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Mechanism of ATP turnover inhibition in the EJC
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ABSTRACT

The exon junction complex (EJC) is deposited onto spliced mRNAs and is involved in many aspects of mRNA function. We have
recently reconstituted and solved the crystal structure of the EJC core made of MAGOH, Y14, the most conserved portion of
MLN51, and the DEAD-box ATPase eIF4AIII bound to RNA in the presence of an ATP analog. The heterodimer MAGOH/Y14
inhibits ATP turnover by eIF4AIII, thereby trapping the EJC core onto RNA, but the exact mechanism behind this remains
unclear. Here, we present the crystal structure of the EJC core bound to ADP-AIF3, the first structure of a DEAD-box helicase in
the transition-mimicking state during ATP hydrolysis. It reveals a dissociative transition state geometry and suggests that the
locking of the EJC onto the RNA by MAGOH/Y14 is not caused by preventing ATP hydrolysis. We further show that ATP can be
hydrolyzed inside the EJC, demonstrating that MAGOH/Y14 acts by locking the conformation of the EJC, so that the release
of inorganic phosphate, ADP, and RNA is prevented. Unifying features of ATP hydrolysis are revealed by comparison of our
structure with the EJC–ADPNP structure and other helicases. The reconstitution of a transition state mimicking complex is not
limited to the EJC and eIF4AIII as we were also able to reconstitute the complex Dbp5–RNA–ADP–AlF3, suggesting that the use
of ADP–AlF3 may be a valuable tool for examining DEAD-box ATPases in general.
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INTRODUCTION

RNA helicases have been proposed to use energy from ATP
hydrolysis to unwind double-stranded (ds) nucleic acid or
rearrange RNA–protein complexes at virtually all steps
of the gene expression pathway (Jankowsky et al. 2001;
Fairman et al. 2004; Cordin et al. 2006). Helicases can be
classified into five groups based on their sequences. The
two largest groups are superfamilies 1 and 2 (SF1 and SF2)
in which the helicases contain two RecA like domains with
seven conserved motifs I, Ia, II, III, IV, V, and VI
(Caruthers and McKay 2002; Singleton and Wigley 2002).
The DEAD-box proteins are a ubiquitous subgroup of SF2
enzymes representing the most common type of RNA
helicases. DEAD-box proteins like eIF4AIII contain the
general helicase motifs and the additional Q and Ib motifs
(Cordin et al. 2006). Unwinding of dsRNA and remodeling
of mRNP complexes by a variety of DEAD-box ATPases

have been found to require ATP hydrolysis (Ray et al. 1985;
Rozen et al. 1990; Wagner et al. 1998; Svitkin et al. 2001;
Bizebard et al. 2004; Fairman et al. 2004; Shu et al. 2004;
Yang and Jankowsky 2005). However, the ADP-bound state
of DEAD-box proteins may also be involved in RNP remod-
eling as Dbp5–ADP appears to be responsible for the dis-
placement of the Nab2 protein from RNA (Tran et al. 2007).

Pre-mRNA splicing reactions in higher eukaryotes lead
to the deposition of the exon junction complex (EJC) on
mature mRNAs at a conserved but sequence-independent
position upstream of exon junctions (Le Hir et al. 2000).
The EJC constitutes a central effector of mRNA functions
that provides an anchoring point successively for nuclear
and cytoplasmic factors participating in mRNA transport,
translation, and quality control until it most likely is
displaced by ribosomes during the first round of translation
(Tange et al. 2004). The core of the EJC can be recon-
stituted in vitro as a complex consisting of eIF4AIII bound
to ATP, the most conserved part of MLN51 and the
heterodimer MAGOH/Y14 on poly uracil mimicking
mRNA (Ballut et al. 2005). In the presence of RNA and
MLN51, eIF4AIII slowly hydrolyzes ATP while MAGOH/
Y14 essentially inhibits the turnover of ATP when associating
with eIF4AIII, MLN51, and RNA (Ballut et al. 2005), but

rna12831 Nielsen et al. ARTICLE RA

Reprint requests to: Gregers R. Andersen, Department of Molecular
Biology, University of Aarhus, Gustav Wieds Vej 10C, DK-8000 Aarhus,
Denmark; e-mail: gra@mb.au.dk, fax: 45 86123178.

Article published online ahead of print. Article and publication date are
at http://www.rnajournal.org/cgi/doi/10.1261/rna.1283109

RNA (2009), 15:67–75. Published by Cold Spring Harbor Laboratory Press. Copyright � 2009 RNA Society. 67

JOBNAME: RNA 15#1 2009 PAGE: 1 OUTPUT: Saturday December 6 18:04:27 2008

csh/RNA/175400/rna12831

 Cold Spring Harbor Laboratory Press on January 15, 2009 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


the mechanism of inhibition has not been elucidated (Le
Hir and Andersen 2008). At least two different mechanisms
can explain the function of MAGOH/Y14 in the EJC: either
it inhibits ATP hydrolysis by eIF4AIII (prehydrolysis
inhibition) or ATP hydrolysis can occur, and instead, it
prevents conformational changes of eIF4AIII upon ATP
hydrolysis, normally leading to the release of the products,
ADP, and inorganic phosphate (posthydrolysis inhibition)
(Le Hir and Andersen 2008).

In order to elucidate the relationship between the
stability of the EJC and the nucleotide state of its DEAD-
box ATPase eIF4AIII, we have determined the structure of
the EJC in complex with the transition state analog ADP–
AlF3 and analyzed the hydrolysis of ATP inside assembled
EJC. Additionally, we show that ADP–AlF3 can promote
stable binding of DEAD-box proteins to RNA in other
complexes than the EJC. Finally, by comparison with other
known structures we discuss common features between SF1
and SF2 helicases.

RESULTS

The structure of EJC in complex with ADP–AlF3

mimicking the transition state

We and others recently determined the crystal structure
at z2.3 Å resolution of a minimal reconstituted EJC in
complex with a nonhydrolysable ATP analog, ADPNP, and
a poly uracil oligonucleotide mRNA mimic (Andersen et al.
2006; Bono et al. 2006). To further investigate the mech-
anism of ATP hydrolysis within DEAD-box ATPases, we
determined the crystal structure of EJC in complex with the
transition state analog ADP–AlF3 (hereafter called EJC–
AlF3) at the same resolution (Fig. 1; Table 1). Two EJCs are
found in the asymmetric unit, and they show subtle
differences. In complex II, MAGOH and Y14 are more
mobile than in complex I, most likely due to crystal packing
effects. Therefore, in the following, we describe only
complex I. The distances between the aluminium atom
and the axial oxygens (Fig. 1E) are indicative of a
dissociative mechanism in which bond breaking has
occurred and displays a metaphosphate-like or loose
transition state (Wittinghofer 2006). The overall structure
is nearly identical to the EJC–ADPNP structure except
for the g-phosphate environment, where the AlF3, mim-
icking the planar leaving g-phosphate, has moved 0.7 Å
toward the catalytic water (wc) that remains at the same
position (Fig. 2A). The AlF3 is placed between the catalytic
water and a b-phosphate oxygen in a classical transition
state geometry with the leaving group coordinated by
Arg367 and Arg370 in eIF4AIII (Figs. 1E, 2B). Very similar
transition state geometries are seen in the UvrD helicase,
the F1-ATPase and the GTPase Ras in complex with the
GTPase activating protein (GAP) (Fig. 2C–E). VASA is a
DEAD-box helicase from Drosophila melanogaster that

regulates translation of specific mRNAs encoding fac-
tors essential for development. We previously proposed
(Andersen et al. 2006), based on comparison with the
structure of VASA (Sengoku et al. 2006), that coordination
of the magnesium ion by Thr89 could be important in
keeping the EJC in a prehydrolysis state. This is not sup-
ported, since we observe no change for Thr89 in the
transition state. The main differences between the two
structures with ADPNP or ADP-AlF3 occur in motif I
where side chains of Ser82, Ser84, and Lys88 have changed
conformations (Fig. 2A,F). In a number of other structures
of G-proteins and ATPases, the equivalent of Lys88
coordinates both the b-phosphate oxygen and the leaving
group (Fig. 2C–E); however, in our structure, the side chain
has moved and instead a water (wn) is located between the
AlF3 and the b-phosphate (Figs. 1C,E, 2F). This water may
originate from the wa molecule coordinated by Ser84 in
EJC-ADPNP but absent in EJC–AlF3 (Fig. 2F). The Lys88
methylene groups are mobile, thereby enabling the amino
group to coordinate the g-phosphate during its migration
from the b-phosphate to the catalytic water (Figs. 1, 2).

FIGURE 1. Electron density maps of the ADP–AlF3 binding site. (A)
Stereo view of a SIGMAA weighted 3Fo�2Fc electron density map
contoured at 1.3 s. (B–D) Fo�Fc omit maps, using simulated
annealing started at 2000 K, contoured at 3.5 s of either (B) the
ADP–AlF3 and Mg2+ with its three coordinating waters omitted. (C)
Lys88 and a nearby water molecule (wn) omitted. (D) motif I (also
known as the P-loop or Walker A motif) omitted. (E) Coordination of
AlF3 with selected side chains, ADP, and the catalytic water (wc), the
relay water (wr), wn and three Mg2+ coordinating waters. All densities
are displayed on top of complex I. Carbon atoms are colored gray,
nitrogen atoms blue, phosphorous atoms wheat, and oxygen atoms
red. The magnesium ion is shown in gray as a sphere that is larger
than the red water molecules. The AlF3 is colored as the phosphates.
This color scheme is used in all figures.
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Both Ser82 and Ser84 in motif I have their alcohol group
flipped compared with EJC–ADPNP (Fig. 2A,F), but single
mutations of these amino acids to alanines still allow stable
EJC assembly (data not shown). A stable EJC can also be
assembled with eIF4AIII Lys88 mutated to alanine (Ballut
et al. 2005). The C terminus of MAGOH interacts with
motif I in eIF4AIII through a water bridging the backbone
carbonyl of Pro145 in MAGOH with Ser82 and Thr86 in
eIF4AIII in EJC–ADPNP (Andersen et al. 2006). This interac-
tion is weakened in our new structure as Ser82 no longer co-
ordinates this water (w) but instead the wn molecule (Fig. 2F).

Results from Noble and Song (2007) tentatively sug-
gested that hydrolysis can take place within EJC in vitro,
but firm evidence for this has so far not been presented. To
test the efficiency of EJC core assembly in the presence of
different nucleotides, we performed coprecipitations with
polyU ssRNA biotinylated at the 39 end. This RNA was

mixed with the EJC core recombinant proteins and
incubated with various nucleotides before precipitation
with streptavidin beads. We observed that the EJC is not
efficiently assembled in the presence of ADP and inorganic
phosphate (Pi) (Fig. 3A, cf. lanes 4 and 8). In contrast, we
could detect EJC–AlF3, EJC–ADPNP, EJC–ADP–BeF3

� and
EJC–ATP (Fig. 3A, lanes 5–7,9). Identical results were
obtained making use of TAP–MAGOH/Y14 to precipitate
formed EJC using calmodulin beads (data not shown).
Within the EJC–ADP–BeF3

� complex, the ADP-BeF3
�

most likely behaves as an ATP analog with an oxygen from
the ADP b-phosphate acting as a ligand to the Beryllium
atom (Kagawa et al. 2004). To investigate whether the EJC–
ADP–Pi complex could be obtained by starting from EJC–
ATP, we reconstituted the EJC with either ATPa32P or
ATPg32P, purified it, and analyzed its content of ATP and
ADP or Pi, respectively, with thin-layer chromatography.
Using this approach, we observed both ADP and Pi in the
EJC assembled with wild type eIF4AIII (Fig. 4, lanes 6,9,
respectively). As controls, only background level of ATP
was observed when the EJC was not assembled (in the
absence of eIF4AIII, Fig. 4, lanes 4,7). Varying the incuba-
tion times for EJC formation, 20 min versus 60 min,
showed nearly identical results (Fig. 4, cf. lanes 5,6 and
8,9) and the amount of ATP was in all cases similar to the
background, suggesting that the ATPase reaction occurred
fast and is likely to be irreversible. These results demon-
strated that the EJC is stable in the ADP–Pi state and that
ATP hydrolysis was catalyzed by eIF4AIII inside the EJC
because no Pi was observed when the EJC was assembled
with an eIF4AIII mutant inactive for ATP hydrolysis (Ballut
et al. 2005, and data not shown).

The formation of stable complexes between DEAD-box
proteins and RNA in the presence of ADP–AlF3 and ADP–
BeF3

� is not limited to the EJC. Indeed, we observed a
stable binary complex between eIF4AIII and MLN51 to
RNA in the presence of either ADPNP, ADP–BeF3

�, or
ADP–AlF3 (Fig. 3A), but not with ATP or ADP, as
demonstrated earlier (Ballut et al. 2005). To demonstrate
that the ATP analogs may be used for other DEAD-box
ATPases besides eIF4AIII, we investigated the functionally
unrelated Saccharomyces cerevisiae Dbp5 involved in
nuclear export of mRNP (Snay-Hodge et al. 1998) and
which has been demonstrated to bind single-stranded RNA
in the presence of ADPNP (Weirich et al. 2006). A crucial
step in export is the release of mRNP at the cytosolic face
of the nuclear pore complex (NPC), making the export
process directional. Dbp5 is thought to participate in this
step by remodeling the mRNP to remove the export factor
Mex67 from the mRNP. This facilitates the passage through
the NPC (Lund and Guthrie 2005) and prevents the return
of the mRNP to the nucleus. An N terminally truncated
Dbp5 formed highly stable complexes with poly uracil in
the presence of ADP–AlF3 or ADP–BeF3

� (Fig. 3B, lanes
3,5), less stable complexes with ADPNP or ADP–MgF3

�

TABLE 1. Statistics of the crystallographic analysis of the crystal
structure

Data collection
Beam line ESRF ID23-1
Wavelength (Å) 0.91745
Space group C2
Unit-cell parameters a = 182.04 Å

b = 100.75 Å
c = 145.88 Å
b = 112.076°

Unique reflections 107,634
Resolution (Å)a 39–2.3 (2.4–2.3)
Redundancya 4.60 (4.59)
Completeness (%)a 99.1 (96.0)
Mean I/s(I)a 11.35 (2.58)
Rmerge (%)a,b 10.8 (66.6)

Refinement
Resolution (Å) 39–2.3
R-factor (%)c 20.6
R-free (%)d 25.1
Reflections (work/test) 105,490/2144
Number of atoms
Protein 11,182
Ligands (ADP, AlF3, Mg2+, and RNA) 298
Water 380
RMS deviation
Bonds (Å) 0.009
Angles (°) 1.215
Ramachandran (%)
Most favored 89.7
Additionally allowed 9.9
Generously allowed 0.4
Disallowed 0.0

aValues in parentheses are for outer shells.
bRmerge = (ShSj = 1,N |Ih � Ih(j)|/SN 3 Ih) for the intensity of
reflection h measured N times.
cR-factor = Sh|Fo| � |Fc|/Sh|Fo|, where Fc is the calculated structure
factor scaled to Fo.
dR-free is identical to R-factor on a subset of test reflections not
used in refinement.

The structure of EJC in its transition state
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(Fig. 3B, lanes 4,6), while no complex was observed with
ADP (Fig. 3B, cf. lanes 2 and 7).

Our results demonstrate how ADP–AlF3 can be used as
a transition state analog for DEAD-box ATPases, and that
MAGOH/Y14 locks EJC in a conformation that allows ATP
hydrolysis but prevent the release of the products.

DISCUSSION

Stabilization of EJC by MAGOH/Y14

A unique feature of the EJC is its stable association
with mature mRNAs from splicing to the first cycle of

translation. The stability of the EJC core
is conferred by the association of the
heterodimer MAGOH/Y14 with the
otherwise unstable eIF4AIII–MLN51–
RNA–ATP complex (Ballut et al. 2005).
The results presented in this study sug-
gest that the EJC stabilization ensured
by MAGOH/Y14 is not due to an inhibi-
tion of the catalytic activity of eIF4AIII
per se (prehydrolysis inhibition). In-
deed, ATP hydrolysis can occur inside
the EJC (Fig. 4) strongly suggesting that
the tight association with MAGOH/Y14
prevents release of ADP, Pi, and RNA
from eIFAIII (posthydrolysis inhibition)
that would make hydrolysis irreversible
(Le Hir and Andersen 2008). Our results
are in agreement with the original
observation that MAGOH/Y14 inhibit
the turnover ATPase activity of eIF4AIII
as part of the EJC core (Ballut et al.
2005). Our demonstration of a stable
EJC in the presence of ADP–Pi is in
excellent agreement with a recent kinetic
study of the Escherichia coli DEAD-box
ATPase DbpA associated with ribosome
biogenesis (Henn et al. 2008). This
study showed that both ATP hydrolysis
and Pi release limits the ATPase cycle,
and that the DbpA–ATP–rRNA and
DbpA–ADP–Pi–rRNA complexes occur
at frequencies of 53% and 33%, respec-
tively, at steady state (Henn et al. 2008).
Hence, for both the EJC and DbpA–
rRNA complexes, a large fraction ap-
pears to exist in the ADP–Pi state.

The transition state of helicases

In most crystal structures of G-proteins
and ATPases the distance between the
two axial oxygens coordinating the pla-

nar g-phosphate analog (here AlF3) is shorter than 4.5 Å
(Table 2), whereas we observe a distance of 5.3 Å. Although
we cannot rule out that this may be slightly shorter in the
transition state of DEAD-box ATPases in general, we
believe that our structure provides a very good approxi-
mation. The distance between the catalytic water and the b-
phosphate oxygen is 4.9 Å in the ADPNP bound state of
VASA (Sengoku et al. 2006). In addition, the small GTPase
Rac1, which has a distance of 5.4 Å in the transition
mimicking state (Table 2), has been demonstrated to be
active in ATP hydrolysis (Stebbins and Galan 2000).

The differences between the structures of the EJC in the
ADPNP state and in the transition state occur only in the

FIGURE 2. Surroundings of the ADP–AlF3 and comparison with the EJC–ADPNP and three
other related transition state structures. (A) Overlay of EJC–ADPNP (Andersen et al. 2006)
and EJC–ADP–AlF3 showing motif I as a ribbon together with selected residues and ADPNP or
ADP–AlF3. The EJC–ADPNP is shown with carbon atoms and water molecules colored lime
and the phosphorous atoms colored cyan. (B) Surroundings of the ADP–AlF3 and motif I with
selected side chains in EJC. (C) As in (B), but of the UvrD helicase (Lee and Yang 2006), a
superfamily I DNA helicase. (D) As in (B), but of the F1-ATPase (Braig et al. 2000) with b-
subunit carbon atoms in gray and a-subunit carbon atoms in lime. (E) As in (B), but of the
Ras–GAP complex (Scheffzek et al. 1997) with GAP carbon atoms in lime. In all structures a
catalytic water (wc) is found at a similar position, while in the three ATPases a nearby water
molecule (wr) is observed that may function in a proton relay during catalysis. Instead of
having one ‘‘arginine finger’’ as in classic G-proteins (E), two ‘‘arginine fingers’’ are found in
the ATPases. See Table 2 for comparison of distances between the two axial ligands: the
catalytic water and the closest b-phosphate oxygen. (F) Close-up of motif I and its contact
with MAGOH Pro145. The wn water molecule is only observed in the EJC–ADP–AlF3

complex, and the wa water molecule is only observed in the EJC–ADPNP complex.
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vicinity of the g-phosphate, and this potentially has
implications for the dsRNA unwinding activity of DEAD-
box helicases. To our knowledge, unwinding has not been
observed with nonhydrolysable ATP analogs or mutants
unable to hydrolyze ATP for any DEAD-box ATPase (Ray
et al. 1985; Rozen et al. 1990; Svitkin et al. 2001; Bizebard
et al. 2004; Shu et al. 2004; Yang and Jankowsky 2005).
VASA, DedI, eIF4AI and other helicases can unwind blunt
end dsRNA (Rogers et al. 1999; Cordin et al. 2006; Sengoku
et al. 2006; Yang and Jankowsky 2006) but ATP hydrolysis
is required. Therefore, these proteins must be able to bind
dsRNA in the ATP state with the RNA binding site between
the two helicase core domains more open than in the VASA–
ADPNP–RNA structure. We envision that in DEAD-box
helicases an open conformation in the ATP state with
room for dsRNA must exist. This changes to a closed

conformational with ATP bound (as observed in the VASA
structure). Unwinding occurs during formation of the
closed conformation. In this conformation the nucleotide
can be present in the ATP state, the transitions state, or the
ADP + Pi state. In the EJC, hydrolysis appears to be
irreversible, but this may not be the case for other
DEAD-box proteins. Dissociation of ADP, Pi, and RNA
from the helicase forms the empty conformation (Fig. 5A,
unwinding helicase). For the EJC, eIF4AIII is in the closed
conformation with ssRNA bound in both the ATP state,
transition state, and post-hydrolysis state that predominate.
The post-hydrolysis state is stable due to Y14/MAGOH,
and the empty conformation is presumable induced by an
outer force like the ribosome, which triggers release of
MAGOH/Y14 followed by release of RNA, ADP, and Pi

(Fig. 5A, EJC).
To our knowledge, this is the first demonstration of a sta-

ble DEAD-box-RNA trapped in a complex mimicking the
ATPase transition state. The finding that ADP–AlF3 allows
complex formation with two different DEAD-box ATPases
(eIF4AIII and Dbp5; Fig. 3) suggests that ADP–AlF3 could
be an important tool for analyzing DEAD-box proteins in
general, not only for structural investigations but also when
studying the enzymatic properties of DEAD-box proteins.

Unifying aspects of ATP hydrolysis between SF1
and SF2 ATPases

Crystal structures of the SF1 helicases PcrA (Velankar et al.
1999) and UvrD (Lee and Yang 2006) in complex with
ADPNP and ds DNA with a 39 single-stranded region have
been determined. Importantly, the structure of UvrD in
complex with ADP and MgF3

� mimicking the ATPase
transition state (Fig. 2C) in a manner similar to that of

FIGURE 3. RNA binding to DEAD-box ATPases. (A) Streptavidin
pull-down of EJC components (top panels, Bound) that were
incubated with the indicated nucleotides at 18°C overnight together
with streptavidin–agarose beads and polyU30–biotin. An aliquot was
removed (bottom panels, Flow through) before the beads were
thoroughly washed and the bound protein was eluted by boiling the
beads in SDS sample buffer. The concentration of inorganic phos-
phate was 5 mM. (B) Same as in (A), but the reaction mixtures
contained Dbp5 and the indicated nucleotides and were incubated
for only 1 h at room temperature. A degradation band of eIF4AIII
marked * in (A) most likely corresponds to eIF4AIII without the 22
amino acids in the N-terminal known to be unstructured (Andersen
et al. 2006).

FIGURE 4. ATP hydrolysis can occur in the EJC. Thin-layer
chromatography of ATP-a32P (lane 1), ATP-a32P treated with
recombinant human Upf1 showing the position of ADP-a32P (lane
2) and ATP-g32P treated with recombinant human Upf1 showing the
position of the inorganic phosphate (lane 3). Purified EJC and
controls (purified via TAP-MAGOH/Y14) formed with the indicated
components in the presence of ATP-a32P (lanes 4–6) or in the
presence of ATP-g32P (lanes 7–9) that have been incubated for the
indicated times.

The structure of EJC in its transition state
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EJC–AlF3 gave the first structural insight into the mecha-
nism of ATP hydrolysis in SF1 helicases. In UvrD, only
minimal changes are observed in the transition state at
the nucleotide binding site compared with the ATP state;
however, these are amplified into movement of a ‘‘gating’’
helix at the binding pocket for the 39 end of the ssDNA (Lee
and Yang 2006). The recent structures of UvrD were de-
termined at a resolution, allowing observation of water
molecules in the vicinity of the g-phosphate, in contrast
to the structure of PcrA. Comparison of PcrA and UvrD
structures with those of the SF2 DEAD-box proteins VASA
(Sengoku et al. 2006) and eIF4AIII (Andersen et al. 2006;
Bono et al. 2006) in complex with RNA and ADPNP,
reveals several highly conserved key structural features
beyond their common use of the seven conserved motifs
for DNA/RNA and ATP binding. First, the packing of the
two RecA domains 1 and 2 in eIF4AIII are quite similar,
not only to that observed in VASA (Andersen et al. 2006),
but also to the packing of the two domains in PcrA (Fig.
5B) and UvrD (data not shown). As an example, eIF4AIII
and PcrA can be superimposed with a root-mean-square
deviation of 3.4 Å over 284 common Ca positions from
both RecA domains. Second, the direction of the single-
stranded region is conserved in all four structures, the 59

end is always at the second RecA domain, and the 39 end at
the first RecA domain. Third, the transition state geometry
is rather similar in EJC–AlF3 and UvrD–MgF3

� with two
arginine ‘‘fingers’’ in contact with the b-phosphate and the
planer g-phosphate mimic. In addition, both structures
contain a relay water wr (Fig. 2B–C) located in between the
glutamate of motif II, the g-phosphate mimic, and the
Mg2+ coordinating water. In contrast to both the EJC–
ADPNP and VASA–ADPNP structures, the relay water is
not observed in the UvrD–ADPNP structure; however,

since there is sufficient space for it, this may be due to the
lower resolution of the structure (2.6 Å) compared with
that of the UvrD–MgF3

� structure (2.2 Å). In summary, we
predict that details of the mechanism of ATP hydrolysis are
conserved between the two superfamilies of helicases. Many
of these features are likely to be shared with the F1-ATPase,
as described earlier (Andersen et al. 2006).

MATERIALS AND METHODS

Plasmids and purifications

Dbp5 was expressed from a pET30 vector (Novagen) that was
modified by having a TEV protease cleavage site inserted after
the N-terminal 6xHis tag. Plasmids encoding either eIF4AIII,
MAGOH, and Y14 residues 51–176 (Y14D50), or the MLN51
fragment (MLN51-S), were identical to those previously described
(Andersen et al. 2006). The plasmids were transformed into the
BL21 Rosetta E. coli strain and cultures were grown at 37°C until
an OD600 of z0.8 and then induced overnight at 20°C with 1 mM
IPTG. Cells were resuspended in lysis buffer containing 20 mM Tris
HCl at pH 7.6, 500 mM KCl (eIF4AIII and MLN51), 300 mM KCl
(MAGOH/Y14), or 200 mM NaCl (Dbp5), 20 mM Imidazole, 5
mM MgCl2, 0.5 mM b-mercaptoethanol (b-ME), 1 mM PMSF,
complete protease inhibitor (Roche Diagnostics GmbH), and 10%
glycerol. The cells were opened by sonication and then centrifuged
at 14,000 rpm for 30 min. Prior to loading on the Ni2+ charged
IMAC column (GE Healthcare) the samples were filtered through
a 0.45-mm filter. The protein was eluted from the Ni2+ affinity
column by running a gradient from 20–500 mM imidazole in a
buffer containing 20 mM Tris–HCl at pH 7.6, 500 mM KCl
(eIF4AIII and MLN51), 300 mM KCl (MAGOH/Y14), or 200 mM
NaCl (Dbp5), 5 mM MgCl2, 0.5 mM b-ME, 0.5 mM PMSF, and
10% glycerol. The affinity tag was removed with 1/300 (w/w) TEV
protease digestion on ice for 2 h. The cleaved products were
dialyzed overnight against 20 mM Tris–HCl at pH 7.6, 500 mM

TABLE 2. Distances between the two axial ligands, the catalytic water, and the closest b-phosphate oxygen, of the g-phosphate mimic
(AlF3, AlF4

� or MgF3
�)

Structure and reference Pdb entry Axial distance (Å)

GTPase activating protein SPTP in complex with Rac, GDP, and AlF3 (Stebbins and Galan 2000) 1g4u 5.4
Bovine mitochondrial F1-ATPase bound to ADP, AlF3, and ADPNP. Two catalytic sites occupied

(Braig et al. 2000)
1e1r 5.3

EJC–ADP–AlF3, complex 1 3ex7 5.3a

EJC–ADP–AlF3, complex 2 3ex7 5.1
GYP1 TBC domain in complex with Rab33, GDP, and AlF3 (Pan et al. 2006) 2g77 4.7
RasGAP in complex with Ras, GDP, and AlF3 (Scheffzek et al. 1997) 1wq1 4.5
Cdc42GAP in complex with Cdc42, GDP, and AlF3 (Nassar et al. 1998) 1grn 4.4
GAP domain of ExoS toxin in complex with Rac, GDP, and AlF3 (Wurtele et al. 2001) 1he1 4.3
RhoGAP in complex with RhoA, GDP, and MgF3

� (Graham et al. 2002) 1ow3 4.2
Bovine mitochondrial F1-ATPase bound to ADP-AlF4

�. Three catalytic sites occupied (Menz et al. 2001) 1h8e 4.2
Gia1 subunit in complex with GDP and AlF4

� (Coleman et al. 1994) 1gfi 4.1
Mnme G-domain in complex with GDP and AlF4

� (Scrima and Wittinghofer 2006) 2gj8 4.1
UvrD–DNA–ADP, and MgF3

� complex (Lee and Yang 2006) 2is6 3.9
Vasa–RNA–ADPNP complex (Sengoku et al. 2006) 2db3 4.9

aPlease note that the values shown in Figure 1E are measured from the catalytic water to the AlF3 and the closest b-phosphate oxygen to the
AlF3, respectively. Since the inline angle is not 180°, the sum of the two numbers exceeds the 5.3 Å.
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KCl (eIF4AIII and MLN51), 300 mM KCl (MAGOH/Y14), or 200
mM NaCl (Dbp5), 5 mM MgCl2, 0.5 mM b-ME, and 10%
glycerol. The sample was loaded on the Ni2+ affinity column again
and the flow-through containing essentially pure protein was
collected. Dbp5 was diluted four times in water and further
purified on a Source 15Q using the following buffer, 20 mM Tris–
HCl at pH 8, 10% glycerol, 50 mM NaCl, 0.5 mM dithiotretiol
(DTT), and eluted by increasing the NaCl concentration in a
linear gradient to 200 mM.

Reconstitution of EJC

For reconstitution of the EJC, the eIF4AIII and MLN51 were
mixed in an equimolar ratio, while the MAGOHY/14 heterodimer

was added in excess, in a buffer containing 100 mM Tris–HCl at
pH 7.6, 5 mM MgCl2, 1 mM DTT, 150 mM KCl, 1 mM ADP
(A2754, Sigma), 1 mM AlCl3 (21,747, Acros Organics), 10 mM
NaF (71,519, Fluka BioChemika), and polyU (P9528, Sigma; 1/3
wrna/wprotein). The mixture was incubated at 18°C overnight and
then treated with RNase A (0.1 mg RNase A (R5500, Sigma)/10
mg EJC) for 30 min at 18°C to cleave unprotected RNA.
Ammonium sulphate (AmS) was added to 1.4 M and the sample
loaded on a Source isopropyl column (GE Healthcare). The
complex was eluted by running a gradient from 1.4-0 M AmS
in a buffer containing 20 mM Tris HCl at pH 7.6, 5 mM MgCl2,
and 1 mM DTT. Fractions containing purified complex were
precipitated with AmS and resuspended in crystallization buffer
(20 mM Tris at pH 7.6, 150 mM KCl, 5 mM MgCl2, and 1 mM
DTT) to 5 mg/mL. Crystals were grown in hanging drops against a
reservoir containing 7% PEG3350, 50 mM Tris HCl at pH 8.8, 200
mM NaAcetate. The crystals were transferred to a cryoprotection
buffer (25% Ethylene Glycol, 4% PEG3350, 50 mM Tris HCl at
pH 8.8) and frozen in liquid nitrogen.

Structure determination and refinement

Diffraction data were processed and scaled using the XDS package
(Kabsch 2001) (Table 1). The structure of the EJC–AlF3 was solved
by molecular replacement using PHASER (Storoni et al. 2004)
with the EJC (Andersen et al. 2006) as a search model. Model
building and averaging of density maps were done in the program
‘‘O’’ (Jones et al. 1991) and the fitted models were refined with
CNS (Brünger et al. 1998) and PHENIX.REFINE (Adams et al.
2002). Molecular graphics figures were prepared with PYMOL
(DeLano 2002).

Streptavidin pull-down assay

The streptavidin agarose beads (High Capacity Streptavidin
Agarose Resin, Pierce), 20 mL 50% slurry per reaction, were
washed in 0.5 mL binding buffer (20 mM HEPES–NaOH at pH
7.2, 125 mM NaCl, 5 mM MgCl2, 2,5% glycerol, 1 mM DTT for
EJC, and 20 mM HEPES–NaOH at pH 7.2, 100 mM NaCl, 5 mM
MgCl2, 1 mM b-ME for Dbp5) three times using an Eppendorf
centrifuge to pellet the beads by spinning for 2 min at 3k rpm. The
beads were aliquoted and either 0.2 nmol for EJC or 0.1 nmol for
Dbp5 of polyU30-biotin (Dharmacon) per reaction together with
the proteins and nucleotides of interest were mixed and incubated
as described in the figure legend after which the beads were
washed three times using 0.5 mL binding buffer. The bound
protein was eluted by boiling the beads in 2.5xSDS sample buffer
followed by separation on a 12% SDS gel, which was Coomassie
stained. The concentrations of nucleotides/analogs were 1 mM for
ADPNP, ADP, ATP, BeSO4, and AlCl3. NaF was added to a final
concentration of 10 mM and KH2PO4/K2HPO4 to a final
concentration of 5 mM.

Thin-layer chromatography

EJC assembled with either [a-32P] or [g-32P] ATP was purified on
calmodulin beads by using TAP-MAGOH/Y14 as bait as follows:
2 mg of each EJC proteins were mixed in binding buffer BB-125
(20 mM HEPES at pH 7.4, 5 mM MgCl2, 2,5% glycerol, 1 mM
DTT, 125 mM NaCl) supplemented with 1 mM cold ATP, 5 mCi of
[a-32P] or [g-32P] ATP (3000 Ci mmol�1, Perkin-Elmer), 170 nM

FIGURE 5. (A) A model for the role of ATP hydrolysis in relation to
an unwinding helicase (right side) or the EJC (left side). Three states
are shown, the open conformation, where the DEAD-box protein is
bound to ATP and dsRNA, the closed conformation, where eIF4AIII
and the helicase display a very similar structure and finally the empty
conformation after dissociation. The ssRNA is depictured as a green
comb, while the complementary strand in the dsRNA is a red comb.
The kink in the ssRNA induced by the DEAD-box protein is indicated
as a kink in the comb. See text for further discussion. (B) Comparison
of the closed ATP–RNA bound conformation of eIF4AIII within the
EJC (left panel) and the closed conformation of PcrA in the ATP–
DNA complex (right panel) (pdb entry 3PJR). For clarity, only the
two RecA domains (N-terminal blue, C-terminal green) are shown
for both proteins, and only the singlestranded region of the DNA is
shown for PcrA.
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47-mer ssRNA (39 end biotinylated RNA purchased from Dhar-
macon), and incubated for 20 min or 60 min at 30°C in a final
volume of 25 mL. To the mix was added 12 mL of Calmodulin
Resin (50% slurry, Stratagen) and 250 mL of BB-250 supple-
mented with 0.1 mM of cold ATP to eliminate non specific
binding of ATP to the beads. After incubation for 1 h at 4°C, the
resin was washed four times with 500 mL BB-250, 0.1 mM ATP.
Proteins were eluted with 20 mL of 10 mM Tris at pH 7.5, 20 mM
EGTA. SDS was added to a final concentration of 0.1% and
proteins were denatured at 65°C, and 5 mL of the resulting
solution was spotted on PEI-cellulose. The TLC plate was
developed in 0.3 M K2HPO4 at pH 7.6, and the radioactivity
was visualized and quantified with a phosphorimager (Molecular
Dynamics).
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