand an-
nealing by a protein may be based on the stabiliza-
tion of inherently unstable species that form during
the rate-limiting steps of duplex formation.?52”
Therefore, a protein scoring in an annealing assay
could in fact function to stabilize inherently unstable
RNA structures, which may explain why RNA-
binding proteins often facilitate strand annealing.'*®

As the pathway for the Dedl-facilitated RNA
structure conversion without ATP involves only
equilibrium binding steps, the final distribution of
the RNA structures is dictated by the thermody-
namic equilibrium value. In this respect, this
structure conversion pathway resembles strand-
exchange reactions by protems with RNA chaperone
activity, such as Ncp7.2*?° These RNA chaperones
also produce a ratio of RNA structures dictated by
thermodynamic equilibrium values.'*® Most pro-
teins with RNA chaperone activity have significant
annealing activities, which, as discussed above, may
correlate with a capacity to stabilize inherently
unstable RNA species. It is thus attractive to
speculate that other proteins with RNA chaperone

activity may facilitate RNA structure conversions via
the stabilization of tripartite intermediates, although
this remains to be shown.

If Ded1 is present with ATP, the structure conver-
sion proceeds via complete disassembly of the
strands, which requires ATP-hydrolysis (Figure 9).
Subsequently, Ded1 uses its annealing activity to re-
form the other duplex. This pathway constitutes a
kinetically controlled steady state between unwind-
ing and annealing reactions: the ratio between the
RNA structures is determined solely by the rate
constants for unwinding and annealing reactions,
not by the thermodynamic stability of the structures.
Thus, Ded1 can facilitate an RNA structure conver-
sion against thermodynamic equilibrium values. To
our knowledge, this is the first time such a process
has been demonstrated directly in vitro. Continuous
ATP hydrolysis by Ded1 is necessary to maintain a
ratio of RNA structures against their thermodynamic
equilibrium values.

While the ATP-driven, kinetic steady state
between the RNA structures always results in a
distribution of the RNA structures that differs from
the distribution dictated by thermodynamic equili-
brium values, higher concentrations of ATP favor
the strand separation reactions and thus result in an
accumulation of single-stranded species. It is inter-
esting to note that within a certain range of ATP
concentrations (in our system between 0.1 mM and
0.5 mM, Figure 2), the amount of ATP hydrolyzed,
while affecting the reaction kinetics, may impact the
distribution of the RNA species in the steady state
only slightly.

The RNA structure conversion pathway via an
ATP-driven, kinetically controlled steady state
shows a simple means by which a distribution of
RNA structures can be maintained independent of
thermodynamic equilibrium values. In other sys-
tems, rate constants for strand separation and
annealing as well as RNA concentrations will clearly
differ, and thus RNA structure distributions will be
different too, yet the same basic mechanism for such
helicase-driven, ATP-dependent RNA structure con-
versions will most likely apply.

The data presented here also illuminate features
advantageous for proteins functioning in RNA
structure conversions. Proteins working without
ATP would be efficient when they stabilize tripartite
intermediates to a high degree and/or if they
accelerate the subsequent “branch migration”.
Proteins employing ATP hydrolysis would be
particularly efficient if the strand separation step is
fast, although this rate constant would perhaps need
to be coordinated with the subsequent strand
annealing. Otherwise, single-stranded species
would accumulate, which may or may not be prob-
lematic. However, the ATP-dependent pathway
may be significantly faster than the ATP-indepen-
dent pathway. Thus, employing ATP-driven RNA
unwinding activities in addition to annealing
activities for RNA structure conversions allows
RNA structure conversions against thermodynamic
equilibrium values and allows those reactions to
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occur fast. Potentially, fast structure conversions
allow better timed conformational changes in RNPs.

Materials and Methods

Materials

Ded1 was expressed in Escherichia coli and purified as
described.*’ RNA oligonucleotides were purchased from
DHARMACON. Hexokinase was purchased from
ROCHE. Radiolabeling of the oligonucleotides, and
formation and purification of complexes A and B was
performed as described.’” Sequences were as follows:

strand x: 5-CCGUACAGACAUUGCACCUGGCG-
CUGUCUGGG,

strand y: 5'-CCCAGACAGCAUUGUACCCAGAGU-
CUGUACGG,

strand z: 5-CAGACUCUGGGUACAAUGCACGUA-
CUAACAGCAUCAAUGACAU.

Fluorescently labeled and biotinylated oligonucleotides
were purchased from DHARMACON. Fluorophores were
attached at the 5’ end of strands x, and z, as indicated in
Figures 5 and 6. Biotin, where applicable, was attached at
the 5" end of strand y (Figure 6). The extent of labeling was
assessed by UV spectroscopy and found to be greater than
80% according to extinction coefficients of the RNA and
the fluorophores.

Thermal melting curves

Melting temperatures of complexes A and B were
determined in reaction buffer containing 40 mM Tris—
HCI (pH 8.0), 50 mM NaCl, 0.5 mM MgCl,, 2 mM DTT, 1
unit/pl of RNasin, 0.01% (v/v) NP40. Complexes (A or B)
at 0.5 nM were incubated at the indicated temperatures
ranging from 24 °C to 95 °C in a temperature-calibrated
PCR machine for 5 min. Then reactions were transferred
onto ice in buffer containing 1% (w/v) SDS, 50 mM EDTA,
0.1% (w/v) xylene cyanol, 0.1% (w/v) bromophenol blue,
20% (v/v) glycerol. Subsequently, aliquots were sub-
mitted to a non-denaturing PAGE (15% (w/v) polyacry-
lamide gel), duplex and single-stranded RNAs were
separated, and the fraction of single-stranded RNAs
were determined and plotted versus incubation tempera-
ture (Figure 1 (b)).

Unwinding and annealing reactions

Reactions were performed as described'® at 24 °C, in
a volume of 20 pl in a buffer containing 40 mM Tris—
HCI (pH 8.0), 50 mM NaCl, 0.5 mM MgCl,, 2 mM DTT,
1 unit/pul of RNasin, 0.01% NP40. RNA complexes and
single strands, where applicable, were present at
0.5 nM, Dedl was present at 800 nM. Rate constants
for unwinding and annealing reactions were calculated
as described.’?

Structure conversion reactions

Reactions were performed at 24 °C in a volume of 30 pl in
a buffer containing 40 mM Tris—-HCI (pH 8.0), 50 mM NaCl,
0.5 mM MgCl,, 2 mM DTT, 1 unit/pul of RNasin, 0.01%

NP40. Unless stated otherwise, for the conversion of
structure A into B, 2 nM pre-formed complex A and
8 nM-strand x (final concentrations) were used; for the
conversion of structure B into A, 2 nM pre-formed complex
B, and 6 nM strand x and 2 nM strand z were used, in order
to maintain equal concentrations of all individual strands (x,
y, and z) in all reactions. Complex and single-stranded
RNAs at these concentrations were incubated for 5 min at
the reaction temperature. The reactions were initiated by
addition of 800 nM Ded1 and an equimolar mixture of ATP
and MgCl, at the concentrations indicated. Higher concen-
trations of Dedl did not alter the observed kinetics,
indicating that Ded1 was present at saturating concentra-
tions. In the reactions with ATP, ADP accumulation over the
reaction time did not exceed 5% of the ATP starting
concentration (data not shown). At these concentrations,
the effects of ADP on the overall reaction are insignificant."’

Protein storage buffer was added to the reactions
without Ded1. At the times indicated, 3 pl aliquots were
removed and reactions were terminated on ice with 3 pl of
stop buffer containing 1% SDS, 50 mM EDTA, 0.1% (w/v)
xylene cyanol, 0.1% (w/v) bromophenol blue, 20% (v/v)
glycerol. Subsequently, aliquots were submitted to non-
denaturing PAGE.*® Gels were dried and bands corre-
sponding to single-stranded and complex RNAs were
visualized and quantified with a PhosphorImager (Mole-
cular Dynamics). The percentages of complexes A and B
given in the text are the percentages of the respective
complexes relative to all labeled species.

The distribution of the complexes A and B at the ther-
modynamically dictated equilibrium (Figure 2 (a)) was
determined by incubating either 2 nM pre-formed complex
A and 8 nM of strand x (final concentrations), and, in an
alternative reaction, 2 nM pre-formed complex B, and 6 nM
strand x and 2 nM strand z at 95 °C for 2 min in reaction
buffer and subsequent cooling of the respective mixture to
the reaction temperature over 120 min. The mixture was
then treated as described above, i.e. placed on ice,
combined with stop buffer and sumitted to non-denatur-
ing PAGE.

Ensemble fluorescence measurements

In a SPEX Fluoromax 2 fluorimeter, Cy5-labeled strand
x was incubated with 10 nM Cy3-labeled complex A in the
reaction buffer given above. Where applicable, 800 nM
Ded1 and/or an equimolar mixture of ATP and MgCl, (at
the concentrations indicated) was included. Reactions
were incubated for 5 min (incubation times of up to 30 min
were tested and did not alter the results) and then Cy3 was
excited at a wavelength of 515 nm (5 nm). Fluorescence
emission was measured from 530 nm to 750 nm (5 nm
increments).

Single-molecule fluorescence measurements

Single-molecule fluorescence was measured in a home-
built TIR microscope setup. The system is analogous to that
described by Zhuang et al.** Core components include a
Nikon TE300 microscope, Pentamax Gen III CCD (Prince-
ton Instruments), and a 50 mW, frequency doubled solid-
state laser (Crystalaser). Samples (50 pM Cy3-labeled
complex A) were immobilized in a flow-cell coated with
polyethylene glycol (PEG) to prevent non-specific protein
absorption.!83* Briefly, a mixture of PEG-NHS (3000
5000 Da) and biotinylated PEG-NHS (3000 Da) (SHEAR-
WATER) was covalently attached to the flow-cells that
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were amino-functionalized with Vectabond (VECTOR).
Biotinylated samples were immobilized through strepta-
vidin gMOLECULAR PROBES) to the biotinylated
PEG."®** Non-specific binding of the labeled RNA com-
plex, which was tested by omission of streptavidin, was
found to be less than 5% of the specific binding. Molecules
were immobilized at an average distance of at least 2-3 pm
between individuals, i.e. at multiples of the diffraction
limit. Photobleaching studies confirmed that more than
90% of the fluorescent spots corresponded to single
fluorophores. Control reactions measuring Ded1-RNA
binding verified that inactivation of Dedl under the
conditions of the single-molecule experiments was insig-
nificant (data not shown).

Reactions were conducted in the buffer used for the
above experiments, except that 5% (v/v) glucose was
added together with an oxygen-scavenging system
consisting of glucose oxidase (SIGMA) and catalase
(SIGMA).*° Control reactions confirmed that these con-
ditions did not affect the reaction kinetics in solution
significantly (data not shown). Samples were excited by
TIR (532 nm) and the fluorescence was collected through
a 60%, 1.2 N.A. water immersion objective (NIKON).
Excitation light was blocked with a 550 nm long-path
filter (OMEGA). Donor and acceptor fluorescence images
were split by a dichroic filter (650 nm, OMEGA) and the
two resulting paths were projected onto one half of the
CCD, respectively. Control reactions showed that indivi-
dual complexes (other RNA complexes showing high
FRET with Cy5/Cy3 labels) were photostable under the
reaction and measurement conditions for more than 30 s
(data not shown). Single-molecule time traces were
collected at a rate of 10 fps using customized software.”
Fluorescence and corresponding FRET values were
computed as described.”” Data analysis was performed
with customized Matlab routines.?
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