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Abstract

Most aspects of RNA metabolism involve DEAD-box RNA helicases, enzymes that bind and
remodel RNA and RNA-protein complexes in an ATP-dependent manner. Here we show that the
DEAD-box helicase Ded1p oligomerizes in the cell and in vitro, and unwinds RNA as a trimer.
Two protomers bind the single stranded region of RNA substrates and load a third protomer to the
duplex, which then separates the strands. ATP utilization differs between the strand separating
protomer and those bound to the single stranded region. Binding of the eukaryotic initiation factor
4G to Ded1p interferes with oligomerization and thereby modulates unwinding activity and RNA
affinity of the helicase. Our data reveal a strict division of labor between the Ded1p protomers in
the oligomer. This mode of oligomerization fundamentally differs from other helicases.
Oligomerization represents a previously unappreciated level of regulation for DEAD-box helicase
activities.

Introduction

DEAD-box helicases are the largest helicase family and play key roles in RNA metabolism
(Linder and Jankowsky, 2011). These enzymes contain a structurally conserved helicase
core with 12 characteristic sequence motifs, including the D-E-A-D signature (Linder et al.,
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1989; Putnam and Jankowsky, 2013b). Biochemical activities of DEAD-box helicases
include RNA duplex unwinding, disruption of RNA-protein complexes, RNA-dependent
ATP hydrolysis, and formation of stable, ATP-dependent complexes with RNA (Henn et al.,
2012; Jarmoskaite and Russell, 2011; Linder and Jankowsky, 2011; Liu et al., 2014; Putnam
and Jankowsky, 2013b). All of these activities are based on the ability of the enzymes to
bind and remodel RNA and RNA-protein complexes in an ATP-dependent manner (Putnam
and Jankowsky, 2013b).

DEAD-box helicases unwind RNA duplexes by local strand separation, which differs from
the translocation-based strand separation seen for other helicases (Bizebard et al., 2004;
Yang et al., 2007a; Yang and Jankowsky, 2006). DEAD-box helicases load directly to the
duplex and pry apart a limited number of basepairs in an ATP-dependent fashion
(Jarmoskaite et al., 2014; Mallam et al., 2012; Pan et al., 2014; Tijerina et al., 2006; Yang et
al., 2007a). The remaining basepairs dissociate non-enzymatically (Chen et al., 2008;
Rogers et al., 1999; Yang and Jankowsky, 2006). For several DEAD-box helicases strand
opening has been shown to require only ATP binding (Chen et al., 2008; Liu et al., 2008).
ATP hydrolysis promotes recycling of the enzymes (Liu et al., 2008). For many DEAD-box
helicases, loading onto the duplex is facilitated by single stranded or structured RNA
adjacent to the duplex (Tijerina et al., 2006; Yang and Jankowsky, 2006). The polarity of the
single stranded regions is not critical for unwinding, but the loading region has to be
proximal to the duplex (Yang et al., 2007a). Enzyme loading for several DEAD-box
helicases is associated with protein domains outside the helicase core (Hardin et al., 2010;
Mallam et al., 2011).

Many non-DEAD-box helicases work as oligomers (Enemark and Joshua-Tor, 2008). It is
unknown whether oligomerization is also important for DEAD-box helicases. Potential of
DEAD-box helicases to oligomerize has been suggested by two lines of evidence. First, for
several DEAD-box helicases unwinding rate constants show a sigmoidal dependence on the
enzyme concentration, an observation consistent with cooperative oligomerization (Halls et
al., 2007; Yang et al., 2007a; Yang and Jankowsky, 2005, 2006). Second, multiple DEAD-
box helicases appear to bind to themselves in the cell, also suggesting oligomerization
(Ernoult-Lange et al., 2012; Minshall and Standart, 2004; Ogilvie et al., 2003; Rudolph et
al., 2006). Whether and how oligomerization of DEAD-box helicases impacts their
biochemical and biological functions is unknown.

Here, we mechanistically characterize oligomerization for the DEAD-box RNA helicase
Ded1p from S. cerevisiae. Ded1p is involved in translation initiation and possibly other
processes of RNA metabolism (Beckham et al., 2008; Burckin et al., 2005; Chuang et al.,
1997; Hilliker et al., 2011; Jamieson et al., 1991). Ded1p orthologs are highly conserved in
eukaryotes (Sharma and Jankowsky, 2014). The human ortholog DDX3X has been
implicated in tumorigenesis and is targeted by several pathogens including HIV, HCV, and
poxviridae (Sharma and Jankowsky, 2014).

We show that Ded1p oligomerizes in the cell and in vitro, and that it unwinds RNA as a
trimer with a strict division of labor between the protomers. This mode of oligomerization
fundamentally differs from previously characterized helicases. We further show that the
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eukaryotic initiation factor 4G interferes with oligomerization of Ded1p and thereby
modulates its unwinding activity, indicating that oligomerization is an efficient mechanism
for regulation of DEAD-box helicase activities.

RESULTS

Ded1p forms oligomers in the cell and in vitro

We first tested whether Ded1p oligomerizes in the cell. We transformed yeast cells with a
plasmid encoding DED1 bearing a histidine-biotin (HTB) affinity tag. Adsorption of
Ded1pHTB to a Ni-affinity column after RNase treatment showed both, Ded1pHTB and
wtDed1p. No endogenous Ded1p was detected in the control without Ded1pHTB (Figure
1A). This observation indicates RNA-independent association of multiple Ded1p protomers
in the cell.

To probe whether Ded1p oligomerized in the absence of other proteins, we performed
protein-protein crosslinking experiments with purified recombinant Ded1p in vitro (Figure
1B). Multiple protomers crosslinked without RNA and the non-hydrolyzable ATP analog
ADPNP, indicating formation of complexes with up to five Ded1p protomers (Figure 1B,
lane 2). Ded1p also oligomerized in the presence of RNA, and upon addition of ADPNP.
The molecular weight of these oligomers was consistent with a dimer and, to a lesser extent,
a trimer (Figure 1B, lanes 3-5). The data indicate that oligomerization of Ded1p does not
depend on cellular co-factors, but represents an intrinsic ability of the enzyme.

Removal of the 69 C-terminal amino acids (Ded1p2C, Figure S1), a region of low
complexity (Sharma and Jankowsky, 2014), diminished oligomerization, both in the cell and
in vitro (Figure 1A, panels 3, Fig. 1B, lanes 6-10). Removal of the C-terminus confers a
temperature sensitive growth phenotype and alleviates growth inhibition caused by
overexpression of full-length Ded1p (Hilliker et al., 2011). Ded1pAC still formed dimers in
vitro, albeit at lower efficiency than wtDed1p (Figure 1B, lanes 6-10). However, no
complexes with more than two protomers were seen. The isolated C-terminus (CT) co-
purified with full-length Ded1p, but not with Ded1p2C (Figure 1C). These data suggest that
the C-terminus, while not critical for dimerization of Ded1p, is part of the protein-protein
interface in the trimer, and likely in the larger complexes seen in the absence of RNA and
ATP analog.

Oligomerization is required for optimal helicase activity

To test the impact of oligomerization on the catalytic activities of Ded1p, we measured
ATP-dependent RNA unwinding with RNA excess, allowing for multiple RNA substrate
turnovers per enzyme (Figures 2A, S2A-F). The initial unwinding rates (vg) for two
duplexes with different lengths showed a sigmoidal dependence of vy on the Ded1p
concentration, indicating cooperative oligomerization (Figure 2A). For a monomeric
enzyme, vo would linearly depend on the Ded1p concentration.

RNA unwinding under pre-steady state conditions, with enzyme excess resulted in a
sigmoidal functional binding isotherm for wtDed1p (Figure 2B), as previously reported
(Halls et al., 2007; Yang et al., 2007a; Yang and Jankowsky, 2005, 2006). The Hill
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coefficient of H = 3.2 £ 0.2 (Figure 2B) indicates cooperation between at least three Ded1p
protomers. Similar Hill coefficients were measured for a range of different RNA substrates
(Figure S2G). Ded1p”C showed significantly lower unwinding activity than wtDed1p at
comparable concentrations (Figure 2B). The isolated Ded1p C-terminus (CT) inhibited the
unwinding activity of wtDed1p, but not of Ded1p2C (Figure 2C). These data provide further
direct evidence that oligomerization of Ded1p is critical for optimal helicase activity, and
that the C-terminus is important for the unwinding oligomer.

ATPase and helicase activities are differently affected in the Ded1p oligomer

We then measured functional binding isotherms for RNA-dependent ATPase activity with
enzyme excess. Functional affinity of wtDed1p for RNA was similar to that for RNA
unwinding, but the Hill coefficient was only H = 1.6 £ 0.2 (Figure 2D). Similar Hill
coefficients were measured for a range of different RNA substrates (Figure S2K). The data
suggest that optimal RNA-stimulated ATPase activity requires cooperation between fewer
Ded1p protomers than unwinding activity.

Deletion of the C-terminus decreased the RNA-stimulated ATPase activity by a factor of
approximately 4 (protein concentration: 1 uM), but helicase activity by a factor of roughly
80, compared to wtDed1p (Figure 2B,D). Discrepancies between ATPase and helicase
activities were anticipated, given that unwinding by Ded1p requires only ATP binding, but
not turnover (Chen et al., 2008; Liu et al., 2008). However, a simple lack of ATP hydrolysis
during unwinding would not cause differences in Hill coefficients in unwinding and ATPase
reactions or such large differences between wtDed1p and Ded1p2C in ATPase vs. helicase
activities. Our data thus suggested a more intricate link between ATPase and helicase
activities in the Ded1p oligomer.

To probe the connection between unwinding and ATPase activities, we mixed wtDed1p with
mutant Ded1pPAAR. The mutation renders the protein deficient for both, ATPase and
helicase activities (lost et al., 1999). We varied the ratio between wtDed1p and Ded1pPAAD,
while maintaining constant overall protein concentration (Figure 2E). Additive inhibition
would result in a linear decrease of activity with increasing concentration of inactive
protomer (Moreau et al., 2007). The inhibitory effect of Ded1pPAAP on the RNA-stimulated
ATPase activity was smaller than expected from simple additive inhibition. In contrast, the
effect on unwinding was larger than expected from additive inhibition and larger than the
effect on the ATPase activity (Figure 2E). These data suggest that ATP-binding deficiency
in at least one protomer is beneficial for RNA-stimulated ATPase activity, but detrimental to
unwinding. This result raised the possibility that individual protomers participate differently
in ATPase and helicase activity.

To confirm and extend these observations, we compared unwinding and ATPase activity for
a series of RNA-DNA hybrid substrates (Figure 2F). Previous data had shown that unpaired
DNA facilitated unwinding, even though DNA does not stimulate ATPase activity of Ded1p
(lost et al., 1999; Yang and Jankowsky, 2006). However, the connection between unwinding
and ATPase activities for these substrates remained unclear. Here, we observed similar
unwinding rate constants for comparable substrates with unpaired RNA or DNA tails
(Figure 2F). ATP hydrolysis activity was considerably weaker for substrates with DNA tails,

Mol Cell. Author manuscript; available in PMC 2016 August 20.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Putnam et al. Page 5

indicating that ATPase activity is mainly associated with unpaired RNA (Fig. 2F). Given
that Ded1p protomers bind DNA tails (Figure S2J), our finding supports the notion that
individual Ded1p protomers participate differently in ATPase and helicase activities.

Unwinding involves distinct loading and strand separating protomers

To better understand functional differences between individual protomers, we examined
whether protomers interacting with the unpaired tail function distinctly from those
interacting with the duplex region. We functionally separated a protomer interacting with the
unpaired tail from an unwinding protomer by "clamping" Ded1p to the single stranded
region and testing whether clamped protomers facilitate or prevent unwinding. To clamp
protomers to the unpaired RNA we utilized the ability of Ded1p to form complexes with
single stranded RNA and the non-hydrolyzable ATP analog ADPNP that have half lives of
many hours (Liu et al., 2014).

We clamped Ded1p to the 25 nt unpaired tail of a substrate with a 16 bp duplex (Figure 3).
Ded1p unwinds substrates with shorter tails less efficiently than substrates with 25 nt, while
substrates with longer tails do not further enhance unwinding activity (Yang et al., 2007a).
The 25 nt tail binds two Ded1p protomers (Figure 3A). Shorter tails bind fewer Ded1p
protomers, longer tails more protomers (Figure S3A,B). Collectively, these observations
suggest that binding of two Ded1p protomers to an unpaired RNA tail is optimal for
unwinding.

After clamping two Ded1p protomers to the single stranded tail we added ATP and
measured strand separation by the remaining free protein (Figure 3B). Reaction and
associated controls were monitored by non-denaturing PAGE to visualize paired RNA,
separated strands, and RNA clamped to Ded1p (Figure 3C). Upon addition of ATP to
clamped Ded1p, strand separation occurred while Ded1p remained stably bound to the
bottom strand (Figure 3C, lane 6). As expected, addition of ADPNP only induced a stable
complex, but no strand separation (lane 4). Addition of ATP led to strand separation, but not
to stable complex formation (lane 5). No significant Ded1p-RNA binding was induced by
ADPNP during the unwinding reaction (Figure S3C). These data directly show that clamped
Ded1p protomers participate in the unwinding reaction.

To further examine cooperation between clamped and added Ded1p protomers, we
compared unwinding rate constants with and without clamped Ded1p (Figure 3D). Clamped
protomers increased the unwinding rate constant, compared to the reaction without clamp
(Figure 3D). In contrast, clamped Ded1p”€ did not facilitate loading of full-length Ded1p to
the duplex, and clamped full-length Ded1p did not facilitate loading of Ded1p2C (Figure
3D). Collectively, our observations suggest that clamped protomers aid the loading of at
least one additional Ded1p protomer to the duplex. This protomer separates the duplex in an
ATP dependent-fashion, and appears to be functionally distinct from the protomers bound to
the unpaired tail, which can work with ADPNP. Loading of the third protomer involves the
C-terminus of Ded1p on the unwinding protomer and at least on one protomer bound to the
unpaired substrate tail. For simplicity, we will refer to the protomers bound to the unpaired
tail as loading protomers, and to the protomer(s) separating the duplex as unwinding
protomer(s). We first focused on characterizing the loading protomers.
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Two loading protomers favor binding of a single ATP

The data above had shown that unwinding readily occurred without ATP exchange in the
loading protomers. However, when ATP exchange is not prevented, ATP hydrolysis is
mainly associated with the loading protomers (Figure 2F). To resolve this apparent
contradiction, it was critical to clarify how ATP binding and hydrolysis impacts the
interaction of Ded1p with the unpaired RNA. To accomplish this, we used single molecule
FRET (smFRET) and monitored the ATP-dependence of the interaction of Ded1p with an
unpaired RNA attached to a long duplex region (Figure 4A). This duplex is not appreciably
unwound during the observation time (Liu et al., 2014). We used saturating concentrations
of Ded1p (1 uM), and monitored binding reactions at increasing ATP concentrations (Figure
4B).

Without ATP, a major smFRET peak at E ~ 0.8 (P9-8) was seen, consistent with
observations from a previous study (Liu et al., 2014). This state represents both free RNA
and RNA bound to Ded1p without ATP, a complex that is highly dynamic (Liu et al., 2008;
Liu et al., 2014; Putnam and Jankowsky, 2013a). At the saturating Ded1p concentrations
used here (Figure S4A-F), the free RNA state is not appreciably populated, and P%-8
corresponds to Ded1p bound to RNA without ATP. With increasing ATP concentrations,
peaks emerged at E ~ 0.5 (P%-2) and E ~ 0.3 (P%-3) (Figure 4B). P%-3 corresponds to the
SmFRET state upon complete binding of the RNA by Ded1p in the presence of non-
hydrolyzable ATP analogs (Liu et al., 2014). Given that the 25 nt tail binds two Ded1p
protomers (Figure 3A), P93 represents two Ded1p protomers bound to RNA and ATP. P0-5
also increased with the ATP concentration (Fig. 4B), suggesting that this state corresponds
to one ATP bound to either one or two Ded1p protomers. The ratio between P%-3 and P9->
state increased only slightly with the Ded1p concentration, but P93 remained always
significantly smaller than P%-5 (Figure 4D). This observation implies a mechanism that
disfavors simultaneous binding of two ATP to two Ded1p protomers.

To illuminate this mechanism, we determined the kinetic parameters for the SmFRET
transitions from smFRET time traces (Figure 4B,C). The rate constants showed that binding
of Ded1p to the RNA is fast, compared to ATP binding to Ded1p at the reaction conditions
(konPe41P > 40uM 1571 vs. koyATP = 0.002uM 1572, Figure S4F). The kinetic parameters
faithfully recapitulate the dependence of the fractions of the three SmFRET states on the
ATP concentration (Figure 4D), thus reflecting association and dissociation of ATP to RNA-
bound Ded1p. Binding of the second ATP is modestly anti-cooperative with the first bound
ATP and dissociation of the second ATP is markedly faster than dissociation of the first
ATP (Fig. 4C). This arrangement counteracts a saturation of two RNA-bound Ded1p
protomers with ATP, favoring the state with only one bound ATP (Figure 4D).

Notably, dissociation of the second ATP (k_, = 15.5 s~1) was more than one order of
magnitude faster than the rate constant for ATP turnover (ke 7= 0.23 s71, Figure S4G,H),
and therefore unlikely to reflect ATP turnover. The rate constant for the transition P%-3—p0-8
(k3 = 0.25 s71) closely matches the ATP turnover rate constant and might represent ATP
turnover. The notion that the P%-3—P0-8 transition corresponds to ATP turnover was
supported by a marked decline in the frequency of P%-3—P0-8 transitions upon mutation of
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the arginine finger in motif VI (Figure S41-L). This mutation disrupts the transition state for
ATP hydrolysis, thereby preventing ATP hydrolysis while allowing ATP binding (Liu et al.,
2008). Together, the data suggest that rapid dissociation of the second ATP curtails the
frequency of ATP turnover. Collectively, the sSmFRET approach revealed that two ATP can
be bound by the loading protomers. However, the state with a single bound ATP is favored
over two bound ATP even at increasing ATP concentrations (Figure 4D).

The unwinding protomer displays weak affinity for ATP

We next examined the unwinding protomer. To distinguish between strand separation step
and loading process, we pre-incubated Ded1p with the RNA substrate, and started the
reaction with ATP and RNA scavenger that precludes re-association of Ded1p with the RNA
substrate during the reaction (Figures 5A; S5A,B). Because only a single RNA-protein
binding cycle is monitored, this reaction regime is referred to as single cycle (Jankowsky et
al., 2000; Liu et al., 2008). Reaction amplitudes and strand separation rate constants under
these conditions reflect characteristics of the unwinding protomer.

We measured apparent strand separation rate constants (Kops) under single cycle conditions
by stopped flow fluorescence (Figure S5B), because reactions were too fast for manual
measurements. However, reaction amplitudes measured by stopped flow fluorescence were
indistinguishable from manually obtained amplitudes (Figure S5D). At constant ATP (2
mM), kops Showed no significant dependence on the Ded1p concentration (Figure 5B), as
expected for single cycle conditions. To assess the impact of duplex length on strand
separation, we measured unwinding amplitudes for a set of substrates with duplexes from 10
to 19 bp. Amplitudes increased with Ded1p concentration, reflecting the concentration-
dependent binding of Ded1p to the substrates (Figure 5C). K1/, values and Hill coefficients
(H ~ 3) were similar for all duplexes (Figure 5C). This observation indicates that duplex
length does not significantly impact loading of the unwinding protomer and confirms
participation of at least three Ded1p protomers in the unwinding reaction. The apparent
affinity (K2 = 0.54 uM) is the affinity of Ded1p for RNA without ATP, which is
approximately twofold larger than the affinity with ATP (Kq/, = 0.32 uM, Figure 2B),
consistent with previous observations for different RNA substrates (Putnam and Jankowsky,
2013a). Amplitudes at saturating concentrations of Ded1p decreased with increasing duplex
length (Figure 5C), because the strand separation rate constant decreases with duplex length
(Chen et al., 2008; Yang et al., 2007a).

We next probed the ATP affinity of the unwinding protomer. The apparent strand separation
constant (kops) increased almost linearly with the ATP concentration over the experimentally
accessible range (JATP] < 3 mM) (Figure 5D). This observation indicates a significantly
weaker ATP affinity for the unwinding protomer than for the loading protomers (Figure 4C).
Amplitudes for duplexes of different length showed a scaling with the ATP concentration
(Figure 5E), which indicated that duplex length did not significantly alter the weak ATP
affinity of the unwinding protomer (Figure S5F). The data reveal that physiological ATP
concentrations are only sub-saturating for the unwinding protomer.
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Coordination between loading and unwinding protomers

To quantitatively describe coordination between unwinding and loading protomers, we
combined the SmFRET data with multiple cycle and single cycle unwinding datasets in a
unified kinetic and thermodynamic framework (Figure 6). Model building, fitting strategy
and assessment of model quality are described in Figure S6, and in the Supplementary
Methods. The framework shows that the Ded1p oligomer can readily assemble on the RNA
under physiological ATP and Ded1p concentrations (Firczuk et al., 2013). The differing
ATP affinities of loading and the unwinding protomers render the unwinding activity more
sensitive to inhibition than the ATPase activity, explaining previous observations showing
that AMP inhibits unwinding stronger than ATPase activity (Putnam and Jankowsky,
2013a).

The framework delineates the complex link between strand separation and ATP binding and
hydrolysis. ATP binding by one of the loading protomers is favorable for optimal
unwinding. However, unwinding can also occur without ATP bound by the loading
protomers. ATP binding is required for the unwinding protomer, but hydrolysis is not
necessary for strand separation (Chen et al., 2008; Liu et al., 2008). Accordingly, the rate
constant for the strand separation step for the 10 bp duplex (k,nw at Ded1p and ATP
saturation) exceeds the rate constant for ATP turnover (K.,t) by a factor of approximately 60.
ATP-bound Ded1p dissociates from the RNA with a rate constant similar to that for ATP
turnover, supporting the notion that ATP hydrolysis promotes Ded1p dissociation and
recycling for subsequent unwinding cycles (Liu et al., 2008).

The framework rationalizes the cooperativity of Ded1p oligomerization. A Ded1p trimer
binds RNA tighter than monomeric or dimeric Ded1p. Dissociation of the Ded1p oligomer
without ATP is ~5 fold faster than ATP turnover, consistent with weaker affinity of Ded1p
for RNA without ATP. Rapid dissociation of Ded1p without ATP explains the inability to
detect stable Ded1p-RNA complexes by SmFRET.

The rate constants for dissociation of Ded1p from RNA with and without ATP provide
insight into the scaling of futile binding cycles with duplexes of different length. For a 10 bp
duplex, 95% of binding events produce strand separation, consistent with previous data
comparing ATP turnover and unwinding under steady state conditions (Chen et al., 2008).
For a 16 bp duplex only ~ 30% of binding events are productive. For the 19 bp substrate,
less than one percent of binding events result in strand separation.

elFAG interferes with oligomerization of Ded1p

The significance of the Ded1p C-terminus for the formation of the unwinding oligomer
raised the question whether and how the Ded1p co-factor elF4G, which binds Ded1p at its
C-terminus (Hilliker et al., 2011), affected oligomerization and thereby the Ded1p activity.
To address this question, we examined the effect of elF4G on unwinding reactions by Ded1p
(Figure 7A). elFAG was purified and tested in complex with elF4E, because elF4G alone is
unstable (Hilliker et al., 2011). Unwinding rate constants were lowered by elFAG/E, and
inhibition increased with the Ded1p concentration (Figures 7A, S7A,B). With elF4G/E, the
unwinding rate constant did not depend on the Ded1p concentration in the characteristic
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sigmoidal fashion seen for Ded1p alone. This observation suggests that elFAG/E, which can
bind RNA (Figure S7D), does not inhibit unwinding by Ded1p through competition for the
RNA substrate, since competition would not change the sigmoidal shape of curve. Instead,
the data suggest formation of a elF4G-Ded1p complex that can unwind the duplex, but does
not involve multiple Ded1p.

This notion was supported by experiments where the concentration of elF4G/E was varied at
a constant Ded1p concentration (Figure 7B). Inhibition did not reach completion, as would
have been expected from competition by the RNA binding protein elF4G for the RNA, and
as seen for the DEAD-box helicase Mss116p, which does not interact with elF4G (Figure
S7C). Instead, the inhibition of Ded1p at higher elFAG/E concentrations leveled at a
constant value (Figures 7B, S7A). These data were consistent with a Ded1p-elF4G/E
complex that unwinds the duplex, but with a lower rate constant than the Ded1p trimer.
Notably, this Ded1p-elF4G/E complex showed higher apparent affinity for the substrate
than the Ded1p trimer (Ky,'[Pedlp-IFAG/El= 21 + 5 nM, Figure 7B, vs. Kqp'Ped1P = 322 + 18
nM, Figure 7A). Upon removal of the C-terminus of Ded1p (Ded1p2©), the major binding
site for elF4G (Hilliker et al., 2011), elF4G affected the activity of Ded1p2C predominantly
through competition for the RNA, as seen with the unrelated Mss116p (Figure S7C). This
result indicates that deletion of the C-terminus of Ded1p diminishes formation of the Ded1p-
elF4G/E complex.

To further characterize the Ded1p-elFAG/E complex, we examined unwinding of a chimeric
substrate containing an RNA duplex with DNA overhang (Figure 7C,D). Ded1p unwound
this substrate with an observed rate constant similar to that seen for the corresponding RNA
substrate (Figure 7D), as previously observed (Yang et al., 2007a; Yang and Jankowsky,
2006). Although elF4G did not bind the DNA-RNA chimeras (Figure 7C), elF4G inhibited
unwinding by Ded1p markedly stronger than with RNA substrates (Figure 7C). Since the
inability of elFAG to bind this substrate rules out competition with Ded1p, we conclude that
the elF4G-Ded1p complex forms, but that elF4G in the complex is unable to bind the DNA
region. elF4G thus replaces the loading protomers in the Ded1p trimer. This notion was
supported by crosslinking of Ded1p with and without elF4G, which showed interference of
elF4G with oligomerization of Ded1p (Figure S7E).

Collectively, our observations reveal an unwinding-competent Ded1p-elF4G/E complex.
elF4G/E helps to load a Ded1p protomer to the duplex (Figure 7E). Both, Ded1p
oligomerization and formation of the elF4G-Ded1p complex involve the C-terminus of
Ded1p in a mutually exclusive fashion. Although the elF4G-Ded1 complex unwinds RNA
with an apparent rate constant considerably lower than the Ded1p trimer, the apparent
affinity of the elF4G-Ded1 complex for the RNA is higher than that of the Ded1p oligomer
(Figure 7E). These data mark oligomerization as powerful mechanism to regulate DEAD-
box helicase activity.

DISCUSSION

While DEAD-box, and perhaps other eukaryotic RNA helicases are not usually viewed as
oligomers, our data emphasize the significance of oligomerization for activity and regulation
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for at least a subset of these enzymes. For Ded1p, the K1/, for oligomerization in vitro (on
RNA: K17 = 0.3 UM with ATP, Fig. 6) are below the physiological Ded1p concentration of
roughly 1uM (Firczuk et al., 2013; Sharma and Jankowsky, 2014), albeit in a similar range.
Ded1p oligomers should thus readily form in the cell, consistent with our findings.
However, Ded1p would not need to be exclusively present in oligomers, and thus available
for interactions with other proteins.

The mode of oligomerization for Ded1p is, to our knowledge, unprecedented for other
helicases. While other helicases form hexameric rings or dimers (Enemark and Joshua-Tor,
2008; Lohman et al., 2008), Ded1p forms a trimer. In other oligomeric helicases, each
protomer usually cycles through the various stages of ATP and nucleic acid binding and
during the course of an unwinding reaction, each protomer performs all functions (Enemark
and Joshua-Tor, 2008). In the Ded1p oligomer, the protomers do not alternate their roles.
Two Ded1p protomers bind single stranded RNA and thereby facilitate the loading of the
third protomer to the duplex region. The third protomer separates the duplex. This strict
division of labor between protomers is a distinct feature of the Ded1p oligomer.

In other helicases, ATP binding and hydrolysis are closely coordinated between protomers
(Enemark and Joshua-Tor, 2008). In Ded1p, no comparable coordination is seen. In fact, the
exact state of the ATPase cycle in the loading protomers appears not to be critical for the
unwinding reaction. The loading protomers only have to remain bound to the unpaired
region. Unwinding is therefore most efficient when the two loading protomers are clamped
to the RNA. Long residence times of the loading protomer on the single stranded RNA
increase the probability for loading of the third protomer to the duplex. We speculate that
the anti-cooperativity in ATP binding by the two loading protomers serves the same
purpose. Simultaneous ATP binding to both loading protomers is minimized, because ATP
hydrolysis from this state causes disassembly of the oligomer, an obvious disadvantage for
the unwinding reaction. In contrast, hydrolysis of only one bound ATP by both loading
protomers appears to not completely disassemble the oligomer. Our data suggest that the
loading protomers balance ATP turnover and dissociation from the single stranded RNA
with the need to maintain RNA binding for as long as possible, thereby maximizing
opportunities for loading of the third protomer to the duplex.

These observations raise the question why Ded1p has not evolved into a more potent
unwinder, wherein ATP hydrolysis by the loading protomers is inhibited until unwinding
occurs. This optimization for unwinding might not have occurred because Ded1p performs
other functions in the cell, besides duplex unwinding as an oligomer, such as binding to and
unwinding with elF4G.

While the ATP binding state of the loading protomers appears to affect the unwinding
reaction only slightly, the RNA binding state of the loading protomers to single stranded
RNA or DNA strongly impacts strand separation. Unwinding involves a Ded1p oligomer
even for substrates without single stranded regions, given that unwinding rate constants of
blunt-end duplexes also display sigmoidal dependence on the Ded1p concentration (Yang et
al., 2007a). However, the functional affinity of the Ded1p oligomer for blunt-end duplexes is
significantly weaker than for those with sufficiently long unpaired RNA tails (Yang et al.,
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2007a). Thus, binding of unpaired RNA to the loading protomers allosterically regulates the
unwinding protomer, but only when the single stranded region is in physical proximity to the
duplex (Yang and Jankowsky, 2006). The interplay between the protomers and the limited
coordination between the ATP-binding states of the different protomers rationalize the
previously intractable connection between ATPase and unwinding activities for Ded1p, and
possibly other oligomeric DEAD-box helicases.

The rate constants for ATP turnover, strand separation, and dissociation of Ded1p from the
RNA with and without ATP provide direct, quantitative evidence that ATP hydrolysis is not
required for strand separation by Ded1p, but linked to dissociation of the enzyme from
RNA. These findings are consistent with previously published observations for Ded1p (Liu
et al., 2008), and possibly other DEAD-box helicases (Chen et al., 2008; Putnam and
Jankowsky, 2013b). A subset of other DEAD-box helicases might require ATP hydrolysis
for strand separation (Henn et al., 2012).

Our data demonstrate that oligomerization of Ded1p provides an efficient mechanism to
regulate helicase activity. The C-terminus of Ded1p serves as interface for both,
oligomerization and elF4G binding, thereby rendering both processes mutually exclusive. In
the elF4G-Ded1p complex, elFAG replaces the loading protomers. The Ded1p-elF4G
complex displays higher RNA affinity, but lower unwinding activity than the Ded1p trimer.
The C-terminus of Ded1p is a region of low complexity, with many potential sites for post-
translational modifications and for interactions with other proteins. The mutually exclusive
nature of Ded1p oligomerization and elF4G binding raises the possibility that Ded1p
oligomers are particularly prevalent outside of translation initiation, for example in ribosome
biogenesis (Li et al., 2009).

EXPERIMENTAL PROCEDURES

Materials

RNA oligonucleotides (DHARMACON) were radiolabeled and prepared as described (Yang
and Jankowsky, 2005). Sequences are given in the Supplementary Methods. Ded1p and all
other protein constructs, including elFAG/E, were expressed in E. coli and purified as
described (Yang and Jankowsky, 2005)(Hilliker et al., 2011).

In vivo co-precipitation

Endogenous Ded1p was co-precipitated from S. cerevisiae (BY4741) with Ded1p or
Ded1pAC tagged with C-terminal 6xHis-Tev-Biotin-6xHis (HTB) expressed on a low copy
plasmid (Ycplaclll) under the Ded1p endogenous promoter. Expression levels of the tagged
proteins were approximately equal to the endogenous Ded1p levels. Cells were pelleted,
washed, and lysed (4°C, 50 mM NaCl, 40 mM Tris, pH 8, 0.5 mM MgCl,, 0.01% IGEPAL
CA 630, 2 mM DTT, Roche protease inhibitors). The lysate was cleared by centrifugation.
Lysates were incubated with Ni-NTA agarosebeads for 2h in the presence of a RNAse
cocktail (Roche). Beads were washed 4 times (50 mM NaCl, 40 mM Tris, pH 8, 0.5 mM
MgCl,, 0.01% IGEPAL CA 630, 2 mM DTT), samples were eluted (100 mM Tris, pH 6.8,
24% glycerol, 8% SDS, 0.02% Comassie Blue R250, 0.2 mM DTT) and resolved on a 10%
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Tricine-SDS Page gel. Gels were analyzed by western blot using a Ded1p antibody (a-
Ded1p, polyclonal, raised against full length Ded1p, dilution 1:6,000).

Protein-protein crosslinking

Purified recombinant Ded1p (1 pM) and Ded1p2C (1 uM) were incubated with and without
2 UM 16 bp duplex with a 3’ 25 nt single stranded RNA and 0.5 mM ADPNP/Mg?2*
(Helicase reaction buffer (HRB): 40 mM Tris (pH 8.0), 50 mM NacCl, 8.3% (v/v) glycerol,
0.01% (w/v) IGEPAL CA 630, 2 mM DTT, 0.6 U/uL RNasin (Roche), and 0.5 mM MgCl,)
for 60 minutes at 19°C. Formaldehyde (1% (v/v)) was added for 30 minutes at room
temperature. Reactions were quenched with 0.5 mM Tris-Glycine (pH 6.8). Samples were
diluted (100 mM Tris, pH 6.8, 24% glycerol, 8% SDS, 0.02% Comassie Blue R250, 0.2 mM
DTT) and resolved on 10% Tricine-SDS Page gel. Gels were analyzed by western blot (a-
Ded1p).

In vitro pull-down

Purified GST-Ded1p-CT (1 uM) was incubated in HRB with additional 11.6% glycerol,
BSA 5 mg/mL, RNase A 20 pg/mL, RNase T1 1u/uL, and purified Ded1p or Ded1p2C (0.5
uM) overnight (4°C). 50 uL of glutathione-sepharose resin was added, incubated for 60 min,
and washed multiple times with RIPA buffer. Bound proteins were eluted with Laemmli
buffer and denatured at 95°C for 5 min. Bands were resolved on 6-11.5% gradient SDS-
PAGE and analyzed by Coomassie staining or western blot (a-Ded1p).

Unwinding reactions (PAGE)

Unless otherwise indicated, unwinding reactions were performed in HRB as described at
19°C (Yang and Jankowsky, 2005). ATP was added with equimolar MgCl,. For pre-steady
state reactions, Ded1p was incubated with 0.5 nM radiolabled RNA for 5 min in reaction
buffer, and reactions were initiated with ATP/Mg2*. Where applicable, eIF4G/E was
included as described. Aliquots were removed at indicated times, reactions were stopped and
applied to 15% non-denaturing PAGE. Gels were dried and RNAs visualized and quantified
with a Molecular Dynamics Phosphor imager and the ImageQuant 5.2 software (Molecular
Dynamics). Observed rate constants were calculated as described, taking into account
simultaneously occuring strand annealing (Yang and Jankowsky, 2005). Single cycle
reactions were conducted and analyzed as described above, except that the reaction was
started with ATP/Mg2* and RNA scavenger or heparin. Steady state unwinding reactions
were conducted as above, but with up to 2 UM unlabeled RNA substrate in addition to the
labeled RNA, and with 10 uM unlabeled top strand, to preclude re-annealing of the
separated strands. Unwinding reactions were monitored by PAGE.

ATPase measurements

ATPase measurements were performed in HRB (19°C) as described (Putnam and
Jankowsky, 2013a). Initial observed reaction rates (v') were calculated from the linear part
of the plot of product vs. time.
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Helicase clamping

Ded1p-RNA clamping reactions were performed for 90 min (19°C) in HRB with 0.5 nM
radiolabeled RNA. After incubation, reactions were terminated by adding an equal volume
of 50% glycerol, and 1 uM of a 73 nt scavenger RNA, to sequester non-stably bound
protein. Protein-bound and free RNA were separated by non-denaturing PAGE (7%) at 4°C.

Sucrose gradient fractionation

Ded1p-RNA binding reactions were performed in HRB (90 uL) with 1.1 uM Ded1p and 1
mM ADPNP/Mg?2* for 60 minutes (19°C). Reactions were terminated by adding 1 pM
(final) of 73 nt scavenger RNA. Samples were layered onto 4.6 ml of 6-40% sucrose
gradients under the same buffer conditions. Gradients were centrifuged in a Beckman
SW-55 Ti rotor at 42,000 rpm for 15 hours at 4°C. The size standards ovalbumin (3.6S, 45
kD), aldolase (7.35S, 149 kD), and catalase (11.3S, 240 kD) were mixed in equilibrium
binding buffer and centrifuged in parallel with the reaction samples. Following
centrifugation, samples were fractionated and radio-labeled RNA in each fraction was
detected by scintillation counting (Beckman Coulter LS 6500). Size standards were
examined by SDS-PAGE.

Single Molecule FRET measurements

Single-molecule FRET was measured in a home-built, total internal reflection (TIR)
microscope setup (NIKON TE300 microscope, Pentamax Gen 111 CCD, PRINCETON
INSTRUMENTS, 50 mW, frequency doubled solid-state laser, CRYSTALASER) (Fairman-
Williams and Jankowsky, 2012; Yang et al., 2007b) RNA samples were immobilized in a
flow-cell, coated with PEG/biotinylated PEG (Roy et al., 2008). Biotinylated RNA samples
were immobilized via streptavidin (MOLECULAR PROBES). Reactions were conducted in
HRB, except that 5% (v/v) glucose, glucose oxidase (SIGMA) and catalase (SIGMA) were
added as oxygen-scavenging system Fluorescence and corresponding FRET values were
computed as described (Yang et al., 2007b).

Stopped-flow fluorescence measurements

Reactions were measured in an Applied Photophysics Pi-star fluorimeter by monitoring
fluorescence change of a 2-aminopurine (2-AP) in the top strand upon strand separation. 2-
AP was excited at 310 nm (4 nm slit). Emission was monitored with a 350 nm cut-off filter.
Reactions were performed in HRB (19°C) with 50 nM RNA bearing the 2-AP, 0.02 mg/ml
heparin as scavenger for Ded1p, and 1 uM RNA without 2-AP, to eliminate re-annealing of
the labeled duplex. Ded1p was incubated with the RNA and reactions were started by rapid
mixing of ATP/Mg?2" at indicated concentrations. Data were analyzed as described (Putnam
and Jankowsky, 2012).

Kinetic Modeling

Kinetic modeling was performed with KINETK EXPLORER (Kintek, Austin, TX) using
data obtained from unwinding experiments reported in this study and from data reported in
earlier studies (Putnam and Jankowsky, 2013a). A detailed description of the data used,
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modeling strategy, data fits and assessment of model quality is provided in the
Supplementary Methods.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Ded1p oligomerizes in the cell and in vitro
(A) Affinity precipitation of endogenous Ded1p with HTB-tagged Ded1p or Ded1p2C in the

presence of RNAse. Inputs and affinity precipitations (P) were analyzed by western blot
using a polyclonal Ded1p antibody (a-Ded1p).

(B) Formaldehyde crosslinking of purified recombinant wtDed1p or Ded1p2C with and
without RNA (16 bp, 25 nt unpaired region 3' to the duplex) and ADPNP, as indicated.
Protein species were visualized by western blot (a-Ded1p). Mobilities for the Ded1p
monomer, dimer, and trimer are indicated.

Mol Cell. Author manuscript; available in PMC 2016 August 20.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Putnam et al.

Page 18

(C) Pull-down of Ded1p and Ded1p2C by the GST-tagged Ded1p C-terminus. The left panel
shows a control of GST only. See also Figure S1.
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Figure 2. Connection between oligomerization, ATPase and helicase activity
(A) Unwinding of two RNA substrates (2 uM) with differing duplex length under steady-

state conditions with increasing concentrations of Ded1p. Data points here and in all
subsequent figures are averages from multiple independent measurements (N = 3) and error
bars represent one standard deviation, unless indicated otherwise. Dashed lines indicate the
dependence of the unwinding rate expected for a monomeric enzyme. Solid lines mark a

trend.

(B) Unwinding of a 16 bp RNA substrate (0.5 nM) under pre-steady state conditions with
increasing concentrations of Ded1p and Ded1pC. Solid lines are the best fits to the Hill
equation (for wt Ded1p:Kynw™ = 7.4 + 0.2 min~1,Ky/» = 320 + 40 nM, H = 3.2 + 0.1; for
Ded1pAC: no meaningful datafit)
(C) Inhibition of unwinding by Ded1p, but not Ded1p2€ with the C-terminal domain of
Ded1p. Measurements were performed with 0.5 nM RNA (13bp, 25 nt 3’ ssSRNA), 300 nM

Ded1p,900 nM Ded1p2C, 0.4 mM ATP, 1.0 uM GST-Ded1p-Ct or GST.

(D) RNA-stimulated ATPase activity with 50 nM RNA (16 bp, 25 nt 3’ ssRNA) at indicated
concentrations of Ded1p and Ded1pC. Solid lines are the best fits to the Hill equation (for
wt Ded1p:Vmax = 2.1 + 0.2 pM-min~1, K1/ = 220 + 60 nM, H = 1.6 + 0.2; for Ded1p2C: no

meaningful datafit)

(E) Inhibition of helicase and RNA-stimulated ATPase activities of Ded1p with
Ded1pPAAD measured at 0.5 nM (unwinding) or 50 nM (ATPase) RNA (16 bp duplex with
3' 25 ntssRNA), 1 pM total protein concentration ([Ded1p]+ [Ded1pPAAP]), and 2 mM
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ATP. Activities are plotted as a fraction of the activity of 1 uM wtDed1p. The solid line
indicates the expected result for a monomeric enzyme. Dashed mark a trend.

(F) Comparison of unwinding and ATPase activity of wtDed1p for a series of RNA-DNA
hybrid substrates (cartoons on the left - grey broken line: DNA; black solid line: RNA).
Values for keot/Kiy, for ATP hydrolysis were obtained with 2 uM nucleic acid substrate, 0.4
UM Ded1p, as in Fig. 3A, values for kg, ™ for unwinding with 0.1 nM substrate, 2 mM
ATP/Mg?*, as in Fig. 2B. See also Figure S2.
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Figure 3. Unwinding involves distinct loading and unwinding protomers
(A) Fractionation of of RNA (16 bp, filled circles) and RNA with Ded1p and ADPNP (open

circles) on a sucrose gradient (6—40%). Curves represent best fits to a Gaussian distribution.
Dashed lines indicate peak fraction numbers of protein markers sedimented under identical

conditions.

(B) Reaction scheme for testing RNA unwinding with pre-bound (clamped) Ded1p

protomers.

(C) Representative non-denaturing PAGE for RNA unwinding with pre-bound (clamped)
Ded1p protomers, and associated controls (0.6 UM Ded1p; 0.5 nM RNA, both strands
radiolabeled, 50 uM ADPNP/Mg?2*, where applicable; and 2 mM ATP/Mg2*, where
applicable). To samples in lanes 4 — 6, 1 uM 73 ntRNA scavenger was added after the
reaction to remove loosely associated Ded1p from the labeled RNA.

(D) Impact of pre-bound (clamped) Ded1p or Ded1pC on the unwinding rate constant

kunw™®*. See also Figure S3.
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Figure 4. Analysis of ATP binding to the loading protomers by single molecule FRET
(A) Schematics for the single molecule FRET measurements.

(B) Left column: smFRET Histograms for Ded1p binding to the RNA with increasing
concentrations of ATP/Mg?2*, as indicated. Grey curves represent best fits to individual
Gaussian distributions, black curves the sum of the individual distributions. Right column:
representative time traces for reactions in the presence of increasing concentrations of
ATP/Mg?*, as indicated in the histograms. Dashed lines mark the three FRET states.

(C) Association and dissociation rate constants for ATP/Mg?2*, and associated equilibrium
dissociation constants.

(D) Fraction of each FRET state calculated from smFRET histograms as function of the
ATP/Mg?2* concentration. Lines are the best fit of the experimental data to the model shown
in panel (C). See also Figure S4.
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Figure 5. Characterization of the unwinding protomer under single cycle conditions
(A) Reaction scheme for a single cycle unwinding reaction.

(B) Observed unwinding rate constants (Kqps) under single cycle conditions for two
substrates containing a 25 nt unpaired region 3' to duplex with 10, and 13 bp, respectively,
as function of increasing Ded1p concentrations. Unwinding reactions were measured by
stopped-flow fluorescence spectroscopy.

(C) Unwinding amplitudes for a series of substrates (duplex lengths as indicated, identical
25 nt unpaired regions 3' to the duplex) as function of increasing Ded1p concentrations.
Amplitudes were measured by PAGE (Figure S5).

(D) Observed unwinding rate constants (Kqps) under single cycle conditions for the substrate
used in panel (C), as function of increasing ATP concentration at 1.2 pM Ded1p. The black
solid line marks a binding isotherm.

(E) Unwinding amplitudes for the substrates in panel (C) as function of increasing ATP
concentrations at 1.2 uM Ded1p. Deconvolution of unwinding and dissociation rate
constants, and resulting amplitudes as function of increasing ATP concentrations are shown
in Figure Sb.
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Figure 6. Coordination between loading and unwinding protomers
Kinetic and thermodynamic framework for oligomerization and duplex unwinding by

Ded1p. Parameters were calculated from experimental data as described in Supplemental
Methods, using Kintek Global Kinetic Explorer (Kintek Co., Texas). See also Figure S6.
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Figure 7. elF4G interferes with oligomerization of Ded1p
(A) Impact of elFAG/E (300 nM) on unwinding of an RNA substrate (13 bp, 25 nt overhang

3") under pre-steady-state conditions with increasing concentrations of Ded1p (0.4 mM
ATP). Solid lines mark the trend. The lower panel shows the inhibition by elF4G/E at the
corresponding Ded1p concentrations. The right plot zooms into the plot with elF4G/E.

(B) Unwinding of the RNA substrate used in panel (A) at a constant concentration of Ded1p
(0.4 mM ATP) and increasing concentrations of elF4G/E, as indicated. The line is a fitto a
binding isotherm (K12 = 21 = 5 nM, k™" = 0.26 + 0.13 min™1).
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(C) Binding of elF4G/E (200 nM) to RNA (71 nt unpaired RNA, 1 nM, lane 2) and
competition of RNA and RNA-DNA chimeric oligonucleotides (4 uM, lanes 2-8). DNA
regions are marked by the grey broken line, RNA regions by a solid black line.

(D) Impact of elFAG/E (300 nM) on the unwinding activity of Ded1p (300 nM, 0.4 mM
ATP) with RNA substrates and a RNA-DNA chimeric substrate (DNA marked by broken
grey line). Inhibition is noted on the right.

(E) Basic scheme for the reaction with Ded1p and elF4G/E. Apparent affinities (Ky/2) were
calculated by including elF4G, elFAG/E-RNA and Ded1p-elFAG/E-RNA in the model
shown in Fig. 6, at the ATP concentration (0.4 mM) used in panels (A) and (B). Ky, for
RNA binding by the Ded1p-elF4G/E complex represents binding of elFAG/E to RNA-bound
Ded1p. See also Figure S7.
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