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Summary

The yeast DEAD-box protein Mss116p is a general RNA chaperone that functions in mitochondrial
group I and Il intron splicing, translational activation, and RNA end processing. Here, we determined
high-resolution X-ray crystal structures of Mss116p complexed with an RNA oligonucleotide and
ATP analogs AMP-PNP, ADP-BeF;~, or ADP-AIF,". The structures show the entire helicase core
acting together with a functionally important C-terminal extension. In all structures, the helicase core
is in a closed conformation with a wedge a-helix bending RNA 3’ of the central bound nucleotides,
as in previous DEAD-box protein structures. Additionally, the C-terminal extension bends RNA 5’
of the central nucleotides, resulting in RNA crimping. Despite reported functional differences, we
observe few structural changes in ternary complexes with different ATP analogs. The structures
constrain models of DEAD-box protein function and reveal a new strand separation mechanism in
which a protein uses two wedges to act as a molecular crimper.

Introduction

DEAD-box proteins are a large, ubiquitous family of ATP-dependent RNA helicases that
mediate RNA and RNP structural rearrangements in a variety of cellular processes, including
RNA splicing, translation, ribosome biogenesis, RNA degradation, and RNA transport (Linder,
2006). Members of helicase superfamily I1, all DEAD-box proteins contain a helicase core
consisting of two tandem RecA-like domains (domains 1 and 2) connected by a short linker
(Jankowsky and Fairman, 2007). The helicase core contains the eponymous sequence motif 11
(D-E-A-D) and ten other conserved motifs, which function in ATP or RNA binding or form
interdomain contacts. Many DEAD-box proteins also contain N- and/or C-terminal extensions,
which differ between proteins and in some cases target the proteins to specific substrates via
RNA-protein and/or protein-protein interactions (Linder, 2006; Silverman et al., 2003).

DEAD-box proteins differ from processive RNA helicases in unwinding RNA duplexes by
local strand separation rather than by translocation through the duplex (Yang et al., 2007; Yang
and Jankowsky, 2006). Studies of several DEAD-box proteins indicate that ATP and RNA
bind cooperatively and stabilize the two flexibly attached core domains in a closed
conformation (Lorsch and Herschlag, 1998a; Polach and Uhlenbeck, 2002; Theissen et al.,
2008). An X-ray crystal structure of a closed conformation was first determined for the helicase
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core of the Drosophila DEAD-box protein Vasa complexed with single-stranded RNA
(ssRNA) and the non-hydrolyzable ATP analog AMP-PNP (Sengoku et al., 2006). The
structure showed the two core domains brought together with the eleven conserved DEAD-
box protein motifs at the interface between the domains. The central nucleotide residues of the
RNA bind in a cleft on one side of the interface, while AMP-PNP binds in a cleft on the opposite
side. Importantly, the RNA is bound via its phosphate backbone and is bent by a wedge a-helix
containing motif Ib, suggesting physical mechanisms for non-specific RNA binding and strand
separation. Crystal structures of the human DEAD-box protein elF4Alll within the exon-
junction complex (EJC) and the human DEAD-box protein DDX19 (Dbp5p in yeast) showed
virtually identical closed conformations for the core and the same modes of RNA binding and
bending, suggesting that these are conserved features of DEAD-box proteins (Andersen et al.,
2006; Bono et al., 2006; Collins et al., 2009; von Moeller et al., 2009).

Recent studies showed that ATP binding but not hydrolysis is required for RNA unwinding
by DEAD-box proteins (Chen et al., 2008; Liu et al., 2008). This finding presumably reflects
that ATP binding favors a conformation of the helicase core that has a high affinity for ssSRNA,
while the core alone or with bound ADP has a low affinity for ssRNA (Cordin et al., 2004;
Lorsch and Herschlag, 1998b). ATP hydrolysis leads to the release of the bound RNA strand,
allowing enzyme turnover. Further, several DEAD-box proteins, including Mss116p studied
here, were shown to unwind RNA duplexes in the presence of the non-hydrolyzable ATP
ground state analog ADP-beryllium fluoride (ADP-BeFy), but not AMP-PNP, another ground
state analog, nor the transition state analog ADP-aluminum fluoride (ADP-AIFy; Liu et al.,
2008). These findings raised the possibility that different ground and transition state ATP
analogs might favor the formation of different DEAD-box protein conformations with different
RNA-unwinding activities.

The closely related DEAD-box proteins CYT-19 from Neurospora crassa and Mss116p from
Saccharomyces cerevisiae are amenable to facile genetic and biochemical analysis and have
emerged as important model systems for studying DEAD-box protein function. These proteins
act as general RNA chaperones that promote the efficient splicing of more than thirteen
different mitochondrial (mt) group | and group Il introns, translational activation, and RNA
end processing (Huang et al., 2005; Mohr et al., 2002). As general RNA chaperones, CYT-19
and Mss116p bind RNA and RNP substrates non-specifically and disrupt or rearrange stable
structures that are rate-limiting for RNA folding (Del Campo et al., 2009). The two proteins
are largely interchangeable with the expression of CYT-19 ameliorating all the RNA splicing
and translation defects in yeast mss116A strains and the purified proteins stimulating splicing
of many of the same group | and Il introns in vitro (Del Campo et al., 2009; Halls et al.,
2007; Huang et al., 2005; Mohr et al., 2006; Mohr et al., 2002; Solem et al., 2006). The S.
cerevisiae DEAD-box protein Ded1p and the E. coli DEAD-box protein SrmB can also
substitute for Mss116p in vivo and in vitro to different extents that correlate with their RNA-
unwinding activities (Del Campo et al., 2009). Studies of CYT-19 and Mss116p have provided
insight into the mechanism of action of DEAD-box proteins (Chen et al., 2008; Liu et al.,
2008; Yang et al., 2007) and how they function as RNA chaperones on physiological substrates
(Bhaskaran and Russell, 2007; Del Campo et al., 2009; Del Campo et al., 2007; Halls et al.,
2007; Mohr et al., 2002; Tijerina et al., 2006).

In Mss116p and CYT-19, the helicase core is preceded by a short N-terminal extension (NTE)
and followed by an a-helical C-terminal extension (CTE) and a basic tail (Figure 1; Mohr et
al., 2008). The helicase cores of Mss116p and CYT-19 are very similar to those of other DEAD-
box proteins, including Vasa, DDX19, and elF4Alll, whose structures were determined
previously, but the N- and C-terminal extensions differ (Figures 1 and S1). The a-helical CTE
found in Mss116p and CYT-19 is conserved in two subfamilies of yeast and fungal mt DEAD-
box proteins related to Mss116p and CYT-19, respectively, and a similar a-helical CTE is also
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Results

found in another DEAD-box protein family that includes S. cerevisiae Haslp (DDX18 in
human), which functions in ribosome biogenesis (Mohr et al., 2008). Truncations or point
mutations within the CTE of Mss116p and CYT-19 inactivate RNA-dependent ATPase activity
and decrease RNA-binding affinity, suggesting that this region may stabilize the structure of
the helicase core and contribute to RNA binding (Mohr et al., 2008). The basic tail, which
follows the CTE, is predicted to be unstructured and is thought to provide an additional non-
specific RNA-binding site that helps tether the helicase core to large RNA substrates for
multiple rounds of RNA unwinding (Grohman et al., 2007;Mohr et al., 2008). Deletion of the
basic tail in Mss116p and CYT-19 moderately decreases RNA-binding affinity and
commensurately decreases group | and 1 intron splicing activity, and in Mss116p these effects
were shown to occur without inhibiting RNA-dependent ATPase activity (Grohman et al.,
2007;Mohr et al., 2008). The basic tail has analogs in other DEAD-box proteins, including the
well-studied DEAD-box proteins Ded1p from yeast and SrmB from E. coli, while the
Drosophila Vasa protein has a hydrophilic tail that is acidic rather than basic (Mohr et al.,
2008).

Here, we determined high-resolution X-ray crystal structures of ternary complexes of Mss116p
bound to ssSRNA and AMP-PNP, ADP-BeF3~, or ADP-AIF,~. The structures provide insight
into the function of the CTE and its interaction with the helicase core, constrain models of
RNA unwinding by DEAD-box proteins, and reveal a new mode of local strand separation in
which two wedge regions of a protein act together to crimp RNA.

Structure Determination

We tested crystallization of full-length Mss116p and several C-terminal truncations that
remove different lengths of the basic tail (Mohr et al., 2008) and obtained the best single crystals
for Mss116p/A598-664. This protein begins with an N-terminal GlySer derived from the
purification tag linked to Mss116p residue 37, which corresponds to the N-terminus of mature
Mss116p after cleavage of its mt targeting peptide, and it contains the entire NTE, the helicase
core, and the entire a-helical CTE up to the start of the basic tail at residue 597 (Figure 1).
Although removal of the basic tail is expected to somewhat decrease RNA-binding affinity,
Mss116p/A598-664 functions indistinguishably from full-length Mss116p in vivo (Huang,
2004), and like full-length Mss116p, it unwinds a model duplex in the presence of ADP-
BeFy but not AMP-PNP (A. Putnam, E. Jankowsky, M.D., and A.M.L. unpublished data). The
crystallization of Mss116p/A598-664 required the presence of both an RNA oligonucleotide
and an ATP analog and was accomplished as described in Experimental Procedures and in
greater detail elsewhere (Del Campo and Lambowitz, 2009).

We determined the structures of Mss116p/A598-664 bound to the RNA oligonucleotide U1q
and three different ATP analogs: AMP-PNP, ADP-BeF3;~, and ADP-AIF,4 . The structures,
hereafter referred to as the AMP-PNP, ADP-BeF;~, and ADP-AIF,~ complexes, were
determined to resolutions ranging from 1.9 to 2.1 A, with R factors at or below 20% (Table 1).
A fourth structure of Mss116p bound to AMP-PNP and Uy with a 5-bromouridine (Br-Uq;
referred to as the Br-Ug complex) enabled us to determine the register of the RNA on Mss116p
(Figure S2). The structure of the native AMP-PNP complex was solved by single isomorphous
replacement with anomalous scattering (SIRAS), using a SeMet-labeled AMP-PNP complex
(Table 1), and the structures of the other three complexes were solved by refining the protein
model against the other datasets. All of the complexes crystallized in the space group P2,2,2
with similar unit cell dimensions and a single ternary complex in the asymmetric unit. In all
of the structures, we were able to model 509 of the 563 amino acid residues (residues 88 to
596), the ATP analog, a single Mg?* ion at the ATPase active site, and the entire path of Uy
RNA. The latter was modeled by using information from all four complex structures (Figure
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S3). Most of the poorly ordered regions are at the ends of the protein and RNA (Figure S4).
The NTE (residues 37-87) was disordered and could not be modeled. Because the complexes
are very similar to each other except for a few solvent exposed side chains (root mean square
deviation (rmsd) < 0.15 A over all 509 C,, atoms), we refer below to the highest resolution
structure of the AMP-PNP complex unless indicated otherwise.

The C-terminal Extension Is Part of Domain 2

The structure determined for Mss116p/A598-664 includes both helicase core domains and the
entire CTE (Figure 2). As in other DEAD-box proteins, the two helicase core domains have
RecA-like folds, with the N-terminal domain (domain 1; residues 88-334) being an eight-
stranded parallel B-sheet surrounded by eleven a-helices, and the C-terminal domain (domain
2; residues 335-505) being a seven-stranded parallel p-sheet surrounded by five a-helices. The
CTE (residues 506-596) is a four-helix bundle (a18, 19, 20, and 21) with a flanking a-helix
(a17) and a two-stranded parallel B-sheet (816 and 17; Figures 2A and S1). Previously,
hydropathy plots with a 20-amino acid residue sliding window indicated that Mss116p’s
hydrophilic tail began at residue 580 (Mohr et al., 2008). The structure, however, shows that
residues 580 to 594 form a structured part of the CTE (021 and $17) on the side opposite the
bound RNA (Figures 2A and S1). Thus, the putatively unstructured tail likely begins after
residue 594. As stated above, we define the basic tail as starting at residue 597, which is
disordered in the structure.

As in other DEAD-box protein structures, domains 1 and 2 are in a closed conformation with
the eleven conserved DEAD-box protein motifs at or near the interface between the two
domains (Figure 2B). The central nucleotides of the U;g RNA are bound in a cleft that is
perpendicular to the interface, and AMP-PNP is bound in a cleft formed by the interface on
the opposite side. A search of the Protein Data Bank (PDB) with the Dali server (Holm et al.,
2008) indicated that this arrangement is most similar to the structures of the DEAD-box
proteins Drosophila Vasa (Sengoku et al., 2006), human elF4Alll (Andersen et al., 2006; Bono
etal., 2006), and human DDX19 (Collins et al., 2009; von Moeller et al., 2009), with a Z-score
of > 36 and a rmsd of ~2.0 A over ~370 C,, atoms for each structure.

The CTE appears to be an addition to domain 2 rather than an independently folding domain.
The extended o-helical region predicted previously for the CTE (Mobhr et al., 2008) is seen to
be a series of three a-helices (a17-19) that pack beneath and against the RNA-binding side of
domain 2 with the remainder of the CTE packing against two of the above helices (.18 and
19; Figure 2A). The Dali server found no other proteins currently in the PDB with a structure
that strongly matches the CTE (weak hits were to four helix bundles). The interface between
the CTE and domain 2 buries 1374 AZ of solvent accessible surface area, with mostly
hydrophobic packing contacts (Krissinel and Henrick, 2007). Thus, the CTE could stabilize
the helicase core, as well as interact with the 5’ end of the bound RNA.

Consistent with a structural role, Mss116p is expressed poorly and precipitates out of solution
when the CTE is fully deleted (Mss116p/A508-664; Mohr et al., 2008 and unpublished data).
Further, circular dichroism (CD) spectroscopy shows that C-terminal truncations within the
CTE or just downstream of a19 significantly decrease the thermal stability of Mss116p (Figure
S5; compare Mss116p/A551-664 and Mss116p/A569-664 to Mss116p and Mss116p/
A598-664). Notably, although Mss116p/A569-664, which retains a19, and Mss116p/
Ab551-664, which disrupts a19, have similar CD spectra and thermal stabilities (Figure S5, the
former has relatively high activity in vitro and is almost fully functional in vivo, while the latter
is almost completely inactive in vitro and in vivo (Mohr et al., 2008). These findings suggest
that a19 may play a critical role beyond overall structural stability (see Discussion).
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Structures with Different Bound ATP Analogs Show No Changes Outside the ATP-Binding

Site

The finding that Mss116p could unwind an RNA duplex in the presence of the ATP analog
ADP-BeF, but not AMP-PNP or ADP-AIF, raised the possibility that the structure of the ADP-
BeF3~ complex might differ in some way relevant to RNA binding (Liu et al., 2008). We find,
however, that the structures with all three ATP analogs are virtually identical (rmsd of <0.15
A over all 509 C, atoms), with no discernible differences in how the RNA is bound and only
small changes at the ATP-binding site. In the AMP-PNP complex, we observe clear electron
density for AMP-PNP (Figure 3A). In the ADP-BeF3~ complex, there is clear electron density
for ADP and a trigonal group with tetrahedral geometry, consistent with BeFs~ (Figure 3B;
Chen et al., 2007). In the ADP-AIF,~ complex, we see ADP and a square planar group,
consistent with AlF,~ (Figure 3C; Chen et al., 2007).

In all three complexes, we can distinguish a Mg2* ion coordinated in octahedral geometry to
six ligands: the non-bridging - and y-phosphoryl oxygens of AMP-PNP (or the fluorine
corresponding to this y-phosphoryl oxygen position for ADP-BeF3;~ and ADP-AIF,"), and four
water molecules. Additionally, two water molecules occupy the putative catalytic (W) and
relay (W,) positions described for the F1-ATPase (Dittrich and Schulten, 2005). In the F4-
ATPase, ATP hydrolysis is thought to occur by in-line nucleophilic attack of W, on the y-
phosphorous from the opposite side of the bridging phosphoryl oxygen, leading to a transition
state with a planar y-phosphate and two axial oxygens. This nucleophilic attack results in the
release of P; with inverted tetrahedral geometry. The nearby W, is thought to be involved in a
proton relay mechanism that increases the nucleophilicity of W, (Dittrich and Schulten,
2005). Waters at positions equivalent to W, and W, have been identified in the Vasa and
elF4AllI structures (Nielsen et al., 2009) and can also been seen in the DDX19 structure (PDB
ID 3fht; von Moeller et al., 2009).

The environments of the bound AMP-PNP and ADP-BeF3- are essentially the same, which,
despite their differences in promoting RNA unwinding (Liu et al., 2008), is unsurprising given
that both mimic ATP in the ground state. The structures show that the BeF3™~ group has a
location and geometry similar to the y-phosphoryl group of AMP-PNP (Figures 3D and E). In
both structures, the W, is coordinated by E268 (motif 1) and H462 (motif V1) and is poised
for in-line nucleophilic attack 3.3 A from the y-phosphorous of AMP-PNP and 3.2 A from the
Be of BeF3™. All the other side chains lining the ATP-binding pocket, even those making
contact with the - and y-phosphoryl groups, are in the same conformation with similar contacts
in the two complexes. Diffraction data from five additional isomorphous crystals of the ADP-
BeF3~ complex yielded electron density consistent with the same model (data not shown).

The binding of ADP-AIF,~ induces several small but significant differences in the ATP-
binding site. First, the AlF,~ group is planar, mimicking the expected geometry of the transition
state for ATP hydrolysis. As a result, the Al of AIF,~ has moved ~0.5 A toward W, (with a
slight adjustment of the bridging p-phosphoryl group), and W, and the side chain of H462 have
moved ~0.5 A toward the Al, resulting in W, being 2.1 A from the Al (Figure 3F). Except for
these differences, the ATP-binding site is the same as in the AMP-PNP and ADP-BeF3~
complexes. A similar transition state structure was seen for the ternary complex of elF4Alll
in the EJC with bound ADP-AIF3, except that the lysine making ionic contacts with the 8- and
v-phosphoryl oxygens of AMP-PNP (equivalent to K158 in Mss116p) moved completely away
from this position with bound ADP-AIF3 (Nielsen et al., 2009). We observe no movement of
this lysine with ADP-AIF,~ bound to Mss116p, possibly reflecting that the lysine is held in
place by the negative charge of the AlF4~ anion.
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Mss116p Bends Single-Stranded RNA in Two Places

Mss116p binds U1g RNA in a cleft running perpendicular to the interface between domains 1
and 2. The cleft is basic, and the binding of the RNA is mainly through ionic contacts and
hydrogen bonds (H-bonds) to the six phosphate groups of U3-U8 and H-bonds to the three 2’
OH groups of U6-U8 (Figures 4A and E). Most of the residues involved in RNA binding are
from three conserved motifs of domain 1 (la, GG, and Ib), which contact U6-U8, and three
conserved motifs of domain 2 (IV, QxxR, and V), which contact U3-U6 (Figures 4B, 4E, and
S1). The binding of RNA via residues in these conserved motifs is essentially the same as in
other DEAD-box protein structures (Andersen et al., 2006; Bono et al., 2006; Sengoku et al.,
2006; Collins et al., 2009; von Moeller et al., 2009).

The bases of the centrally bound nucleotides U4, U5, and U6 stack with each other in near A-
form geometry (Figures 4A and 4B). Between U6 and U7, the position of motif Ib in a8 of
domain 1 causes a kink in the RNA that prevents U7 from stacking with U6 and continuing
the A-form path (Figures 4C and 4E). This is the wedge a-helix, which was described in the
structure of Vasa and other DEAD-box proteins and underlies current models of RNA-duplex
unwinding by DEAD-box proteins (see Introduction). After the bend, U7 and U8 stack with
each other, while U9 and U10 curl back onto the surface of Mss116p. The path of the RNA
from U4 to U8 is very similar to that in Vasa, elF4Alll, and DDX19 when the protein structures
are superposed (Figure 4C).

Importantly, the Mss116p structures show that the 5’ end of the RNA (U1, U2, and U3) bends
again due to the presence of the CTE. In the Vasa, elF4Alll, and DDX19 structures, the base
equivalent to U3 is also stacked with those of U4-U6, but in the Mss116p structure the ribose
and base of U3 are rotated slightly and angled downward, making hydrophobic contacts with
the surface of 018, while the phosphate of U3 makes an ionic contact to K384 (motif IV). After
this slight bend, U2 and U1 are deflected to one side by the CTE. The ribose of U2 is angled
upward and U1 is completely flipped over onto the CTE. The 5’ end of the RNA appears to
assume the latter path in part because of bending by the CTE and in part because the CTE of
a crystallographic symmetry mate packs into it (Figure 4B). While this crystal contact may
influence the precise path of the 5’ end of the RNA in the structure, the location of the CTE is
incompatible with continuation of an A-form helix, necessitating a second bend 5’ of the
centrally bound nucleotides. This incompatibility is illustrated by superposing an ideal A-form
U1 strand aligned with the stacked nucleotides of U4, U5, and U6 (Figure 4D). In this case,
the 5" end of the RNA exits the cleft differently but still runs into .18 necessitating the second
bend. We conclude that the CTE introduces a second bend 5’ of the central bound nucleotides,
which together with the first bend 3’ of the central bound nucleotides crimps the RNA strand.

Discussion

Here, we determined crystal structures of ternary complexes of Mss116p/A598-664 bound to
sSRNA and three different ATP analogs, which mimic the ground and transition states for ATP
hydrolysis. The structures, which include the entire helicase core and a functionally important
a-helical CTE, provide insight into the function of the CTE, the potential for protein
conformational changes associated with ATP binding and hydrolysis, and the mechanism of
RNA unwinding. A key finding is that Mss116p utilizes two wedges, which act together to
crimp RNA, a means of achieving local strand separation not seen in previous DEAD-box
protein structures.

The CTE Stabilizes the Structure of the Helicase Core and Contributes to RNA Binding

The Mss116p/A598-664 structure shows that helicase core domains 1 and 2 are essentially the
same as in other DEAD-box proteins, while the CTE is an additional compact module that is
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attached to and forms an extension of the RNA-binding side of domain 2. Thus, the CTE is
positioned both to interact with the 5’ segment of the bound RNA strand and to stabilize the
structure of domain 2. The CTE interacts extensively with domain 2 via packing interactions
between the hydrophobic sides of a17, a18, and a19 and hydrophobic patches on the surface
of domain 2, and C-terminal truncations that delete all or part of the CTE destabilize the protein,
as judged by loss of activity and decreased thermal stability (see Results and below). Although
the CTE can be fit readily onto domain 2 of other DEAD-box proteins (Figure S6), the
hydrophobic patches on the surface of domain 2 with which it interacts are more extensive in
Mss116p than in proteins, such as Vasa and DDX19, in which domain 2 may fold
independently. This situation could reflect the evolution of Mss116p from an ancestral DEAD-
box protein that acquired the CTE and then became dependent upon it for structural stability.

The basic tail (residues 597-664) is not present in Mss116p/A598-664, but the structure does
show its point of attachment (residue 596), which is below the CTE on the RNA-binding side
of domain 2. Thus, the basic tail is positioned to interact with distal upstream regions of the
RNA, consistent with the hypothesis that it tethers the helicase core to larger RNA substrates
for multiple rounds of RNA unwinding. The basic tail is predicted to be unstructured and is
expected to interact non-specifically with the negatively charged phosphate backbone of RNA
(Grohman et al., 2007; Mohr et al., 2008). Based on the Mss116p/A598-664 ternary complex
structures, the 5’ segment of a longer bound RNA strand would emerge from the CTE at least
two nucleotide residues upstream of U1, where it could immediately encounter the basic tail.
However, a flexibly attached 68-residue tail could also potentially loop back to contact
downstream regions of the bound RNA strand, help sequester the opposite RNA strand, or
interact with and regulate the activity of the helicase core. Although it is possible that the CTE
and basic tail have additional functions in targeting Mss116p to specific substrates via RNA-
protein or protein-protein interactions, all RNA and RNP substrates tested thus far appear to
interact with Mss116p non-specifically, presumably via phosphate-backbone interactions (Del
Campo et al., 2009), as seen for the helicase core in the structures determined here.

Our results provide insight into how previously studied C-terminal truncations and mutations
within the CTE and basic tail affect Mss116p activity. Mss116p/A508-664, with a C-terminal
truncation that deletes the entire CTE, has decreased solubility and no detectable RNA-
dependent ATPase activity (Mohr et al., 2008). The structure suggests that deletion of the CTE
would destabilize the helicase core by exposing the hydrophobic surfaces of domain 2 that
interact with the CTE to the solvent. Mss116p/A551-664 and Mss116p/A569-664, with shorter
C-terminal truncations within or just downstream of a19 in the CTE, have CD spectra similar
to that of the wild-type protein at 30°C, but decreased thermal stability compared to either the
wild-type protein or Mss116p/A598-664, which lacks only the basic tail (Figure S5). These
findings suggest that the short structured region containing 16, a20, 021, and 17 at the end
of the CTE contributes to the stability of Mss116p.

Notably, despite having similar CD spectra and thermal stabilities, Mss116p/A569-664, which
retains a19, has relatively high activity in vivo and in vitro, while Mss116p/A551-664, whose
slightly longer C-terminal truncation removes most of a19, is almost completely inactive
(Mohr et al., 2008). Thus, the disruption of «19 may affect the activity of Mss116p in some
more specific manner than overall structural destabilization, such as impeding a required
conformational change and/or inhibiting RNA binding. An effect on RNA binding could reflect
that 019 helps position or support a18, which directly contacts the RNA, and is consistent with
the finding that the apparent Kgs for binding of group I and Il introns by Mss116p/A551-664
are 61- to 304-fold higher than those for wild-type protein, compared to ~10-fold higher for
Mss116p/A569-664, which retains a19 (Mohr et al., 2008). The previously described missense
mutation Mss116p S557P in 019, which also results in loss of activity, and nearby
pseudorevertants in a19, which restore activity (Huang, 2004; Mohr et al., 2008), also likely

Mol Cell. Author manuscript; available in PMC 2010 September 15.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Campo and Lambowitz Page 8

exert their effects by disrupting and restoring the structure of 019. Additionally, sequence
alignments show that the G548V/L549S mutations in CYT-19, which inactivate the protein
(Mohr et al., 2002), also fall within 19, supporting a conserved role for this helix in both
Mss116p and CYT-19 (Figure S1).

Although an a-helical CTE similar to that of Mss116p is found in only some DEAD-box protein
families, other DEAD-box proteins may use different N- or C-terminal extensions or partner
proteins for similar functions involving structural stabilization or RNA unwinding. One
example is the interaction between the DEAD-box protein elF4A and a partner protein elF4G,
which contacts helicase core domains 1 and 2 on the side opposite the RNA-binding cleft and
stimulates RNA-unwinding activity, presumably providing a means of regulating elF4A’s
activity (Schitz et al., 2008). A second example is the Barentsz protein (Btz or MLN51), which
interacts with elF4Alll in the EJC. The EJC structure shows that N- and C-terminal segments
of Btz contact elF4Alll domains 2 and 1, respectively, with Btz N-terminal residues P179-
L193 contacting domain 2 in a position similar to a18 (1529-F546) of Mss116p’s CTE (Figure
S6B). elF4AllI by itself has low background ATPase and undetectable sSRNA binding and
RNA-unwinding activities (Noble and Song, 2007), but, when activated by binding of Btz,
elF4AllI gains the ability to bind ssSRNA along with RNA-stimulated ATPase and RNA-
unwinding activities (Noble and Song, 2007). Further, the side chain of F188 makes a stacking
contact with the base of U1 (U3 in Mss116p). Thus, Btz may function similarly to the CTE
not only in stabilizing the structure of the helicase core but also in contributing to RNA
crimping.

Mss116p Structures with Different Bound ATP Analogs Show Few Differences

Our structures show that the complexes of Mss116p/A598-664 with sSRNA and AMP-PNP,
ADP-BeF3~, or ADP-AIF, all crystallize in the same closed conformation. At the active site,
the structures with the ground state analogs AMP-PNP and ADP-BeF3™ are virtually identical,
while the structure with the transition state analog ADP-AIF,~ shows only small changes near
the y-phosphoryl group binding site (see Results). These small changes between the transition
and ground state analogs do not translate into larger changes elsewhere in the protein. The lack
of large conformational changes outside the ATP-binding site in ternary complexes with
sSRNA and different ATP analogs agrees with the recent finding of six isomorphous structures
of the dengue virus DExH-box protein NS3 bound to ssSRNA or ssRNA plus ADP, AMP-PNP,
ADP-VOQy, or ADP-PQOy4 (Luo et al., 2008) and with structures of elF4Alll in the EJC with
bound AMP-PNP and ADP-AIF3 (Andersen et al., 2006; Bono et al., 2006; Nielsen et al.,
2009). It remains possible that larger structural changes are prevented by crystal packing
contacts and in solution ADP-BeFy induces a different DEAD-box protein conformation with
larger changes that more efficiently carries out RNA unwinding. However, our results provide
no indication of such a structure, nor is it necessary to postulate one to explain why ADP-
BeF, but not other ATP analogs promotes RNA unwinding (see below).

Mss116p Is a Molecular Crimper

Because it is now clear that the ATP-bound state of DEAD-box proteins is competent for RNA-
strand separation without ATP hydrolysis (Chen et al., 2008; Liu et al., 2008), we infer that
the DEAD-box protein structures with bound ssSRNA and ATP analogs may well reflect the
final unwound state with the single strand separated from the duplex. The Mss116p structures
show that the sSRNA in this state is bent on both sides of the centrally bound nucleotide
residues. One bend is made by the motif Ib/wedge a-helix in domain 1, as seen previously in
the structures of Vasa and other DEAD-box proteins, while the other bend is made by a18 in
the CTE. Together these two wedges crimp the RNA strand in a manner that would separate
it from a complementary strand in a duplex. Although the DEAD-box proteins Vasa, elF4Alll,
and DDX19 may accomplish RNA unwinding by inducing only a single bend with domain 1,
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it is also possible that they and other DEAD-box proteins similarly crimp RNA by producing
two bends, either by using an ancillary domain not present in the crystallized constructs or an
accessory protein, as discussed above for Btz acting together with elF4Alll in the EJC.

Model for RNA Strand Separation by DEAD-Box Proteins

Considered together with previous data, the new structural information for Mss116p suggests
a model of how DEAD-box proteins promote RNA-strand separation, which incorporates,
refines, and extends previous models (Figure 5). Prior to the binding of ATP and RNA, the
flexibly linked helicase core domains are in an open conformation, which can bind either ATP
or RNA with no experimental evidence for a preferred order (Lorsh and Herschlag,
1998a;Theissen et al., 2008). The binding of both substrates induces a conformational change
to a partially closed, pre-unwound state, denoted state 1, which can accommodate both strands
of the RNA duplex (Nielsen et al., 2009). Following state 1, there is a further conformational
change to the closed, unwound state 2, which we assume is reflected in the crystal structures.
In state 2, the bound nucleotides of one strand of the RNA are bent or crimped by the protein
and the duplex is disrupted.

The ATP-dependent tight binding of a short (~6 nt) segment of the unwound RNA strand within
the RNA-binding cleft of the helicase core presumably contributes to the driving force for the
conformational change from state 1 to state 2. Reflecting this ATP-induced tight binding, the
apparent Ky for the binding of a sSSRNA oligonucleotide by Mss116p decreased from 28 nM
in the absence of nucleotide to 2 nM in the presence of AMP-PNP, similar to findings for other
DEAD-box proteins (Mohr et al., 2008 and references therein). All of the structures of DEAD-
box proteins in a ternary complex with bound ssSRNA, including the Mss116p structures here,
are incompatible with binding an A-form duplex due to the conserved amino acid residues
following motif 11 (post-11 region), which would clash with the opposite strand (Figure 4D;
Andersen et al., 2006). Thus, the conformational change from state 1 to state 2 is likely the key
step that actively separates the two strands of a duplex.

ATP hydrolysis is not required for RNA unwinding and can be catalyzed by the helicase core
during or after the conformational change from state 1 to state 2 (Nielsen et al., 2009; Theissen
et al., 2008). The latter is best demonstrated by the finding that the related helicase core of
dengue virus NS3 bound to ssRNA in state 2 can hydrolyze ATP soaked into the crystals (Luo
etal., 2008). However, while ATP hydrolysis during the transition from state 1 to state 2 is not
required for RNA unwinding, it may well enhance it, either by lowering the activation energy
for the conformational change from state 1 to state 2 or by stabilizing the unwound state,
possibly leading to the unwinding of additional nucleotide residues. Such enhancement may
be why ATP gives higher single turnover rate constants for duplex unwinding than does ADP-
BeFy (Liu et al., 2008).

Finally, another conformational change is necessary to release the bound RNA strand and the
ATP-hydrolysis products, ADP and P;, as shown by the finding that ATP-hydrolysis products
are present in elF4Alll in the EJC, where this conformational change is prevented by other
proteins in the EJC (Nielsen et al., 2009). If the DEAD-box protein is tethered to an RNA
substrate through another interaction (e.g., the basic tail in Mss116p), the process can restart
close to the same start site.

Our finding of no large structural changes outside the ATPase active site for ternary complexes
of Mss116p/A598-664 with different bound ATP analogs constrains models for DEAD-box
protein structural transitions during RNA unwinding. Assuming that the DEAD-box protein
structures with bound ATP analogs and ssSRNA do in fact represent state 2, the structures show
that all three ATP analogs are compatible with the formation of the same unwound state 2 when
starting from ssRNA. The ability of Mss116p to promote RNA unwinding in the presence of
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ADP-BeFy but not AMP-PNP could then be explained in two ways, which are not mutually
exclusive. The first possibility is that although all three ATP analogs can induce Mss116p to
form state 2 with sSRNA, only ADP-BeF can form state 1 with double-stranded RNA
(dsRNA). If state 1 is an obligatory intermediate for formation of state 2 starting from dsRNA,
then only ADP-BeF, would support unwinding. The second possibility is that all three ATP
analogs can induce Mss116p to bind dSRNA in state 1 and sSRNA in state 2, to an extent
sufficient to become trapped in a crystal lattice; however, in solution, only ATP or ADP-
BeFy decreases the activation energy for the conformational change from state 1 to state 2 or
stabilizes state 2 sufficiently to promote experimentally detectable RNA unwinding. Recent
findings show that under RNA splicing conditions, Mss116p does in fact bind sSSRNA
oligonucleotides more tightly in the presence of ADP-BeF than in the presence of AMP-PNP
(F. Liu, E. Jankowsky, M.D. and A.M.L., unpublished data), consistent with the second
possibility. Further testing of this model will require more detailed biochemical and structural
analysis of the binding of DEAD-box proteins to dsRNA.

Experimental Procedures

Materials

The RNA oligonucleotide poly(U)o (denoted U4g) was synthesized by Integrated DNA
Technologies, and 5’-UUU(5-BrU)UUUUUU-3’ (denoted Br-U), with a 5-bromouridine for
anomalous phasing, was synthesized by Dharmacon. SeMet and AICI3 were from Acros
Organics. AMP-PNP, ADP, BeCl,, and NaF were from Sigma-Aldrich. ADP-BeF,-Mg2* and
ADP-AIF,-Mg?* were prepared by mixing BeCl, or AICI5 with equimolar amounts of ADP
and MgCl, and a 5-fold molar excess of NaF.

Protein Expression and Purification

The expression and purification of Mss116p/A598-664 for crystallization is described in detail
elsewhere (Del Campo and Lambowitz, 2009). Briefly, a maltose binding protein-Mss116p/
A598-664 fusion protein was expressed in E. coli strain Rosetta2 (EMD Biosciences), purified
by amylose-affinity chromatography, cleaved with tobacco etch virus protease, and further
purified by heparin-Sepharose chromatography and Superdex 200 gel filtration. SeMet-labeled
Mss116p/A598-664 was expressed in Rosetta? using PASM-5052 auto-inducing media
(Studier, 2005) and purified like the native protein. Proteins used for crystallization were
dialyzed into storage buffer (10 mM Tris-HCI, pH 7.5, 250 mM NaCl, 1 mM DTT, 50 mM
Arg + Glu, 50% glycerol) and concentrated to ~10 mg/ml, as measured by Bradford assay (Bio-
Rad), using bovine serum albumin (Pierce Biotechnology) as a standard.

Crystallization

Ternary complexes were formed by incubating 90 uM Mss116p/A598-664, 180 uM ssSRNA,
2 mM MgCl,, and 1 mM ATP analog for 10 min on the desktop. Sitting drops were assembled
using 1 pl of complex, 0.8 ul of either 8% tacsimate, pH 7.0, 15% polyethylene glycol (PEG)
3350 (SeMet and Br-U1g complexes) or 0.2 M succinate pH 7.0, 15% PEG 3350 (AMP-PNP
and ADP-AIF,;~ complexes), and 0.2 pl of a 1:100 dilution of crystal seed. Crystal seed for the
AMP-PNP and ADP-AIF,~ complexes was made as described (Del Campo and Lambowitz,
2009). The ADP-BeF3~ complex did not require seeding and sitting drops were assembled
using 1 ul of complex and 1 ul of 8% tacsimate pH 7.0, 15% PEG 3350, 2.5% ethylene glycol.
For each sitting drop, the reservoir solution was 250 or 500 pl of a 1:1 mix of crystallization
solution and Mss116p storage buffer (see above). The sitting drops were stored at 15° C.
Crystals were removed from the drops and flash cooled immediately in liquid N.
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Structure Determination

For all crystals, synchrotron X-ray diffraction data were collected at LS-CAT beamlines 21-
ID-D and -G at the Advanced Photon Source (APS), Argonne National Laboratory. Details of
data collection and phasing are in Table 1. Diffraction intensities were indexed and scaled with
HKL2000 (Otwinowski and Minor, 1997). SIRAS phasing was performed with autoSHARP
(Vonrheinetal., 2007), using the SeMet AMP-PNP (8 Se sites) and native AMP-PNP complex
datasets. ARP/WARP (Langer et al., 2008) built the initial protein model, and subsequent
rounds of manual model building and refinement were done with Coot (Emsley and Cowtan,
2004) and Refmac (Murshudov et al., 1997). To build and refine models of the other complexes,
the Ryee flags from the AMP-PNP complex dataset were transferred to the other datasets using
tools from CCP4 (CCP4, 1994), and the protein model from the AMP-PNP dataset was then
refined against the other datasets. Towards the end of refinement, TLS (translation, libration,
screw) refinement in Refmac was done using four TLS groupings for Mss116p (residues
88-113; 114-334; 335-564; 565-596), a single grouping for the RNA, and a single grouping
for the ATP analog. Model validation was performed using MolProbity (Davis et al., 2007).
Structural figures were prepared using PyMOL (http://www.pymol.org).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A

Figure 2.

Structure of Mss116p/A598-664 complexed with ssRNA and AMP-PNP. (A) Cartoon of
Mss116p/A598-664 showing two views of the structure with domains colored as in Figure 1.
The U1g RNA (yellow) and AMP-PNP (red) are shown in stick representation. (B) Location
of DEAD-box protein motifs in the Mss116p structure. The views are the same as in (A), the
motifs are colored (Q, purple; 1, teal; Ia, light blue; GG, red; Ib, brown; Il, orange; 111, black;
1V, green; QxxR, pink; V, peach; VI, yellow), and the RNA and AMP-PNP are dark gray.
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Figure 3.

Structure of the ATP-binding site of Mss116p/A598-664 with different bound ATP analogs.
(A-C) Stereoviews of the ATP-binding site showing sigmaA-weighted m|F,|— D|F| electron
density contoured at 5 o (gray) for an octahedrally coordinated Mg2* ion, the putative catalytic
(W) and relay (W,) water molecules, and (A) AMP-PNP, (B) ADP-BeF3~, or (C) ADP-
AIF,~. The ATP analog, MgZ*, and waters were removed from each model prior to map
calculation. Mss116p is shown as a cartoon with side chains of residues that contact the ATP
analog shown as sticks. (D—F) Details of coordination for (D) AMP-PNP, (E) ADP-BeF3~, and
(F) ADP-AIF4". In all panels, motif residues are colored as in Figure 2B, and ATP analog
atoms are colored as follows: C (yellow), N (blue), O (red), P (orange), Be (purple), Al (gray),
F (light blue), Mg (green). The Mg2* ion and waters are shown as spheres.
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Figure 4.

RNA binding and bending by Mss116p. (A-D) Stereoviews of the RNA-binding cleft. (A)
Molecular surface of Mss116p colored by electrostatic potential (blue is positive and red is
negative) with the APBS plugin (Baker et al., 2001) in PyMOL. (B) Residues on the surface
of Mss116p that contact Ujg RNA. Residues are colored according to the conserved DEAD-
box protein motif to which they belong or dark gray if not part of a conserved motif (see panel
E). A portion of a symmetry related molecule (containing R584 and a20) that contacts the RNA
is shown in transparent magenta. (C) Comparison of poly(U) RNAs bound to Mss116p
(yellow), Vasa (red), elF4Alll (white), and DDX19 (black). The RNA is shown after
superposing the protein models of Vasa, elF4Alll, and DDX19 onto Mss116p using PyMOL.
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The surface of Mss116p is colored by domains (see Figure 1) and is transparent to show the
two a-helices (a8 and a18) involved in RNA bending. (D) Comparison of U;g RNA (yellow)
bound to Mss116p (colored by domains) with an idealized A-form RNA duplex composed of
a poly(U)qg strand (red) and a poly(A);o strand (black). Regions that are involved in RNA
bending (motif Ib and the CTE) or clash with the modeled poly(A) strand (Post-11) are labeled.
(E) Cartoon showing contacts between Mss116p residues and U1g RNA. H-bonds, ionic
contacts, hydrophobic contacts, and contacts through a water molecule are indicated by blue,
light gray, black, and red arrows, respectively. Side- and main-chain interactions are indicated
by solid and dashed lines, respectively. Double rectangles between RNA bases indicate base
stacking. Residue colors are as in panel (B).
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Figure 5.

Model for the mechanism of RNA-strand separation by DEAD-box proteins. The DEAD-box
protein with the helicase core in an open conformation binds ATP (yellow) and duplex RNA,
leading to a partially closed pre-unwound state (state 1). State 1 then undergoes a
conformational change to the closed unwound state (state 2) in which one RNA strand is bent
or crimped. This conformational change is driven at least in part by the binding of one RNA
strand in the RNA-binding cleft created by the interface of helicase core domains 1 and 2, and
it actively unwinds the RNA duplex. ATP hydrolysis can occur during or after the
conformational change from state 1 to state 2, with an additional conformational change
required for the release of ADP + P; (red) and the bound RNA strand. If the strands are
incompletely separated or reassociate to reform the duplex, additional cycles of RNA binding
and ATP hydrolysis may be needed for strand separation.
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