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DEAD-box proteins can completely separate an RNA

duplex using a single ATP
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DEAD-box proteins are ubiquitous in RNA metabolism and use ATP
to mediate RNA conformational changes. These proteins have been
suggested to use a fundamentally different mechanism from the
related DNA and RNA helicases, generating local strand separation
while remaining tethered through additional interactions with
structured RNAs and RNA-protein (RNP) complexes. Here, we
provide a critical test of this model by measuring the number of
ATP molecules hydrolyzed by DEAD-box proteins as they separate
short RNA helices characteristic of structured RNAs (6-11 bp). We
show that the DEAD-box protein CYT-19 can achieve complete
strand separation using a single ATP, and that 2 related proteins,
Mss116p and Ded1p, display similar behavior. Under some condi-
tions, considerably <1 ATP is hydrolyzed per separation event,
even though strand separation is strongly dependent on ATP and
is not supported by the nucleotide analog AMP-PNP. Thus, ATP
strongly enhances strand separation activity even without being
hydrolyzed, most likely by eliciting or stabilizing a protein confor-
mation that promotes strand separation, and AMP-PNP does not
mimic ATP in this regard. Together, our results show that DEAD-
box proteins can disrupt short duplexes by using a single cycle of
ATP-dependent conformational changes, strongly supporting and
extending models in which DEAD-box proteins perform local re-
arrangements while remaining tethered to their target RNAs or
RNP complexes. This mechanism may underlie the functions of
DEAD-box proteins by allowing them to generate local rearrange-
ments without disrupting the global structures of their targets.

CYT-19 | group lintron | RNA chaperone | RNA folding | RNA helicase

tructured RNAs and RNA-protein complexes (RNPs) me-

diate a host of essential cellular processes, including pro-
cessing of messenger RNAs and their translation into protein. In
addition to folding into defined structures, many of these RNAs
and RNPs undergo extensive conformational changes during
their functions. Both their initial folding and conformational
changes typically require DEAD-box proteins, which use ATP to
promote RNA structural transitions.

DEAD-box proteins are members of helicase superfamily-2
(SF2) and are related to the ATP-dependent RNA and DNA
helicases that function in replication and other aspects of nucleic
acid metabolism (1). However, rather than unwinding long,
continuous duplexes, many DEAD-box proteins manipulate
highly structured RNAs and RNPs by facilitating rearrange-
ments that can include local disruptions of secondary structure,
tertiary structure, and RNA-protein interactions.

Consistent with their distinct functions, recent in vitro studies
have strongly suggested that DEAD-box proteins operate on
structured RNAs by a mechanism that is fundamentally different
from processive helicases. The Neurospora crassa CYT-19 pro-
tein is required for proper folding of several mitochondrial group
Lintrons in Neurospora crassa (2). It also assists folding of diverse
group I and group II introns in vitro or when expressed in yeast
(3-5), indicating that it acts as a general RNA chaperone.

To gain insight into the mechanism of its activity, we took
advantage of the observation that CYT-19 can use its nonspecific
chaperone activity to efficiently separate the 6-base pair helix
termed P1, formed between group I introns and their 5’-exon-
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intron junction, and that this unwinding efficiency (kca/Km) is
enhanced by 2 orders of magnitude when the duplex is covalently
linked to the ribozyme compared with the same duplex in
solution (4). Then, using simple constructs based on group I
intron structure, we found that the activity was also enhanced by
simple extensions to the helix. Interestingly, a single-stranded
extension gave a smaller enhancement than a double-stranded
flanking region, and both gave smaller enhancements than the
highly structured intact group I intron.

Whereas conventional DNA and RNA helicases commonly
require a 5'- or 3'-single-stranded region, which serves as a
starting point for translocation into and through the duplex,
results above suggested that the increased activity arose instead
from an additional and distinct interaction of CYT-19 with the
RNA. Further, the enhancement under subsaturating conditions
(kca/Km) suggested that this interaction is maintained in the
transition state for strand separation. Additional work showed
that the enhancement is nearly eliminated by deletion of 49 aa
from the highly basic C terminus of CYT-19, whereas strand
separation of a duplex that lacks an extension is essentially
unaffected, most simply suggesting that this additional interac-
tion is mediated by the C-terminal region (6).

Together, these findings led to a model in which interactions
with adjacent RNA structure tether DEAD-box proteins in
proximity to exposed helices or perhaps other elements of RNA
structure, where binding of the core domain and ATP-
dependent conformational changes give strand separation (4, 7,
8). Although early studies demonstrating that DEAD-box pro-
teins can readily separate duplexes of ~1 helical turn or less but
are essentially inactive for duplexes of 2 or more turns (9, 10)
indicated a lack of processivity, the tethering model suggests a
more radical difference in mechanism from processive helicases.
This is because continuous formation of a tethering interaction
during duplex unwinding would most simply suggest the absence
of any translocation during the unwinding process.

Strong independent support for essential features of this
model has come from studies in the Jankowsky laboratory, using
an elegant set of model duplex substrates. First, they demon-
strated conclusively that a flanking sequence can enhance ac-
tivity for DEAD-box proteins without serving as a starting point
for translocation by showing that a single-stranded segment can
still give activation if it is not linked to the target duplex but is
instead bound through biotin-mediated interactions with the
protein streptavidin (7). Second, they showed that even model
duplexes with an RNA segment flanked on both sides by DNA
can be efficiently separated by DEAD-box proteins, whereas the
same proteins are not active on fully DNA substrates, indicating
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that strand separation can be initiated internally, without trans-
location (11). The main features of the model are also indicated
for the Escherichia coli DEAD-box protein DbpA by studies
from Uhlenbeck and colleagues, with the important difference
that this protein uses an ancillary domain to recognize a par-
ticular structure within the large subunit ribosomal RNA rather
than interacting with structured RNA more generally (12-15).

In the current work, we have tested and extended this model
by measuring the number of ATP molecules used by CYT-19 and
other DEAD-box proteins as they separate RNA duplexes. In the
most extreme form of the model, with strand separation accom-
plished in the presence of a continuously formed tethering
interaction, it would be possible that the complete reaction
would be accomplished in a single cycle of ATP-dependent
conformational changes and would therefore give hydrolysis of
only 1 ATP. Indeed, we obtain this result for duplexes of 6—11
bp, characteristic of helices present in structured RNAs. Further,
under some conditions, a significant fraction of strand-
separation events occur in the absence of any ATP hydrolysis.
Nevertheless, these events are dependent on ATP, indicating
that bound ATP favors a protein conformation that promotes
local strand separation even before ATP hydrolysis.

Results

In designing a duplex substrate for these studies, we took
advantage of our previous results that CYT-19 can efficiently
separate the P1 duplex of the Tetrahymena group I ribozyme,
leading to dissociation of the oligonucleotide substrate, and the
separation is much more efficient when P1 is covalently linked
to the intron or to another RNA helix (4). This increased activity
allows robust experimental signals for strand separation and
duplex-dependent ATPase activity (ref. 4 and results herein).
However, attachment of the intron or even a second RNA duplex
would inextricably complicate the analysis because the additional
RNA would be expected to interact with CYT-19 and stimulate
its ATPase activity, and it would not be possible to determine
how much of the total ATPase activity arose from separation of
the P1 duplex.

We therefore generated a construct in which the P1 duplex is
formed from an RNA oligonucleotide (CCCUCUAs) and a
hybrid RNA/DNA oligonucleotide, resulting in P1 being flanked
by a DNA duplex (Fig. 14). This dsSDNA extension gave the same
activation of strand separation activity as an equivalent RNA
extension and, as expected from earlier work (16, 17), an
oligonucleotide containing only the DNA portion did not stim-
ulate ATPase activity, implying that it is not actively unwound by
the helicase core (Fig. S1).

Using this substrate, we measured ATPase activity by
CYT-19 under defined conditions (10 mM Mg?*; Fig. 1B).
Nearly all of the ATPase activity arose from interactions with
the duplex under these conditions, because the rate was
~10-fold lower in the presence of either strand alone (Fig. 1B).
Because the duplex separation reactions included a small
excess of CCCUCUA;s and were performed under subsaturat-
ing conditions, we subtracted from the total the rate in the
presence of 1 uM CCCUCUAs, which approximates its free
concentration in reactions including the duplex. After sub-
tracting this background, we obtained a duplex-dependent rate
of 0.74 = 0.05 uM/min (Fig. 1B and Table 1).

We then measured P1 duplex separation under the same
conditions, using a pulse—chase gel mobility shift assay (Fig. 1C
and Fig. S2). After subtracting the CYT-19-independent sepa-
ration, we obtained a rate constant of 1.4 = 0.1 min~! from a fit
by a first-order rate equation (Fig. 1C and additional replicates
not shown). To compare the rate of strand separation with the
steady-state rate of ATPase activity measured above, we con-
verted the rate constant to a steady-state rate by multiplying
it by the duplex concentration (see SI Text, Analysis of Strand
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Fig. 1. ATP hydrolysis and RNA strand separation by CYT-19. (A) Structure of
the duplex substrate, derived from the P1 duplex of the Tetrahymena group
I intron. RNA nucleotides are red and DNA nucleotides are black. The DNA
portion has the equivalent sequence of the P2 helix, which is adjacent to P1in
the natural intron. (B) P1 duplex-dependent ATP hydrolysis by CYT-19. ATP
hydrolysis was measured in the presence of the P1 duplex by including both
oligonucleotides (@), or with the same concentrations of the RNA/DNA oligo-
nucleotide (0.5 uM, O) or the excess CCCUCUAs (1 uM, triangles) alone. (C)
Strand separation of the P1 duplex construct in the presence (filled circles) or
absence (open circles) of CYT-19. Excess CCCUCUAs (5 uM) was present to
prevent reannealing of the 32P-labeled CCCUCUAs. An equivalent reaction
with 1 uM CCCUCUA; gave the same rate constant within error (Fig. S3), but
the higher concentration allowed more precision by increasing the extent of
displacement of the labeled CCCUCUAs. Experimental conditions for B and C
were 25 °C, pH 7.0, 10 mM Mg2*, 50 uM ATP-Mg?2*, and 2 uM CYT-19.

Separation). This conversion gave a steady-state rate of 0.69 =
0.05 wM/min (Table 1). Strikingly, the rates of ATPase activity
and strand separation are the same within error, giving a ratio
of 1.1 = 0.1 ATP molecules hydrolyzed per duplex separated.
This ratio, or ATP utilization value, was the same within error
across the range of experimentally accessible ATP concentra-
tions (5-150 uM, data not shown; Ky = 200 uM, ref. 2) and
across the more limited range of accessible CYT-19 concen-
trations (0.5-2 uM, data not shown).* Thus, under these
conditions (10 mM Mg?*, 25°C), a single cycle of ATP-
dependent conformational changes apparently gives complete
strand separation of this 6-bp duplex. If any of the base pairs
are not disrupted directly by the enzyme during this cycle, they
must dissociate spontaneously.

Enhancement of Strand Separation by Bound ATP Without Hydrolysis.
To explore whether hydrolysis of ATP is uniformly required for
strand separation by DEAD-box proteins, we decreased the
Mg?* concentration, shown previously to increase the strand
separation activity of CYT-19 (4, 6). With 5 mM Mg?*, the ATP
utilization value remained ~1 (Table 1). With lower Mg?*
concentration (2 mM), however, it decreased to 0.45, implying
that approximately half of the strand separation events pro-
ceeded without ATP hydrolysis. ATP-independent separation of
this duplex has been shown for the related DEAD-box protein
Mss116p (18), and we confirmed that, with 2 mM Mg?* but not

*The CYT-19 concentration can be varied only over a limited range with our current
methods because atlow concentrations the ATPase rate becomes too small to measure the
fraction of ATP hydrolyzed, and at high CYT-19 concentrations, the strand separation
becomes too fast for hand pipetting. Across the accessible range (0.5-2 uM, with CYT-19
in 4-fold excess of the duplex), the rate constant for strand separation increased approx-
imately linearly, indicating that CYT-19 is subsaturating with respect to the duplex, and
the ATP utilization value was unchanged within the expected limits of uncertainty (data
not shown).

Chen et al.


http://www.pnas.org/cgi/data/0811075106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0811075106/DCSupplemental/Supplemental_PDF#nameddest=SF1
http://www.pnas.org/cgi/data/0811075106/DCSupplemental/Supplemental_PDF#nameddest=STXT
http://www.pnas.org/cgi/data/0811075106/DCSupplemental/Supplemental_PDF#nameddest=SF3

Lo L

P

1\

=y

Table 1. ATP utilization for CYT-19-mediated separation of the 6-bp P1 duplex

Total Duplex-dependent Total strand CYT-19-dependent ATP hydrolyzed per
[Mg2*], mM ATPase rate ATPase rate* separation rate strand separation rate’ strand separation
2 1.10 = 0.03 0.50 + 0.03 1.05 * 0.05 0.97 = 0.05 0.45 + 0.04
5 1.25 = 0.04 1.10 = 0.05 1.25 = 0.10 1.20 = 0.10 0.90 = 0.09
10 0.80 = 0.05 0.74 = 0.05 0.73 = 0.05 0.69 = 0.05 1.1 x£0.1
20 0.13 + 0.01 0.11 = 0.01 0.10 + 0.01 0.05 + 0.01 20 +*04

Reactions were performed at 25°C with 50 mM Na-MOPS (pH 7.0), 50 uM ATP-Mg?*, 0.5 uM duplex, 1.2 uM total CCCUCUAs, 2 uM CYT-19. All rates are
micromolar per minute. Values are averages and standard deviations from 2 to 4 independent determinations.

*Values are the total ATPase rate minus the ATPase rate in the presence of the approximate concentration of excess CCCUCUA; expected to be single-stranded
(0.7-1 uM). This difference represents the rate of ATPase activity arising from CYT-19 interacting with the duplex. The background ATPase activity was measured
in the presence of 1 uM CCCUCUA; to allow for the possibility of incomplete duplex formation, and control reactions established that the background rate
depends only weakly on CCCUCUAs concentration between 0.7 and 1 uM (<20% at 2 mM Mg2* and <10% at 10 mM Mg?2*; data not shown).

*Values are the observed rate constant for strand separation minus the basal strand separation rate constant in the absence of CYT-19, with the difference

multiplied by the duplex concentration (0.5 uM) to give a steady-state rate.

10 mM Mg+, CYT-19 gives detectable strand separation in the
absence of nucleotide (with a rate of 0.2 uM/min; Fig. S3). This
activity may be achieved by “strand capture,” analogous to the RNA
chaperone activity of proteins that are not ATPases (18-20).

We therefore considered a model in which the ATP utilization
value of 0.45 reflected a balance between strand separation
mediated by ATP-bound CYT-19, which would result in ATP
hydrolysis, and nucleotide-free CYT-19, which would of course
not give ATP hydrolysis. However, it was not clear that the
unwinding rate in the absence of ATP (0.2 uM/min; above) was
large enough to support this model. In order for half of the
separation events in the presence of ATP to be mediated by
nucleotide-free CYT-19, the ATP-independent rate would have
to be at least half of the total CYT-19-dependent rate of 0.97 =
0.05 uM/min (Table 1). Although the difference between the
expected and observed values is not large, it raised the possibility
that bound ATP stimulates the rate of strand separation by
CYT-19 even when it is not hydrolyzed.

We tested this possibility by systematically varying the ATP
concentration under the same 2 mM Mg?* conditions (Fig. 2).
If the low ATP utilization value resulted from activity of
nucleotide-free CYT-19, it would increase with increasing ATP
concentration, reflecting the increased fraction of CYT-19
bound to ATP, and would approach unity with saturating ATP
(see SI Text, Stimulation of Strand Separation by Bound ATP and
Scheme S1). Instead, the ATP utilization reached a plateau value
of 0.5-0.6, giving no further increase with ATP concentration,
even as the rate of strand separation increased to a value

0.5F _Z

ATP hydrolyzed
Duplex unwound

0 100 200
ATP (uM)

Fig.2. ATP hydrolyzed by CYT-19 per separation event of the 6-bp P1 duplex
with low Mg?* concentration (2 mM). Open and filled circles show results from
2 identical experiments. The solid curve shows the best fit by a model that
includes stimulation of unwinding by bound ATP without hydrolysis (see S/
Text, Stimulation of Strand Separation by Bound ATP). Dashed curves show
best fits to discarded models in which only free CYT-19 gives ATP hydrolysis-
independent strand separation (long dashes) or in which ATP-bound CYT-19
can give strand separation without hydrolysis, but with the same efficiency as
nucleotide-free CYT-19 (short dashes).
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=40-fold larger than without ATP. This behavior indicates that
ATP is hydrolyzed only in approximately half of the strand
separation events, even when it is bound, and that bound ATP
strongly accelerates strand separation even when it is not hy-
drolyzed (=20-fold)'. These results strongly suggest that ATP
elicits or stabilizes a protein conformation that induces or
captures local strand separation events (see below and Fig. 3).

Interestingly, we found that the enhancement from bound
ATP is not mimicked by the nonhydrolyzable analog AMP-
PNP, which gave no acceleration of strand separation beyond
the basal level in the absence of nucleotide (Fig. S3). The lack
of activity is not due to a failure to bind CYT-19, because
AMP-PNP inhibited ATP stimulation with a Kj of 200 uM
(data not shown), 5-fold lower than the concentration used to
test for stimulation. Thus, these results suggest that AMP-PNP
binding does not elicit the same conformation as ATP, a
conclusion that is strongly supported by recent work with a
series of nucleotide analogs (21).

Increased ATP Requirement for Longer or More Stable Duplexes.
Regardless of the mechanism of strand separation, it would be
expected that more ATP hydrolysis would be necessary for
longer duplexes. An increased ATP requirement is further
suggested for DEAD-box proteins by previous observations that
longer duplexes are separated with greatly reduced rates. How-
ever, to our knowledge, the dependence of duplex length on the
ATPase activity of DEAD-box proteins has not been systemat-
ically investigated.

Therefore, we extended the 5'-end of the hybrid strand with
uridines to form P1 duplexes of 7, 9, or 11 base pairs (see Fig.
1A4 and Fig. S4). As expected, the ATP requirement increased
with duplex length (Table 2). This increase arose from a de-
creased strand separation rate, whereas the ATPase rate re-
mained essentially constant (Table S1). The insensitivity of the
ATPase rate suggests a simple model in which CYT-19 manip-
ulates both the longer and shorter duplexes by using a single cycle
of ATP-dependent conformational changes to induce local
strand separation, but for the longer duplexes a fraction of these
events do not lead to complete strand separation, allowing
rezipping of the duplex after the core domain of CYT-19
dissociates (see Fig. 3 and refs. 10, 22, and 23). These experi-
ments also established 11 base pairs as a lower limit on the
unwinding that can be accomplished using a single ATP, because

TThis value arises from the strand separation rate in the presence of ATP under conditions
thatdo not favor its hydrolysis. The rate is 2-4 uM/min with 150 uM ATP, with no indication
of saturation (data not shown), and therefore at least 8 wM/min with saturating ATP. ATP
is hydorlyzed in only half of the strand-separation events. Thus, the pathway that involves
bound ATP but not its hydrolysis must give half of the total rate (4 uM/min), =20-fold faster
than CYT-19-dependent strand separation in the absence of ATP.
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Fig. 3. Model for duplex separation by DEAD-box proteins. Interactions are
formed between the ATP-bound helicase core and the RNA (radiolabeled RNA
indicated by an asterisk), and a tethering interaction is formed adjacent to the
core by an ancillary site, as shown, or by an additional protomer (7). Concom-
itant with or subsequenttoinitial binding by the helicase core, aconformation
that depends on ATP binding but not hydrolysis induces or captures local
strand separation. Complete strand separation can be achieved without ATP
hydrolysis (Left, shaded blue) or with ATP hydrolysis (pathways down and to
the right), which accelerates dissociation of the helicase core and may induce
additional strand separation. Premature dissociation of the helicase core after
ATP hydrolysis leads to a futile cycle (counterclockwise within box). Through-
outthe entire strand separation process, the tethering interaction may remain
intact, as shown, allowing the protein to perform multiple cycles of structure
disruption on the same RNA without being lost to solution.
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this duplex gave an ATP utilization value of 1.2 = 0.1 (2 mM
Mg?*).

We next increased the duplex stability, without increasing the
length, by changing the natural G-U wobble pair within the P1
duplex to a G-C pair (Fig. S4). The G-U pair has been shown to
destabilize the P1 helix, relative to the G-C, in part by disrupting
base stacking (24, 25). We tested the effects of this base pair in
the context of the 6-bp and 11-bp duplexes. Under standard
conditions (10 mM Mg?*), the ATP utilization value for the 6-bp
duplex increased 8-fold (from 1.1 = 0.1 to 9 = 3, Table S2), and
in the context of the 11-bp duplex it increased 5-fold (from 11 =
2 to 56 = 11). Increases were also observed at lower Mg?*
concentrations, although the changes were smaller (2-4-fold)
(Table S2). These results underscore the established links be-

Table 2. Dependence of ATP utilization by CYT-19 on Mg2*
concentration and duplex length

Duplex length

[Mg?"], mM 6 bp 7 bp 9 bp 11bp
2 0.45 = 0.04 0.4 = 0.1 1.1 = 0.1 1.2 0.1
5 0.90 = 0.09 1.3+04 1.4+04 4.4 +0.7
10 1.1 £ 0.1 1.3+0.2 5+2 11 +2
20 20+04 20+04 14 + 2 18 +2

Values are ATP hydrolyzed per duplex separated (ATP utilization value).
Longer duplexes were derived from that shown in Fig 1A by extending the
5-end of the RNA/DNA strand with uridine nucleotides. All reactions were
performed at 25°C with 50 mM Na-MOPS (pH 7.0), 50 uM ATP-Mg?*, 0.5 uM
duplex, and 2 uM CYT-19.

20206 | www.pnas.org/cgi/doi/10.1073/pnas.0811075106

Table 3. ATP utilization by the DEAD-box proteins Mss116p
and Ded1p

[Mg2*], mM Mss116p Ded1p CYT-19
2 0.5 + 0.1 0.52 = 0.09 1.1+ 0.1
5 0.8 + 0.3 1.5+ 0.9 1.4+ 04

10 0.8 £0.2 1.9+ 05 5+2

20 2.6 =05 6+3 14 2

Values are ATP hydrolyzed per duplex separated. Separation of a 9-bp
duplex was monitored (construct 3 in Fig. S4). Conditions were identical to
experiments for CYT-19 except that lower concentrations of proteins, sub-
strates, and ATP were used to compensate for increased activity of these
proteins. For experiments with Mss116p, the protein concentration was 100
nM, the duplex concentration was 25 nM, and the ATP concentration was
0.5-100 uM, depending on the Mg?* concentration. For experiments with
Ded1p, the protein concentration was 100-500 nM, the duplex concentration
was 25-125 nM (maintaining a constant ratio of Ded1p and duplex concen-
trations), and the ATP concentration was 1-200 uM. In all cases, the ATP
utilization values reported are saturating with respect to ATP concentration
(data not shown). Corresponding values for CYT-19 are reproduced from
Table 2 for comparison.

tween duplex stability and the efficiency of separation by
DEAD-box proteins (10), and they indicate that the less efficient
unwinding for a more stable duplex does not simply result from
slower action by DEAD-box proteins, but is accompanied by an
increase in ATP consumption. This increase would not be
expected for a conventional helicase and, as above, may reflect
ATP hydrolysis events that are nonproductive because the core
domain of CYT-19 dissociates before strand separation is com-
plete (see Discussion).

A model involving nonproductive ATPase cycles would sug-
gest that conditions that weaken CYT-19 binding or stabilize the
duplex would give increased ATP requirements. Although
changes in experimental conditions invariably give complex
effects with multiple physical origins, changing Mg?* concen-
tration and temperature generally conformed to these expecta-
tions. With increased Mg?" concentration, strand separation
rates decreased substantially (Table 1 and Tables S1 and S2) and
the ATP utilization values increased. These changes most likely
include contributions from increased duplex stability (4, 26) and
weaker binding by CYT-19 (S. Mohr and A.M.L, unpublished
data). Lower temperatures also gave increased ATP require-
ments (Table S3), presumably in part from increased duplex
stability.

Similar ATP Utilization by Other DEAD-Box Proteins. To explore
whether the insights obtained for CYT-19 extend to other
DEAD-box proteins, we tested the Saccharomyces cerevisiae
proteins Mss116p and Dedlp. Like CYT-19, these proteins
separated a 9-base pair version of the P1 duplex at low Mg?*
concentrations with hydrolysis of at most a single ATP (Table 3).
Further, both proteins gave an ATP utilization of <1 at 2 mM
Mg?*, indicating that they, like CYT-19, are capable of strand
separation without ATP hydrolysis. With increasing Mg?* con-
centration, the ATP utilization by each protein increased, anal-
ogous to the behavior of CYT-19. Mss116p consistently hydro-
lyzed less ATP per separation event than did Ded1lp or CYT-19,
perhaps reflecting tighter binding of Mss116p to single-stranded
RNAs and intermediates formed during strand separation (27).

Discussion

By quantitatively comparing rates of ATPase activity and strand
separation by the DEAD-box protein CYT-19 and related
proteins, we have measured the number of ATP molecules
hydrolyzed during separation of short helices under a range of
solution conditions and temperatures (summarized in Table S4).

Chen et al.


http://www.pnas.org/cgi/data/0811075106/DCSupplemental/Supplemental_PDF#nameddest=SF4
http://www.pnas.org/cgi/data/0811075106/DCSupplemental/Supplemental_PDF#nameddest=ST2
http://www.pnas.org/cgi/data/0811075106/DCSupplemental/Supplemental_PDF#nameddest=ST2
http://www.pnas.org/cgi/data/0811075106/DCSupplemental/Supplemental_PDF#nameddest=ST1
http://www.pnas.org/cgi/data/0811075106/DCSupplemental/Supplemental_PDF#nameddest=ST3
http://www.pnas.org/cgi/data/0811075106/DCSupplemental/Supplemental_PDF#nameddest=ST4
http://www.pnas.org/cgi/data//DCSupplemental/Supplemental_PDF#nameddest=SF4

Lo L

P

1\

=y

Although analogous measurements have been made for several
processive SF1 and SF2 helicases (reviewed in ref. 28), few have
been reported for DEAD-box proteins (22), and none for
DEAD-box proteins with short helices that are characteristic of
structured RNAs. Our central conclusions are, first, that DEAD-
box proteins can separate short duplexes in a single cycle of
ATP-dependent conformational changes. Second, the process of
strand separation is initiated, and sometimes even completed,
while the proteins remain in the ATP-bound form. As described
below, these insights provide critical new mechanistic informa-
tion on strand separation by DEAD-box proteins, supporting and
extending models for their action on physiological substrates
(Fig. 3).

Strand Separation Depends on ATP Binding, Not Hydrolysis. Upon
binding an RNA duplex, a conformational change is suggested
to result in tight binding of the protein to one strand of the RNA
in a conformation that is incompatible with a duplex (Fig. 3
Upper Left). This conformational change depends on ATP
binding but not hydrolysis, consistent with prior findings of
cooperativity between binding of ATP and ssRNA (29, 30). It
may induce local strand separation or trap a single-stranded
segment that emerges due to transient “breathing” of the duplex.
After this initial separation, which is suggested from structural
analysis to be limited to 5 or 6 base pairs (31-33), additional base
pairs can apparently dissociate spontaneously to allow complete
separation of duplexes up to at least 9 base pairs in the absence
of any ATP hydrolysis (pathway shaded blue in Fig. 3). The
existence of this pathway is indicated by the ATP utilization
values of <I.

The conclusion that nucleotide-dependent unwinding does
not require hydrolysis is strongly supported by the finding from
E. Jankowsky and colleagues that the nonhydrolyzable analog
ADP-BeF also promotes unwinding (21), and our demonstra-
tion that ATP gives this enhancement strongly supports the
conclusion that ADP-BeFy provides a good approximate
model for the ATP-bound state of DEAD-box proteins (21).
Both studies also show that the enhancement by ATP is not
mimicked by AMP-PNP. The Jankowsky group reports that
unwinding of the longer duplexes in their study is undetectable
with AMP-PNP, consistent with earlier work for several
DEAD-box proteins and indicating that any stimulation by
AMP-PNP is much less than that of ATP (12, 34, 35). Our work
extends these results; because CYT-19-mediated separation of
the 6-bp duplex can be monitored in the absence of any
nucleotide, we are able to show that AMP-PNP provides no
stimulation relative to this basal level. Whereas the lack of
detectable activity with AMP-PNP has been suggested to
indicate a requirement for ATP hydrolysis, the present results
indicate that the defect arises at least in part from differences
between the ATP-bound and AMP-PNP-bound states. A
similar suggestion was made previously for the eIF4A protein
from differences between ATP and AMP-PNP in RNA bind-
ing and cross-linking experiments (29). These results cast
doubt on the general applicability of AMP-PNP as an analog
of ATP for interactions with DEAD-box proteins. Although
AMP-PNP can give tight binding of ssSRNA to DEAD-box
proteins (7, 21, 30, 31), this tight complex may not reflect an
on-pathway intermediate for ATP-dependent strand separa-
tion. Alternatively, it may be on-pathway but attained with
poor efficiency when starting from a double-stranded RNA
and bound AMP-PNP.

What Is the Role of ATP Hydrolysis? Although some strand sepa-
ration occurs in the absence of ATP hydrolysis, the ATPase
activities of all 3 DEAD-box proteins are substantially higher in
the presence of a duplex than with either strand alone (Fig. 1 and
data not shown). Thus, interactions with the duplex stimulate
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ATP hydrolysis, suggesting that ATP is sometimes hydrolyzed
during strand separation. This ATP hydrolysis could occur from
an intermediate complex in which both strands remain present,
in which case it could give disruption of additional base pairs, or
it could follow complete separation and function solely to
facilitate dissociation of the helicase core from the tightly bound
strand to allow additional cycles of unwinding (Fig. 3 and ref. 21).

Although the precise role remains an open question, it is
tempting to suggest that ATP can be hydrolyzed before complete
strand separation, as such premature hydrolysis could account
for the observations by us and others that separation of longer
duplexes is accompanied by hydrolysis of >1 ATP (22). If ATP
were hydrolyzed before complete strand separation, premature
dissociation of the helicase core could then allow rezipping of the
duplex and “wasted” ATP hydrolysis (boxed pathway in Fig. 3).
Supporting this interpretation, the ATPase rate remains con-
stant as the length of the duplex increases, whereas the strand
separation rate decreases (22), suggesting that the steps up to
and including ATP hydrolysis are not affected by length, but that
the longer duplexes are then less likely to become completely
separated. It should be noted that alternative models for in-
creased ATP utilization are possible, at least for longer duplexes
where the participation of multiple functional units of protein
could be imagined. However, even a duplex as short as 6-bp,
which is almost certainly bound by only 1 monomer (31), can
have an ATP requirement exceeding unity (Table S2). These
results lead us to favor the nonproductive cycles shown in Fig. 3
as a central origin of the increased ATP requirements.

Notably, both the ATP-hydrolysis-dependent and -indepen-
dent pathways can give complete strand separation in a single
cycle, yielding ATP utilization values of 1 or lower and ruling out
a general requirement for multiple cycles of ATP-hydrolysis-
dependent translocation along the duplex (see SI Text, Distinct
Mechanism from Processive Helicases). Importantly, the same
general model could apply to tertiary contact disruption or
protein displacement, because the critical feature is that a single
strand of RNA is bound tightly and prevented from interacting
with alternative partners.

Implications for Physiological Activities. These mechanistic features
of DEAD-box proteins are likely to be critical for their roles in
manipulating structured RNAs and RNPs. A tethering interac-
tion, which for CYT-19 and Mss116p appears to be mediated by
the C-terminal domain (6, 36), positions the helicase core to
disrupt nearby RNA structure. For CYT-19 and Mss116p, this
interaction is relatively nonspecific, whereas for DEAD-box
proteins that function with a defined RNA or RNP, this inter-
action is likely to be specific (12, 14). For both classes, it has been
proposed that the tethering interaction may be maintained
during local strand separation (4, 12). Here, we have tested this
model and provide data in strong support of it. A single cycle of
ATP-dependent conformational changes is sufficient to give
complete disruption of short helices, and such a cycle can easily
be envisioned to occur while the tethering interaction is main-
tained. This continued interaction may allow DEAD-box pro-
teins to disrupt the same local structure repeatedly, which may
be necessary to resolve misfolded RNAs such as group I introns
(37), or to remain poised to facilitate rearrangements of newly
formed intermediates that would otherwise revert rapidly to
nonproductive structures. The same mechanism may also permit
DEAD-box and related proteins that function in such processes
as pre-mRNA splicing to mediate rapid and repeated intercon-
version of alternative sets of contacts, improving fidelity by
allowing sampling of alternative conformations and intermolec-
ular contacts (38—40).
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Materials and Methods

Materials. Oligonucleotides were purchased from Dharmacon. CCCUCUAs was
5’-end-labeled with [y-32P]ATP by using T4 polynucleotide kinase and gel-
purified (41). CYT-19, Mss116p, and Ded1p were expressed and purified as
described (6, 27). AMP-PNP was treated to remove any contaminating ATP as
described in ref. 18. RNA and nucleotide concentrations were determined
spectrophotometrically (see S/ Text, Determination of RNA and Nucleotide
Concentrations).

RNA Strand Separation. Unless otherwise indicated, reaction conditions were
25 °C, 50 mM Na-MOPS, pH 7.0, 10 mM MgCl,, 50 uM ATP-Mg?2*, 50 mM KCl,
and 5% glycerol. Reactions were initiated by adding preformed duplex (final
concentrations of 0.5 uM RNA/DNA hybrid oligonucleotide, 0.2 uM CCCU-
CUAs, and trace 32P-labeled CCCUCUAs) to CYT-19 (2 uM), followed by addi-
tion of 1-5 pM unlabeled CCCUCUAs to give a final duplex concentration of
0.5 uM. Control reactions showed that varying the concentration of unlabeled
CCCUCUA; across and beyond this range did not affect the rate constant for
strand separation (Fig. S2), and thus 5 uM CCCUCUAs was used typically to
increase the signal for strand separation. At various times, aliquots were
quenched by adding 70 mM MgCl; and 1 mg/ml Proteinase K, and then loaded
on a 20% nondenaturing polyacrylamide gel run at 5 °C. We confirmed that
the quench solution was effective, because CYT-19 did not promote strand
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[y-32P]ATP instead of 32P-labeled CCCUCUAs. Unlabeled CCCUCUAs was 1 uM
(see above). Aliquots were quenched with 100 mM EDTA, applied to a poly-
ethyleneimine (PEI) cellulose TLC plate, developed in 1 M formic acid, 0.5 M
LiCl, and quantitated as above.
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