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On most eukaryotic mRNAs, initiation codon selection involves base-
by-base inspection of 5 UTRs by scanning ribosomal complexes.
Although the eukaryotic initiation factors 4A/4B/4G can mediate
scanning through medium-stability hairpins, scanning through more
stable structures additionally requires DHX29, a member of the su-
perfamily 2 DEAH/RNA helicase A (RHA) helicase family that binds to
40S subunits and possesses 40S-stimulated nucleoside triphospha-
tase (NTPase) activity. Here, sequence alignment and structural mod-
eling indicated that DHX29 comprises a unique 534-aa-long
N-terminal region (NTR), central catalytic RecA1/RecA2 domains con-
taining a large insert in the RecA2 domain, and the C-terminal part,
which includes winged-helix, ratchet, and oligonucleotide/oligosac-
charide-binding (OB) domains that are characteristic of DEAH/RHA
helicases. Functional characterization revealed that specific ribo-
somal targeting is required for DHX29's activity in initiation and is
determined by elements that map to the NTR and to the N-terminal
half of the winged-helix domain. The ribosome-binding determinant
located in the NTR was identified as a putative double-stranded RNA-
binding domain. Mutational analyses of RecA1/RecA2 domains con-
firmed the essential role of NTP hydrolysis for DHX29's function in
initiation and validated the significance of a p-hairpin protruding
from RecA2. The large RecA2 insert played an autoinhibitory role in
suppressing DHX29's intrinsic NTPase activity but was not essential
for its 40S-stimulated NTPase activity and function in initiation. De-
letion of the OB domain also increased DHX29's basal NTPase activity,
but more importantly, abrogated the responsiveness of the NTPase
activity to stimulation, which abolished DHX29’s function in initia-
tion. This finding suggests that the OB domain, which is specific for
DEAH/RHA helicases, plays an important role in their NTPase cycle.

DEAH/RHA family | translation initiation

Translation initiation on the majority of eukaryotic mRNAs
occurs by the scanning mechanism (1). First, 43S preinitiation
complexes comprising 40S subunits, Met-tRNAMYeIF2/GTP,
and eukaryotic initiation factors (eIFs) 3, 1, and 1A attach to the
cap-proximal region of mRNA in a process that is mediated by
elF4A, elF4B, and elF4F. eIF4F consists of three subunits: eIF4E
(a cap-binding protein), eIF4A (a DEAD-box RNA helicase), and
eIF4G (a scaffold for eIF4E and eIF4A, which also binds to eIF3).
elFs 4A/4B/AG cooperatively unwind the cap-proximal region of
mRNA allowing attachment of 43S complexes. After attachment,
43S complexes scan to the initiation codon where they form 48S
initiation complexes with established codon—anticodon base-pair-
ing. In addition to promoting attachment, eIFs 4A/4B/4G assist
43S complexes during scanning. Although elFs 4A/4B/4G can
mediate scanning through stems of medium stability, scanning
through more stable secondary structures additionally requires the
DExH-box protein DHX29 (2). DHX29 is also essential for initi-
ation on several viral mRNAs (3, 4). Consistent with its important
role in initiation, silencing of DHX29 inhibits general translation,
resulting in polysome disassembly and accumulation of mRNA-
free 80S ribosomes, and impedes cancer cell growth (5).
Interestingly, in the absence of DHX29, intact stems are not
prevented from entering the mRNA-binding channel of scanning
43S complexes. However, they cannot be threaded through its exit
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portion, resulting in incorrect positioning of mRNA upstream of
the P site, which renders 48S complexes formed on AUGs down-
stream of intact stems susceptible to dissociation by eIF1 (6). On
the other hand, in 48S complexes formed on AUGs immediately
preceding intact stable stems, the stem and an adjacent mRNA
region between the stem and the AUG are accommodated in the A
site, and such complexes are dissociated by DHX29 (6). DHX29
also suppresses formation of aberrant 48S complexes character-
ized by the +8-9-nt toe-prints, in which the mRNA is not ac-
commodated along the entire entry portion of the mRNA-binding
channel (2). Importantly, DHX29 not only dissociates 48S com-
plexes in which mRNA is not properly accommodated down-
stream of the P-site but also promotes unwinding of stems at the
mRNA entrance, ensuring that mRNA is subjected to linear in-
spection during scanning (6).

DHX29 binds to 40S subunits near the mRNA entrance, likely
contacting helix 16 of 18S rRNA, and has a nucleoside triphos-
phatase (NTPase) activity that is strongly stimulated by 40S sub-
units (2). Although the ribosomal position of DHX29 would allow
it to unwind mRNA directly before it enters the mRNA-binding
cleft, DHX29 is not a processive helicase, and its NTPase activity is
stimulated more strongly by 43S complexes than by RNA (2).
These properties of DHX29, together with its ability to dissociate
aberrant 48S complexes with mRNA incorrectly positioned in the
entry portion of the mRNA-binding channel, suggest that it likely
acts by remodeling ribosomal complexes. Cycling between NTP-
and NDP-bound states, DHX29 might induce opening and closing
of the mRNA entry channel, which could indirectly help 43S
complexes to unwind entering stems. However, the possibility that
association with 43S complexes might enhance DHX29’s helicase
activity cannot strictly be excluded; in that case it also may par-
ticipate in direct unwinding. Interestingly, DHX29 stimulates
48S complex formation most strongly when it is present in sub-
stoichiometric amounts relative to 43S complexes and can partic-
ipate in multiple rounds of 48S complex formation (2). However,
the stage at which DHX29 dissociates from ribosomal complexes
is not known.

DHX29 belongs to the RNA helicase A (RHA) subfamily of
superfamily 2 (SF2) DEAH/RHA RNA helicases. Other mam-
malian DEAH helicases include DHX16, DHX38, DHXS8, DHX15
(in yeast, Prp2p, Prpl6p, Prp22p, and Prp43p, respectively) and
DHX35. The RHA-like group comprises RHA (also called
“DHX9”), DHX30, DHX36, and DHXS57 (http://www.rnahelicase.
org). Like other SF2 (as well as SF1) helicases, DEAH/RHA hel-
icases possess a catalytic core comprising tandem RecA-like
domains, containing characteristic motifs (I-VI) that are involved
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in ATP-binding/hydrolysis, RNA-binding, and coupling of ATP
hydrolysis with nucleic acid unwinding. A unique feature of the
DEAH/RHA family is the presence of a conserved C-terminal
region following the helicase core. The structure of ADP-bound
Prp43p, which is involved in ribosome biogenesis and mRNA
splicing, identified three distinct domains in this region: a winged-
helix (WH) domain that interacts closely with the RecAl domain,
aratchet domain (a seven-helix bundle that binds across both RecA
domains), and a p-barrel oligonucleotide/oligosaccharide-binding
(OB) domain that is connected to the ratchet domain by an a-helix
(7, 8). The WH and ratchet domains of Prp43p are homologous
to the corresponding domains in the archaeal Ski2-like DNA
helicase Hel308, which is involved in DNA repair (9), whereas
the C-terminal OB domain is specific for the DEAH/RHA family.
Additionally, unlike DEAD-box helicases but like Hel308, Prp43p
has a prominent antiparallel -hairpin protruding from its RecA2
domain between motifs V and VI. The structural homology be-
tween Hel308 and Prp43p led to the proposal that Prp43p (and by
analogy all DEAH/RHA RNA helicases) also may function by
a mechanism of processive translocation suggested for Hel308 (9),
in which the p-hairpin acts as a wedge for separating the strands
of a duplex nucleic acid, and the long ratchet helix of the ratchet
domain interacts with the bases of the unwound single strand and
facilitates its translocation through the nucleic acid-binding cavity.

To investigate the mechanism of DHX29’s action, we gener-
ated a DHX29 model, using the crystal structure of Prp43p, and
determined the role of individual domains of DHX29 in ribo-
somal binding, NTP hydrolysis, and 48S complex formation on
structured mRNAs.

Results

Structural Modeling of DHX29. Although the N-terminal region
(NTR; amino acids 1-534) of DHX29 showed no homology to any
particular class of proteins, BLAST searches and sequence align-
ment (Fig. 14) revealed that the C-terminal two thirds (amino acids
535-1369) are strongly homologous to the RecA, WH, ratchet, and
OB domains of Prp43p and RHA. These regions of DHX29 and
Prp43p share 30.5% sequence identity and 22% conservative sub-
stitutions, and if the predicted insert 1 in DHX29 is excluded, these
values increase to 36% and ~26%, respectively. The Prp43p crystal
structure (Fig. 1B) (7, 8) therefore could be used as a template to
generate a DHX29 model. In support of this strategy, comparison
of the RecAl domains of Prp43p [Protein Data Bank (PDB) ID:
3KX2] (7) and RHA (PDB ID: 3LLM) (10), which share 39%
sequence identity and 25% conservative substitutions, showed that
their structures are highly conserved (SI Appendix, Fig. S1). Simi-
larly, the WH, ratchet and OB domains of Prp22p (PDB ID: 314U)
and Prp43p (PDB ID: 3KX2), which share 70% sequence simi-
larity, adopt very similar folds (SI Appendix, Fig. S1).

To generate a DHX29 model, residues 541-1369 of DHX29
were submitted to the SwissModel server, using Prp43p’s structure
as a template. The resulting model includes residues 551-1302 of
DHX29 (Fig. 1C) and features RecAl (amino acids 551-757) and
RecA2 (amino acids 758-1007) domains, which share 70% and
73% sequence similarity with the equivalent domains in Prp43p
if the predicted insert 1 in DHX29 (amino acids 768-843) is
excluded, as well as WH (amino acids 1008-1077), ratchet (amino
acids 1078-1193) and OB (amino acids 1228-1289) domains, with
residues 1167-1190 forming the ratchet helix. Like Prp43p,
DHX29 has a prominent antiparallel p-hairpin protruding from
between motifs V and VI of the RecA2 domain. DHX29-specific
inserts (Fig. 14) occur in loops connecting conserved secondary
structure elements (dotted lines in Fig. 1C).

The region C-terminal to the OB domain in DHX29 is sub-
stantially longer than in Prp43p (Fig. 14) and is more similar to the
equivalent region in RHA-like helicases than to the region in
Prp43p (SI Appendix, Fig. S2). Moreover, unlike Prp43p but like
other RHA-like helicases, DHX29 also contains a large insert
between the p1 strand and a1 helix of the RecA2 domain (Fig. 14
and SI Appendix, Fig. S3). The potential structure of these regions
of DHX29 is discussed below.

Dhote et al.

Roles of DHX29's NTR, Central RecA Domains, and C-Terminal Region
in Ribosomal Binding, NTP Hydrolysis, and 485 Complex Formation.
To determine the contributions of the DHX29-specific NTR (amino
acids 1-534), the central RecA domains (amino acids 535-1007),
and the C-terminal region (amino acids 1008-1369) to specific
activities of DHX29, N- and C-terminally truncated DHX29
mutants (Fig. 24) were expressed and purified from Escherichia
coli. To assay ribosomal binding, the mutants were incubated with
40S subunits, Met-tRNAM®, ‘and eIFs 2/3/1/1A, and reaction
mixtures then were subjected to sucrose density gradient (SDG)
centrifugation. The presence of DHX29 in SDG fractions corre-
sponding to 43S complexes was analyzed by SYPRO staining or by
Western blotting if DHX29 fragments comigrated with eIFs or
ribosomal proteins. The NTR and the C-terminal region, but not
the central RecA domains, associated with 43S complexes (Fig.
2B, first two panels on the left). C-terminal extension of the RecA
domains by 32 residues yielded a polypeptide (amino acids 535—
1039) that was able to bind to 43S complexes, whereas N-terminal
truncation of the C-terminal region by 34 residues (amino acids
1042-1369) abrogated its ability to do so (Fig. 2B, second panel
from the left). Thus, at least two sites in DHX29 are involved in
ribosomal binding: one in the NTR, and one in the N-terminal
portion of the WH domain (amino acids 1008-1039). Consistently,
mutants comprising either the NTR and RecA domains or the
RecA domains and the C-terminal region (amino acids 1-1039
and 535-1369, respectively) also associated with 43S complexes
(Fig. 2B, two panels on the right).

The NTPase activity of DHX29 mutants was assayed in the
presence of 40S subunits or of a U, oligoribonucleotide (Fig. 2C).
Consistent with the previous report that the NTPase activity of
DHX29 is stimulated more strongly by ribosomal complexes than
by single-stranded RNA (ssRNA) (2), the NTPase activity of full-
length DHX29 was stimulated strongly by 40S subunits and slightly
less so by Uy (SI Appendix, Fig. S4). DHX29 fragments comprising
the NTR and RecA domains or RecA domains alone lacked
NTPase activity (Fig. 2C, Top and Middle), indicating that the
C-terminal region is essential for it. In contrast, deletion of the
NTR reduced but did not abrogate DHX29’s NTPase activity
(Fig. 2C, Bottom). Interestingly, the NTPase activity of this mutant
was lower than that of the full-length protein, not only in the
presence of 40S subunits but also in the presence of Uy, suggesting
that the NTR is not only required for specific binding of DHX29 to
40S subunits but also generally affects its NTPase activity. We note
that the NTPase activity of the N-terminally truncated DHX29 was
assayed using CTP because the protein preparation contained
contaminants that elevated the background level of ATP hydrolysis.

The activity of DHX29 mutants in 48S complex formation was
analyzed in an in vitro reconstituted translation system using
a model (AUG at —6)-Stem mRNA comprising a GUS reporter
and a 5’ UTR containing a stable stem and three AUG codons: the
first at position —6 relative to the stem, the second in the loop of
the stem, and the third 21 nt downstream of the stem (Fig. 2D) (6).
In the absence of DHX29, 48S complexes form on AUG triplets
immediately preceding stable stems without their unwinding; in
that case intact stems are accommodated in the ribosomal A-site,
and as a result such complexes are characterized by aberrant toe-
prints +11-12 nt downstream of the stem (6). DHX29 promotes
unwinding of stems, which results in assembly of 48S complexes
with canonical toe-prints +15-17 nt downstream of the AUG
triplet (6). Consistently, without DHX29, 48S complexes that
formed on the AUG preceding the stem yielded toe-prints +11-12
nt downstream of the stem (Fig. 2E, lane 2), whereas 48S com-
plexes formed on this AUG in the presence of full-length DHX29
yielded canonical +16-17-nt toe-prints (Fig. 2E, lane 3). In the
latter case, a small amount of 48S complexes also formed on the
two downstream AUGs. DHX29 fragments comprising either
the NTR and RecA domains or RecA domains alone were inactive
in 48S complex formation, and only complexes with aberrant toe-
prints formed in their presence (Fig. 2E, lanes 5 and 6). In contrast,
DHX29 lacking the NTR retained low-level activity and promoted
assembly of a small amount of 48S complexes on the AUG preceding
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Fig. 1. Structural modeling of DHX29. (A) Alignment of amino acid sequences of human DHX29, Saccharomyces cerevisiae Prp43p, and human RHA an-
notated to show secondary structure elements in Prp43p (cylinders represent a-helices; arrows represent p-strands). Elements marked 1-3 are inserts present in
DHX29 relative to Prp43p. (B) Structure of ADP-bound Prp43p in ribbon representation; ADP is shown in sticks (PDB ID: 3KX2). (C) Ribbon diagram of the
predicted structure of DHX29 (amino acids 551-1302) generated by the SwissModel server, using the Prp43p crystal structure as a template. Corresponding
domains in Prp43p (B) and DHX29 (C) are shown in the same colors as in A. a1 and o2 helices of the WH domain and the ratchet helix are indicated.

the stem, with canonical +16-17-nt toe-prints, and on the two
downstream AUGs (Fig. 2E, lane 4).

In conclusion, the C-terminal region containing WH, ratchet,
and OB domains is essential for DHX29’s NTPase activity and
for its function in 48S complex formation. Deletion of the DHX29-
specific NTR, which contains determinants for ribosomal bind-
ing, does not abrogate but does very strongly impair DHX29’s
ability to stimulate 48S complex formation and also reduces its
NTPase activity, indicating that this region is required for optimal
DHX?29 function.

NTR Contains a Putative dsRNA-Binding Domain That Is Required for
Ribosomal Association and 485 Complex Formation. Examination of
the DHX29-specific NTR for the presence of structural motifs using
the PHYRE server (11) led to the identification in its C-terminal
half of a dsSRNA-binding domain (dsRBD) (amino acids 377-448)
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(Fig. 34). This region is highly conserved across mammals, birds,
amphibians, fish, and reptiles (SI Appendix, Fig. S5). The dsRBD
adopts a compact afppo fold and frequently occurs in RNA-binding
proteins (e.g., ref. 12). We modeled DHX29’s dsRBD (Fig. 3B, Left)
on the basis of the solution structure of the related dsSRBD from
the mouse tRNA dihydrouridine synthase 2-like protein (PDB
ID: 1WHN). In the Drosophila Staufen dSRBD3-RNA hairpin
complex, the dsRBD’s interaction with RNA is mediated by al,
$1/p2 loop 2, and p3/a2 loop 4 (Fig. 3B, Right) (13), as is typical
for this domain (12).

To investigate the role of the putative dsRBD in DHX29 func-
tion, it was replaced by five alanines (DHX29379 456.>5A1a) OF by a
10-aa-long linker consisting of Ala, Gly, Ser, and Thr residues
(DHX29379_456.>10a.2.)- In both cases, deletion of the dsRBD
abrogated binding of DHX29 to 43S complexes (shown for
DHX29379_456.5541a in Fig. 3C, Left), indicating its essential role

Dhote et al.
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Fig. 2. The role of N-terminal, central, and C-terminal regions of DHX29 in ribosomal binding, NTP hydrolysis, and 485 complex formation. (A) Diagram
of DHX29 deletion mutants showing domain organization (colors correspond to those used in Fig. 1). (B) Association of WT and mutant DHX29 with 43S
complexes assembled from 40S subunits, Met-tRNA;Met, and elFs 2/3/1/1A; after incubation with DHX29, ribosomal complexes were separated by SDG
centrifugation, and DHX29's presence in ribosomal peak fractions was analyzed by SDS/PAGE and fluorescent SYPRO staining (left to right: first, third,
and fourth panels) and/or Western blotting using DHX29 or FLAG-tag antibodies (second, third, and fourth panels). (C) TLC analysis of the NTPase
activity of DHX29 deletion mutants in the presence of 40S subunits and U5 RNA. The positions of [32P]-ATP, [32P]-P;, [32P]-CTP, and [32P]-CDP are shown
on the right. (D) Sequence of the 5" UTR of “(AUG at —6)-Stem” mRNA, containing an AUG triplet 6 nt before the stem and two other AUG triplets, in
the loop of the stem and 21 nt downstream from it, respectively. Positions of toe-prints that were observed with/without DHX29 are indicated by
arrows. (E) Toe-printing analysis of the activity of DHX29 deletion mutants in promoting 48S complex formation on (AUG at —6)-Stem mRNA. Initiation
codons and the positions of full-length cDNA and of assembled ribosomal complexes are shown on the sides of each panel. Lanes C/T/A/G depict the
corresponding DNA sequence.

On the basis of structural and mutational analyses of the in-
teraction of Staufen dsRBD3 and of PKR dsRBD1 with RNA

in ribosomal association. However, the dsRBD alone did not bind
stably to 43S complexes (Fig. 3C, Right), suggesting that additional

elements in DHX29’s NTR contribute to its stable interaction with
40S subunits. Consistent with the effect on ribosomal binding, de-
letion of the dsRBD led to specific loss of stimulation of DHX29’s
NTPase activity by 40S subunits but did not affect stimulation by
Uy (Fig. 3D). Both mutants also were inactive in 48S complex
formation, and in their presence only initiation complexes with
aberrant toe-prints were assembled on the AUG codon preceding
the stem (Fig. 3 E and F).
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(13, 14), we identified residues in DHX29’s putative dsRBD that
might be involved in interaction with 18S rRNA (Fig. 3B, Left).
Four of them, K380 and F382 in helix a1l and R406 and W408 in
loop 2 between 1 and 2 strands, were individually substituted
by alanines, and the activity of the resulting mutants was tested in
48S complex formation. Although R406 or W408 substitutions
did not affect DHX29’s activity (Fig. 3G), replacement of K380
or F382 reduced it slightly, as was apparent by low-level assembly

PNAS | Published online October 9, 2012 | E3153

&=
=
=
=
[}
=
o
o
=



1I N-termina;;egRi;TDI 5:4 13;39 43S complex 43S complex
S
I 1 DHX29 wt + . + . DHX29 wt + "
377 448 DHX29 379-456->5Ala ,DHX29 wt DHX29 379-456  + +
IS - e
elF3Aab.c DHX29 379-456->5Ala = ~DHX29 wt
lq' = DHX29(379-456)
' ] -1 12345
‘ Lt
23 E (AUG at -6)-Stem mRNA + + + +
n 2 408, elFs  + + +
3 DHX29 wt +
R406 Y407 53 45 DHX29379-456->5Ala +
s )
D DHxeowt + + + DHX29379-456->5Ala + + + DHX29379-456->10aa PN i e e
70 + + Uzo + + 70 + + =]
408 subunits ~ + + 408 subunits + + 408 subunits + +
w WP « ®-p Y ®-pi AUGL == -
R SR
= rom
ERRRR 0 L B B YN """'ATP
12 3456 12 3456 - 11-12.nt:
12 3 4 56 o-w afters{‘eﬁl
F G H =" -
(AUG at -6)-Stem mRNA + + + + (AUG at -6)-Stem mRNA + + + + + (AUG at -6)-Stem mRNA + + + + +
408, elFs + + + 408, elFs + 4+ + 4+ 40S, elFs + + + + -
+ DHX29 wt + DHX29wt + - -
DHX29579 400~ + DHX29 Ra06A + DHX29K380A + CTAGT 234
DHX29 w408A + DHX29F§§2A + DHX29 wt  K380A F382A R406A W408A
= M -F il lengih FEE lenenas i ot e ngth 'SP'SP'SP'SP'S P’
- — 3] - -
AUGCLl el e S e B =5 - AUGE - — = = =
- —— = TR e - \
_...ﬁ_+1617 nts - - o _+16-17 nts P g . - +16-17 nt ==
- o= fromAUG -'—___ from AUG g =_- - _g 1ftrom Aﬂé =] =
1§ - z
“- 11-12 nt: = S =11-12 nts A<
." after Stom p E - -;f:él!zs{‘et; N - B = e Stem = = g_%
o <" SREe = (52
o
Sigs .
. 2
- = T —-———-- 2 -
CTAG1 234 CTAG 12345 CTAG 12345 12345678910
Fig. 3. A putative dsRBD in the N-terminal region is required for DHX29's association with 40S subunits and its function in 48S complex formation. (A) Diagram
of DHX29 showing the position of the putative dsRBD. (B) (Left) Ribbon diagram of the predicted structure of DHX29's putative dsRBD (amino acids 377-448)
‘ generated using the PHYRE server, as indicated in the text. Residues potentially involved in the interaction of the dsRBD with 18S rRNA are labeled. (Right) The
| structure of Drosophila Staufen dsRBD3-RNA complex (PDB ID: 1EKZ). (C) Association of DHX29 lacking the putative dsRBD (Left) and of the individually expressed
=~ . dsRBD (Right) with 43S complexes. After incubation with DHX29, ribosomal complexes were separated by SDG centrifugation, and the presence of DHX29 in

ribosomal peak fractions was analyzed by SDS/PAGE and fluorescent SYPRO staining (Left) or Western blotting using FLAG-tag antibodies (Right). (D) TLC analysis of

the NTPase activity of DHX29 dsRBD mutants in the presence of 40S subunits and U;o RNA. The positions of [3?P]-ATP and [*P]-P; are shown on the right. (E-H) Toe-
printing analysis of the activity of DHX29 dsRBD mutants in promoting 485 complex formation on (AUG at —6)-Stem mRNA. Initiation codons and the positions of
full-length cDNA and of assembled ribosomal complexes are shown on the sides of each panel. Lanes C/T/A/G depict the corresponding DNA sequence. (/) Association
of DHX29 dsRBD mutants with 43S complexes assembled from 40S subunits and elFs 2/3/1/1A. After incubation, reaction mixtures were centrifuged through a 10%
sucrose cushion, and DHX29's presence in the supernatant and ribosomal pellet was analyzed by SYPRO staining. WT DHX29 was used as a positive control.

of 48S complexes with aberrant toe-prints (Fig. 3H). To assay the
relative ribosomal-binding activity of these mutants, centrifuga-
tion through a 10% sucrose cushion was used. DHX29 mutants,
408 subunits, Met-tRNAM®t, and eIFs 2/3/1/1A were incubated
at concentrations used for 48S complex formation and then were
subjected to centrifugation. The presence of DHX29 in super-
natant or pellet was analyzed by SYPRO staining. K380A and
particularly F382A mutants (but not R406A or W408A mutants)
showed reduced ribosomal binding: In contrast to the WT pro-
tein, substantial amounts of K380A and F382A mutants were
present in the supernatant (Fig. 37). K380 and F382 are both
conserved residues (SI Appendix, Fig. S5). The small effect of
individual substitutions in the dsRBD on DHX29’s activity might
be explained by the potential stabilizing influence of other ele-
ments in DHX29 on its ribosomal association.

Mutational Analysis of the RecA Domains. To confirm the re-
quirement of NTP hydrolysis for DHX29’s function, key residues
within motifs I, II, III, V, and VI of the RecA domains were
replaced (Fig. 44). Mutations in motifs I, II, and V eliminated
DHX29’s NTPase activity (Fig. 4B) and abrogated its function in
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48S complex formation (Fig. 4F, lanes 4-6 and 9). All mutants
retained the ability to bind to 43S complexes at factor conditions
used for 48S complex formation, which was assayed by centrifu-
gation through a sucrose cushion (Fig. 4C). Substitution of R984 in
motif VI, which is equivalent to Prp43p’s R430 that forms hydro-
gen bonds with hydroxyl groups of the ADP’s ribose moiety (8),
also impaired DHX29’s NTPase activity (Fig. 4B) and its function
in 48S complex formation (Fig. 4F, lane 12). In contrast, the
R981A substitution in the same motif showed no effect (Fig. 4D,
lanes 7-9 and Fig. 4F, lane 11). Although the ability of all these
mutants to hydrolyze NTP correlated with their activity in 48S
complex formation, a SAT—-DGD mutant in motif III, which is
considered to couple NTP hydrolysis with nucleic acid unwinding
(e.g., ref. 15), retained ~65% of WT NTPase activity (Fig. 4E)
but was inactive in 48S complex formation (Fig. 4G). Single-
substitution mutants in motif ITI (S734A and T736A) had no
effect (Fig. 4D, lanes 10-15 and Fig. 4F, lanes 7 and 8).

In the structure of ADP-bound Prp43p, the top of the p-hairpin
protruding from the RecA2 domain is inserted between the WH
and OB domains, thus providing a link between the RecA domain
and the C-terminal part of the protein (Fig. 1B) (7, 8). Y402 at the
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Fig. 4. Mutational analysis of the RecA domains of DHX29. (A) Diagram of DHX29 showing substitutions introduced into conserved motifs of the RecA
domains. (B, D, and E) TLC analysis of the NTPase activity of DHX29 RecA mutants in the presence of 40S subunits and U;o RNA. The positions of [3?P]-ATP and

[32

P]-P; are shown on the right. Mutated residues are in red. (C) Association of DHX29 RecA mutants with 43S complexes assembled from 40S subunits and elFs

2/3/1/1A. After incubation, reaction mixtures were centrifuged through a 10% sucrose cushion, and DHX29's presence in the supernatant and ribosomal pellet
was analyzed by SYPRO staining. WT DHX29 and DHX29375_456.-5a1a (AdSRBD) mutant were used as positive and negative controls, respectively. (F and G) Toe-
printing analysis of the activity of DHX29 RecA mutants in promoting 48S complex formation on (AUG at —6)-Stem mRNA. Initiation codons and the positions
of full-length cDNA and of assembled ribosomal complexes are shown on the sides of each panel. Lanes C/T/A/G depict the corresponding DNA sequence.

end of the first p-strand contacts R407 in the loop, which in turn
interacts with the WH domain of Prp43p (7). DHX29 also contains
tyrosine (Y956) at this position, which potentially could interact
with Q964 at the position equivalent to R407 in Prp43p, influencing
its interaction with the WH domain. Thus, Y956 was replaced by
alanine to investigate its importance for maintaining a proper in-
teraction of the p-hairpin with the WH domain and, as a result, for
DHX29’s function. The neighboring K955, which also might be
involved in interaction with the WH domain, was similarly replaced
by alanine. The resulting K955A+Y956A double mutant retained
the ability to bind to 43S complexes (Fig. 4C) but had very strongly

Dhote et al.

reduced NTPase activity (Fig. 4B and SI Appendix, Fig. S6) and
was inactive in 48S complex formation (Fig. 4F, lane 10), thus
validating the importance of this structural element and its potential
interaction with the WH domain for DHX29’s function.

Large Insert in the RecA2 Domain Functions to Suppress DHX29's
Intrinsic NTPase Activity. The RecA2 domains of DHX29 and
other RHA-like helicases contain inserts at analogous positions,
between the 1 strand and o1 helix (Fig. 14 and SI Appendix, Fig.
S3). The location (Fig. 1C) is interesting because it is very close
to the entrance of the putative RNA-binding tunnel suggested by
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analogy with Ski2-like DNA helicases (9). Interestingly, although
the inserts are of variable size and possess very little sequence
similarity, they all contain extended stretches of charged amino
acids (SI Appendix, Fig. S3). The PHYRE server predicts that
although the 56-aa—long insert in RHA is largely unstructured,
the 76-aa—long insert in DHX29 has the potential to form poaffo
secondary structure elements, with the o helices being strongly
predicted (Fig. 54). To determine the role of the RecA2 insert in
DHX29 function, we investigated the activity of four mutants. In
the first mutant, five consecutive glutamate residues (789-793)
were replaced by alanines; the other three mutants contained
deletions of different lengths (amino acids 781-801, 781-815,
and 772-820, respectively) which eliminated various predicted
secondary structure elements as well as the stretch of glutamate
residues (Fig. 54). All mutants were active in 48S complex for-
mation, and only initiation complexes with canonical toe-prints
were observed in their presence (Fig. 5 B and C). However, all
four mutants had a substantially increased level of basal NTPase
activity compared with the WT protein (Fig. 5D), indicating that
the insert has a role in suppressing DHX29’s intrinsic NTPase
activity. The only common features of these mutants was the
absence of the stretch of glutamate residues. The fact that they
all showed a similar phenotype underlines the importance of this
motif for DHX29 function.

Mutational Analysis of the Predicted Ratchet Helix. It has been
proposed that stacking interaction between R592 and W599 in
the ratchet helix of Hel308 and DNA bases in the unwound
strand of the nucleic acid duplex would play an important role in
processive translocation of the enzyme along this strand during
unwinding (Fig. 64) (9). The positions of basic residues in the
Prp43p ratchet helix differ from those in Hel308, but neverthe-
less a similar role was suggested for R616 and R625 (Fig. 64) (8).
Based on the DHX29 model, we identified R1168, R1178, and
K1183 as residues that might interact with bases of the unwound
RNA strand (Fig. 64). Although their orientations also differ
from those of R592 and W599 in DNA-bound Hel308 (Fig. 64),
the ratchet helix might undergo reorientation on binding of NTP
and accommodation of an RNA substrate, as suggested for
Prp43p (16). However, substitution of these residues individually

or in combination did not influence DHX29’s NTPase activity
(shown for the R1168A+K1183A double mutant in Fig. 6B) or
its function in 48S complex formation (Fig. 6 C and D). Because
DHX29 is not a processive helicase (2), the ratchet helix mutants
were not tested in the helicase assay.

C-Terminal Region Comprising the OB Domain and the Following Amino
Acids Is Essential for the Inducibility of DHX29's NTPase Activity
and for Its Function in 48S Complex Formation. The C-terminal
part of DHX29 comprises the OB domain, which is connected to
the ratchet domain by an a-helix and is positioned at the entrance
of the putative RNA-binding tunnel, and the following C-terminal
region, which is more homologous to the equivalent region in
RHA-like helicases (~56% similarity with RHA) than in Prp43p
(~36% similarity) (Fig. 74 and SI Appendix, Fig. S2). The PHYRE
server predicts that these regions in DHX29 and other RHA-like
helicases could form a series of p-strands followed by two long
a-helices (Fig. 74 and SI Appendix, Fig. S2). Attempts to obtain
DHX29 mutants lacking the last a-helix (DHX29,_4350), both
C-terminal a-helices (DHX29,_;327), or the entire region following
the OB domain (DHX29;_;,9,) (Fig. 74) yielded polypeptides that
were much less soluble than WT DHX29 and that eluted over the
entire gradient rather than as a single peak during MonoQ or
MonoS chromatography. Although these mutants were not active
in 48S complex formation, their physical characteristics suggest
that they were likely misfolded, and therefore they are not discussed
further. In contrast, the DHX29 mutant lacking the C-terminal
region up to the a-helix connecting the OB and ratchet domains
(DHX29,_;2,7) was soluble and eluted as a single peak from MonoQ
and MonoS columns. Although deletion of this region did not affect
ribosomal binding of DHX?29 (Fig. 7B), the NTPase activity of
DHX29,_,,,7 was not stimulated by either 40S subunits or Uy,
(Fig. 7C), and this mutant also was inactive in 48S complex for-
mation (Fig. 7D). These results indicate that the C-terminal region
starting from the OB domain is required to render DHX29’s NTPase
activity responsive to stimulation and that such responsiveness is
essential for its function in 48S complex formation. Interestingly,
like the RecA2-insert mutants, DHX29,_;,,7 had clevated basal
NTPase activity, which suggests that the OB domain and the
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analysis of the NTPase activity of the RecA2-insert
mutants in the presence of 40S subunits and U;q
RNA. The positions of [32P]-ATP and [32P]-P; are
shown on the right.
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Fig. 6. Mutational analysis of DHX29's predicted ratchet helix. (A) (Upper) Superposition of the ratchet helices from the Hel308/DNA complex (PDB ID: 2P6R)
(blue), Prp43p (PDB ID: 3KX2) (green), and DHX29 (predicted model) (orange). DNA is shown as magenta sticks. (Lower) Amino acid sequences of the ratchet
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and underlined on the Lower panel. (B) TLC analysis of the NTPase activity of a representative ratchet helix mutant in the presence of 40S subunits and
Uy RNA, as indicated. The positions of [*2P]-ATP and [32P]-P; are shown on the right. (C and D) Toe-printing analysis of the activity of the ratchet helix mutants
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following region play an autoinhibitory role in suppressing DHX29’s
intrinsic NTPase activity.

Discussion

Determinants of DHX29's Ribosomal Association. The accessory
domains flanking the catalytic RecA cores of SF1 and SF2 heli-
cases determine their diverse physiological functions by interact-
ing with specific RNAs, DNAs, or proteins that modulate their
activities and tie a given helicase to a distinct biological process.
Thus, Prp43p binds to the activating protein Pfalp via interactions
involving C-terminal elements (e.g., ref. 8), Prpl6p and Prp22p
contain determinants of spliceosome interaction in their N-ter-
minal regions (17, 18), and a unique N-terminal domain enables
DHX36 to bind to guanine-quadruplex RNAs (19). We found that
targeting of DHX29 to 43S complexes depends on elements that
map to the DHX29-specific NTR and to the N-terminal half of
the WH domain, which includes the al/a2 helices and the o2-a3
loop. The essential determinant in the NTR was identified as
a putative dsRBD (amino acids 377-448), a motif that occurs only
in a few DExH-box helicases, including RHA and its homologs,
such as Drosophila maleless (MLE). The N-terminal regions of
RHA/MLE contain tandem dsRBDs, and although their relative
contributions to RNA-binding activity have not been fully resolved,
deletion of dsRBD2 abrogates productive engagement of RHA
and MLE with their specific RNA substrates (e.g., refs. 20-22).
Deletion of the dsRBD in DHX29 abrogated ribosomal associa-
tion and ribosomal stimulation of its NTPase activity and abol-
ished its function in 48S complex formation, even though it did not
affect stimulation of DHX29’s NTPase activity by RNA. Thus,
specific targeting of DHX29 to 40S subunits is essential for its role
in initiation. Importantly, although deletion of the dsRBD resul-
ted in a total loss of ribosomal association, removal of the entire
NTR did not abrogate ribosomal binding, and the resulting pro-
tein possessed ribosome-stimulated NTPase activity (albeit at a
reduced level) and residual activity in 48S complex formation.
These results suggest that the dsRBD likely mediates the primary
ribosomal contact, whereas interaction with the WH domain is
secondary, and in intact DHX29 this site might become accessible
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only after conformational changes induced by the establishment of
the primary interaction.

WH domains constitute a conserved module within similar
structural units in many SF2 helicases, but their role in helicase
function remains obscure. Although WH domains often bind to
DNA, and their specificity is determined by residues in a3 (23),
no interaction between the WH domain and DNA was apparent
in the crystal structure of DNA-bound Hel308 (9). However, it
has been suggested that the position of the WH domain and the
surface-exposed location of its a1 and a3 helices would be suit-
able for binding to Hel308-interacting proteins (e.g., Sulfolobus
Hijc), and, notably, conserved aromatic residues in its al/a2 he-
lices were found to be functionally important (24). Thus, the
interaction of DHX29’s WH domain with 40S subunits provides
evidence that WH domains of SF2 helicases indeed could be
involved in direct interaction with their functional partners. Even
though the interaction between 40S subunits and the WH domain
might depend on the initial interaction established by the dsRBD,
direct contact of the WH domain with the 40S subunit might be
crucial for stimulation of DHX29’s NTPase activity, taking into
account the extensive interaction between the WH and RecAl
domains in Prp43p (7, 8) and also, probably, in DHX29.

RecA Catalytic Core. DHX29 contains eight conserved motifs in
the RecAl and RecA2 domains (Fig. 44). Mutations in motifs I,
II, V, and VI abolished DHX29’s NTPase activity, comparable to
the effects of analogous mutations in Prplép, Prp22p, and
Prp43p (25-27). The loss of NTPase activity correlated with the
inability of DHX29 mutants to promote 48S complex formation
on structured mRNA, confirming that NTP hydrolysis is required
for DHX29’s function in the initiation process. A triple sub-
stitution in motif III completely abrogated DHX29’s function in
48S complex formation but had only a small effect on its NTPase
activity, as is consistent with the suggested role of this motif in
coupling NTP hydrolysis with unwinding of RNA or remodeling
of ribonucleoprotein complexes (e.g., ref. 15).

Like other DExH-box helicases, DHX29 contains a p-hairpin
protruding from between motifs V and VI in the RecA2 domain.
In the crystal structure of ADP-bound Prp43p, the f-hairpin is
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Fig. 7. The C-terminal region is essential for inducibility of DHX29's NTPase activity and for its function in 485 complex formation. (A) Alignment of amino
acid sequences of the C-terminal regions of DHX29 and RHA, showing predicted secondary structure elements. The boundaries of C-terminal deletions in
DHX29 are marked by arrows. (B) Association of the DHX291_1,,7 truncation mutant with 43S complexes. After incubation with DHX29, ribosomal complexes
were separated by SDG centrifugation, and DHX29's presence in ribosomal peak fractions was analyzed by SDS/PAGE and fluorescent SYPRO staining. (C) TLC
analysis of the NTPase activity of the DHX29,_12,7 truncation mutant and a RecA2-insert mutant in the presence of 40S subunits and U, RNA. The positions of
[32P]-ATP, [32P]-P;, [32P]-CTP, and [3P]-CDP are shown on the right. (D) Toe-printing analysis of the activity of the DHX29,_,,,7 truncation mutant in promoting
48S complex formation on (AUG at —6)-Stem mRNA. Initiation codons and the positions of full-length cDNA and of assembled ribosomal complexes are shown
on the side of the panel. Lanes C/T/A/G depict the corresponding DNA sequence.

inserted in a cleft between the WH and OB domains and, with
the p4-p5 loop of the OB domain, occludes the putative sSRNA
entrance (7, 8). Therefore it was suggested that, to open the
ssRNA-binding pocket, upon binding to ATP, Prp43p would have
to undergo substantial rearrangement involving rotation of RecA2,
WH, and OB domains, accompanied by movements of the tip of
the B-hairpin and of the p4-pS loop of the OB domain (7, 16).
Thus, the loss of the NTPase and translational activities of DHX29
caused by KYoss_956/AA substitutions in the apex of its predicted
fB-hairpin, which in the case of Prp43p is involved in interaction
with the WH domain, might be caused by the disruption of a sim-
ilar, functionally important interaction among the RecA2, WH,
and OB domains of DHX?29, integrated by the p-hairpin.

The RecAl/RecA2 core domains of several helicases belong-
ing to all three SF1 and to two of the nine SF2 families contain
independently folded inserts that have little effect on the struc-
ture of the core domain but are critical for biological function
(28). Thus, deletion of the 1B and 1C inserts from Upfl’s RecAl
domain impaired its RNA binding and abrogated the negative
cooperativity between binding of ATP and RNA, respectively
(29); deletion of the 1B domain of RecD abrogated its helicase
activity, uncoupling it from its ATPase activity (30); whereas the
insert in the RecA2 domain of the E. coli Rep protein instead
acts as an autoinhibitory repressor of its helicase activity (31).
We found that the large insert between pl and al of the RecA2
domain of DHX29 is required for suppression of its basal in-
trinsic NTPase activity but is not essential for stimulation of
DHX29’s NTPase activity by 40S subunits or by RNA or for its
function in initiation. The fact that substitution of five consecu-
tive glutamate residues in the insert had an effect similar to that
of major deletions in it suggests that this motif might be im-
portant for the structural integrity of the insert or for its in-
teraction with other domains to maintain DHX29 in a repressed
conformation. Importantly, all other RHA-like helicases contain
inserts at the analogous location (SI Appendix, Fig. S3), so it
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would be interesting to investigate whether their NTPase activ-
ities are regulated by these inserts in a similar manner.

Ratchet Domain. Substitution of residues in DHX29’s predicted
ratchet helix, which potentially could interact with the bases of
the unwound RNA strand to facilitate translocation of DHX29
along it, did not influence DHX29’s function in 48S complex
formation. This observation would be consistent with DHX29’s
lacking processive helicase activity (2) and its functioning by
remodeling 43S complexes at the mRNA entrance rather than by
direct unwinding of mRNAs before they enter the mRNA-
binding cleft. However, because we cannot strictly exclude the
possibility that modeling did not identify correctly the residues
involved in interaction with the unwound RNA, it remains pos-
sible that binding to 43S complexes strongly enhances DHX29’s
helicase activity, allowing it to participate in direct unwinding.

Essential Role of the OB Domain in DHX29's NTPase Activity. The
C terminus of DHX29 comprises the OB domain followed by a
region that is predicted to form a series of p-strands followed by two
a-helices. C-terminal truncations that removed various elements or
the entire region after the OB domain strongly reduced the yields
of soluble proteins, which in addition showed characteristics of
misfolding. However, further C-terminal truncation that also re-
moved the OB domain yielded a soluble protein that retained the
ability to bind to 40S subunits, suggesting that the OB domain
and the following C-terminal region form a single structural unit.
A DHX29 mutant lacking the OB domain and the C-terminal
region could no longer respond to stimulation by 40S subunits or by
RNA in the NTPase assay and was inactive in 48S complex for-
mation. Similar C-terminal truncation in Prp43p also impaired the
stimulation of its ATPase activity by RNA (8). The facts that the
regions following the OB domain in DHX29 and Prp43p are not
obviously related and that similar effects on the NTPase activity
of Prp43p were observed for the OB domain substitution mutants

Dhote et al.
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suggest that in both proteins this domain is primarily responsible
for the responsiveness of their NTPase activities to stimulation.
Importantly, although the OB domain is positioned near the pu-
tative mRNA entrance, and the interaction with RNA of a Prp43p
deletion mutant lacking this domain was reduced, some mutations
in Prp43p’s OB domain that did not influence its RNA-binding
activity nevertheless impaired stimulation of its ATPase activity by
RNA (8). Moreover, in the case of DHX29, a similar truncation
resulted in the loss of both RNA- and 40S-mediated stimulation
of NTPase activity, even though this mutant retained the ability
to bind to 40S subunits. This result suggests that the OB domain
not only influences binding of DExH/RHA helicases to RNA but
also is actively involved in their NTPase cycle.

Interestingly, deletion of the OB domain and the following
region not only impaired the stimulation of DHX29’s NTPase
activity by RNA or by 40S subunits but also increased its intrinsic
NTPase activity, similar to the effects of mutations in the RecA2
insert. Like the OB domain, the insert probably is positioned
near the mRNA entrance and therefore might interact directly
with the C-terminal unit, allowing these elements to cooperate in
suppressing DHX29’s intrinsic NTPase activity. High-resolution
structures of ATP- and ADP-bound states of DHX29 depending
on the presence of RNA will be required to understand the
mechanism by which the C-terminal elements and RecA2 do-
main inserts of this and other DEAH/RHA helicases fulfill their
function in regulating the NTPase cycle.

Materials and Methods

Plasmids and preparation of initiation factors and 40S ribosomal subunits are
described in S/ Appendix.

Analysis of Ribosomal Association of DHX29. To investigate ribosomal binding
of DHX29 in stringent conditions of SDG centrifugation, 60 pmol DHX29 were
incubated with 30 pmol 40S subunits, 60 pmol elF2, 40 pmol elF3, 100 pmol
elF1, 100 pmol elF1A, and 60 pmol Met-tRNA;Met in 200-pL reaction mixtures
containing buffer A [20 mM Tris (pH 7.5), 100 mM KCl, 2.5 mM MgCl;, 2 mM
DTT, and 0.25 mM spermidine] supplemented with 1 mM ATP and 0.4 mM GTP
at 37 °C for 10 min. The reaction mixtures then were subjected to centrifu-
gation through a 10-30% (wt/wt) SDG prepared in buffer A in a Beckman
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SW55 rotor at 53,000 rpm for 1 h 15 min. Fractions that corresponded to 43S
ribosomal complexes were analyzed by SDS/PAGE with subsequent fluores-
cent SYPRO (Molecular Probes) staining or Western blotting using DHX29
(Bethyl Laboratories) or FLAG-tag (Sigma-Aldrich) antibodies.

To assay the relative ribosomal-binding activities of WT and mutant DHX29
in concentrations of translational components analogous to those used in 485
complex formation, centrifugation through a sucrose cushion was used (32).
For this process, 50-pL reaction mixtures containing 2 pmol 40S subunits,
5 pmol Met-tRNA;Met, 3 pmol elF2, 2 pmol elF3, 12 pmol elF1, 8 pmol elF1A,
and 0.3 pmol WT or mutant DHX29 in buffer A supplemented with 1 mM ATP
and 0.4 mM GTP were incubated for 10 min at 37 °C, layered onto ice-cold
50-pL sucrose cushions (10% sucrose in buffer A), and centrifuged at 4 °C for
13 min at 90,000 rpm in a Beckman TLA 120.1 rotor. The unbound fraction
was obtained by removing 65-uL aliquots from the supernatant, and the
bound fraction was obtained by dissolving the ribosomal pellet in the
remaining 35 pL of the reaction mixture. These aliquots were analyzed by
SDS/PAGE with subsequent fluorescent SYPRO (Molecular Probes) staining.

NTPase Assay. To investigate the NTPase activity of DHX29 mutants, 0.15 pmol
of WT or mutant DHX29 was incubated with 6.7 pM [y->2P]ATP or [«->?P]CTP
in the presence or absence of 2 pmol 40S subunits or 20 pmol U;, RNA in
a 10-pL reaction mixture containing buffer A at 37 °C for 15 min. Then 2-pL
aliquots were spotted onto polyethyleneimine cellulose plates for chroma-
tography done using 0.8 M LiCl/0.8 M acetic acid. The NTPase activity was
determined by formation of [32P]-P; or [a-32P]-CDP.

Toe-Printing Analysis. 485 complexes were assembled on uncapped in vitro-
transcribed (AUG at —6)-Stem mRNA. Forty-microliter reaction mixtures con-
taining 1 pmol mRNA, 2 pmol 40S subunits, 5 pmol Met-tRNAM®t, 3 pmol
elF2, 2 pmol elF3, 12 pmol elF1, 8 pmol elF1A, 8 pmol elF4A, 1.5 pmol elF4B,
6 pmol elF4Gys7-932, and 0.3 pmol DHX29 in buffer A supplemented with
1 mM ATP and 0.4 mM GTP were incubated for 10 min at 37 °C. Assembled
initiation complexes were analyzed by primer extension using Avian mye-
loblastosis virus reverse transcriptase (Promega) and a [32P]-labeled primer
complementary to the coding region of (AUG at —6)-Stem mRNA. cDNA
products were resolved in 6% polyacrylamide sequencing gels.
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