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RNA helicases of the DEAH/RHA family are involved in many essential
cellular processes, such as splicing or ribosome biogenesis, where
they remodel large RNA-protein complexes to facilitate transitions
to the next intermediate. DEAH helicases couple adenosine tri-
phosphate (ATP) hydrolysis to conformational changes of their
catalytic core. This movement results in translocation along RNA,
which is held in place by auxiliary C-terminal domains. The activity
of DEAH proteins is strongly enhanced by the large and diverse
class of G-patch activators. Despite their central roles in RNA me-
tabolism, insight into the molecular basis of G-patch-mediated
helicase activation is missing. Here, we have solved the structure
of human helicase DHX15/Prp43, which has a dual role in splicing
and ribosome assembly, in complex with the G-patch motif of the
ribosome biogenesis factor NKRF. The G-patch motif binds in an
extended conformation across the helicase surface. It tethers the
catalytic core to the flexibly attached C-terminal domains, thereby
fixing a conformation that is compatible with RNA binding. Struc-
tures in the presence or absence of adenosine diphosphate (ADP)
suggest that motions of the catalytic core, which are required for
ATP binding, are still permitted. Concomitantly, RNA affinity, helicase,
and ATPase activity of DHX15 are increased when G-patch is bound.
Mutations that detach one end of the tether but maintain overall
binding severely impair this enhancement. Collectively, our data
suggest that the G-patch motif acts like a flexible brace between
dynamic portions of DHX15 that restricts excessive domain motions
but maintains sufficient flexibility for catalysis.
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NA helicases remodel RNA structures in an adenosine tri-

phosphate (ATP)-dependent manner in a multitude of cel-
lular processes, in all steps from synthesis of RNAs to their
eventual degradation (1-4). They are key enzymes in the reor-
ganization of RNA-protein complexes (RNPs) because they
exert mechanical force that is required for transitions in the
conformations of RNPs (5, 6).

DEAH/RHA helicases form an abundant family of enzymes
in eukaryotes [Homo sapiens (hs), 15 proteins; Saccharomy-
ces cerevisiae (sc), seven proteins (7)], which play prominent
roles in RNA metabolism (2). These enzymes share a con-
served core of tandem RecA domains (RecAl and RecA2),
which form a split active site for ATP hydrolysis at their in-
terface (5, 7). This core is flanked by a common set of C-terminal
domains (winged helix [WH], Ratchet, and oligonucleotide/
oligosaccharide-binding fold [OB-fold]) and varying N termini
(7) (Fig. 14). The auxiliary C-terminal domains cooperate
with the RecA domains by completing an RNA binding channel,
which has been suggested to allow DEAH/RHA helicases
to keep a stable grip on the RNA over multiple ATP hydrolysis
cycles (5, 8, 9). They unwind RNA duplexes or strip RNA from
proteins using the energy of ATP hydrolysis to move along
the RNA in a 3’ to 5’ direction (6, 10). Recent crystal structures
of DEAH/RHA helicases in different states have led to a
mechanistic model for RNA translocation (8, 11-17): RecA2
carries out an opening and closing motion during transitions
between the nucleotide-free and -bound states, respectively.
In these two conformational extremes, five (open) vs. four (closed)
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RNA bases are stacked in the RNA binding channel between a long
B-hairpin in RecA2 (314 to B15 in AsDHX15/scPrp43; SI Appendix,
Fig. S1) and a conserved loop in RecAl (termed “Hook-turn”).
This means that during progression into the open state, the
B-hairpin and two other RNA-binding patches in RecA2 (termed
“Hook-loop” and “motif V”; SI Appendix, Fig. S1) have to shift 1
nucleotide (nt) toward the 5’ end of the RNA. Thus, when the
RecA domains close back up, at the start of the next hydrolysis
cycle, the RNA is pushed by 1 nt through the RNA channel.
Members of the DEAH family perform essential tasks in two
central RNP maturation pathways: splicing and ribosome bio-
genesis (2, 3, 18, 19). Both pathways require a large number
of accessory factors to assemble in a step-wise manner on a
primary transcript [i.e., pre-messenger RNA (pre-mRNA) and
pre-ribosomal RNA (pre-rRNA)] to form dynamic catalytic
machineries (20, 21). In splicing, a machinery termed spliceo-
some removes noncoding introns from pre-mRNAs between
flanking exons by an excision—ligation mechanism (22). In ribo-
some assembly, dedicated processomes have to cut four rRNAs
to size, extensively modify them, fold them into the correct ter-
tiary structure, and incorporate ~80 ribosomal proteins (23).
During both elaborate processes, helicases facilitate extensive
and dynamic remodeling of RNA secondary structures, as well as
binding and dissociation of small nuclear or small nucleolar
(sno) RNPs (2, 3, 18, 19). Four DEAH enzymes in splicing
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Fig. 1.

The NKRF G-patch tethers two domains of DHX15 together. (A) Domain organization of hsDHX15 and hsNKRF, with domains contained in the

expressed constructs highlighted in color. The positions of RecA1, RecA2, WH, Ratchet, and OB domains in DHX15 are shown. In addition to the G-patch motif,
NKRF has three RNA binding domains (RBD) and another nucleic acid binding domain termed R3H. Borders of expressed constructs are indicated by dotted
lines. (B) Overview of the DHX15-G-patch complex. Domains are colored as in A, and important secondary structure elements described in the text are la-
beled. The magnesium ion and ADP molecule in the ATPase active site are shown in gray and orange, respectively. An unmodeled loop is indicated by a

dotted line.

(hsDHX16/scPrp2, hsDHX38/scPrpl6, hsDHXS8/scPrp22, and
hsDHX15/scPrp43) were assigned to specific steps in the
progression of splicing particles from one catalytic interme-
diate to the next. Because they are all located at the periphery
of spliceosomal complexes, they have been suggested to func-
tion analogous to a winch: From the exterior, they pull the
RNA through the bulk of the spliceosome and via this increased
tension disrupt pre-mRNA duplexes within the spliceosomal
core (24).

One dual-purpose helicase that is essential in both ribo-
some biogenesis and splicing is the DEAH family member
hsDHX15/scPrp43. In splicing, it is required for the disassembly
and recycling of the spliceosome after a completed catalytic cy-
cle, dissociating the spliceosome modules from the intron lar-
iat (25). Furthermore, it is involved in proofreading of correct
splice-site selection by facilitating disruption of stalled splicing
intermediates (26, 27). In ribosome biogenesis, it has been
demonstrated to release snoRNAs from progenitors of the large
ribosomal subunit in yeast (28) and to function in early (human)
or late (yeast) steps of small subunit maturation (29-32).

Most RNA helicases lack intrinsic specificity for their target
RNAs and need to be recruited to specific sites of action by
adapter proteins, that often double as direct enhancers of their
otherwise poor helicase activity (5, 33, 34). One large and diverse
class of DEAH helicase activators is the G-patch protein family
named after a ~45-amino-acid-long glycine-rich motif (Fig. 2 and
SI Appendix, Fig. S24) that directly binds and activates the
helicases (35). More than 20 different G-patch proteins have
been assigned in humans (five in yeast). In addition, the motif
has been detected in a number of viruses, among them human
endogenous retrovirus K (SI Appendix, Fig. S24) (35, 36).
Apart from the conserved motif and a general association with
RNA pathways, G-patch proteins have little in common. They
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display great variety in length, domain composition, and cel-
lular localization. Consequently, they might form the molecular
basis of the multifunctionality that has been recorded for several
RNA helicases by recruiting them to diverse cellular compart-
ments or pathways (37). Nine G-patch interactors have been
shown to directly enhance DHX15/Prp43 enzymatic activity, and
most could be specifically assigned to function in splicing or ri-
bosome biogenesis (SI Appendix, Fig. S24) (32, 38-42). One of
these adapters is NKRF (Fig. 14), an RNA-binding protein, which
was recently identified to function in human ribosome biogenesis
as a tether between pre-rRNA and DHX15/Prp43, as well as
XRN2 (32).

Despite their great relevance for central RNA metabolism, the
molecular basis and mechanism of helicase stimulation by G-
patch proteins have remained obscure. Here, we determined the
crystal structure of human DHX15 in complex with the G-patch
motif of NKRF. The G-patch stretches along the DHX15 sur-
face, where it acts like a flexible brace that tethers two mobile
parts of the protein together. Addition of the G-patch peptide
to DHX1S5 increases its RNA affinity, as well as ATPase and
helicase rates. Conversely, mutations in the G-patch that main-
tain its connection to DHX15, but disrupt tethering, abolish this
enhancement. In combination, our results suggest that G-patch
proteins promote DEAH catalysis by restricting their confor-
mational freedom to a configuration that is compatible with
strong RNA binding, but leave enough flexibility for motions
required for ATP hydrolysis and RNA translocation. Further-
more, our structural and biochemical analysis rationalizes G-
patch selectivity for a subset of DEAH helicases.

Results

The G-Patch Motif of NKRF Is Sufficient for DHX15 Binding. Full-
length (fl) AsNKRF has been shown to bind AsDHXI15
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directly (32). To verify their direct interaction, we coexpressed
both full-length proteins in Escherichia coli and tested for re-
ciprocal copurification from lysates. Maltose binding protein
(MBP)-tagged DHX15 copurified with glutathione S-transferase
(GST)-NKRF independent of the affinity matrix used (SI Ap-
pendix, Fig. S34). Since both proteins contain multiple domains
and unstructured regions (Fig. 14) that might hamper crystalli-
zation, we aimed at obtaining a minimal NKRF-DHX15 com-
plex. AsDHX15 lacking the N-terminal unstructured extension
(DHX15AN; residues 113-795) has been crystallized in iso-
lation (43), and, given that the equivalent N terminus is not
essential in yeast (44), we used the same construct boundaries
(Fig. 1A). For NKRF, two different shortened constructs were
designed based on sequence conservation around the consensus
G-patch motif (residues 551-596) and tested for direct
DHXI15AN binding. DHX15AN copurified both with NKRF 541-
615 and 541-603 without appreciable loss in affinity, suggesting
that the shorter construct comprises all residues contributing to
DHX15 binding (SI Appendix, Fig. S3B). Thus, we used the
shorter construct (referred to as NKRF G-patch from here on) for
large-scale purification of the complex. DHX15AN and NKRF G-
patch formed a stable and homogenous complex that copurified
over three different purification steps and eluted as a single peak
from a size-exclusion column (SI Appendix, Fig. S3C).

Structure of the NKRF G-Patch in Complex with DHX15. We crystal-
lized the minimal complex both in the absence and presence of
adenosine diphosphate (ADP) (Fig. 1B) and solved the structure
by molecular replacement with ~AsDHX15 as the search model
(43). We refined the apo structure at 2.21 A (Ryork 21.0%; Riree
25.1%) and the structure with ADP at 1.85 A (Rwork 20.4%j Riree
24.4%) with good statistics (SI Appendix, Table S1). For
DHXI15AN, we observed density for amino acids 113-789 (apo

and ADP) with the exception of a few surface loops in RecA2.
Furthermore, ADP was well ordered in the active site between
the RecA domains (SI Appendix, Fig. S4D). In both structures,
extra density for the G-patch was well defined and could be
modeled with residues 551-596 (apo) and 553-593 (ADP), re-
spectively (SI Appendix, Fig. S4 A and B), which means that both
structures contained the entire conserved G-patch motif (Fig.
2B). To ensure correct assignment of the G-patch sequence, we
collected a native anomalous diffraction dataset (single-wave-
length anomalous dispersion of sulfur atoms; SI Appendix, Table
S1). Using phases from a preliminary model lacking the G-patch,
we calculated an anomalous difference density map to locate the
sulfur atoms (SI Appendix, Fig. S4C). Clear anomalous density
was visible for G-patch M562, which is the only sulfur-containing
residue in the motif (Fig. 2 B-E).

The NKRF G-Patch Is a Molecular Brace between Two DHX15 Domains.
As predicted by sequence analysis (35), the G-patch peptide is
mostly unstructured, apart from a short N-terminal a-helix. It
stretches across the back side of the RNA binding channel of
DHX15, effectively tethering WH and RecA2 domain together
(Figs. 1B and 24). The N-terminal G-patch helix (brace-helix)
packs perpendicularly on the long helix (a15) of the WH domain
(Figs. 1B and 2D). Residues of the subsequent linker region
stack into hydrophobic pockets on the WH domain’s surface and
bind across the p-hairpin (p14, p15) of the RecA2 domain (Figs.
1B and 2C). The C-terminal brace-loop also stacks into a hy-
drophobic pocket on top of RecA2, between the central B-sheet
and two a-helices (a8 and «13) (Figs. 1B and 2E). Interestingly,
the eponymous conserved glycine residues of the G-patch make
very few contacts to the helicase themselves (Fig. 2 B-E and
SI Appendix, Fig. S24). Instead, they mostly lend the neces-
sary flexibility to the peptide backbone that allows conserved

B brace-helix brace-loop
e+ e+ O + +00 oo eoe + ++00
) hs NKRF 551 EDNIGNQLLRKMGW. TGGGLGKSGE . GIREPISV. .. .KEQH.KREGLGLDVE 596
ribosome | sc pfa1 720 NENIGRRMLEKLGWKSGEGLGIQGNKGISEPIFA... .KIKK.NRSGLRHSES 767
biogenesis | hs PINX1 26 DSKFGORMLEKMGWSKGKGLGAQEQ .GATDHIKV. .. .QVKN.NHLGLGATIN 72
sc Gnol 25 TSRFGHQFLEKFGWKPGMGLGLSPMNSNTSHIKV. .. .SIKD.DNVGLGAKLK 72
hs TFIP1l 149 TKGIGQKLLQKMGYVPGRGLGKNAQ.GIINPIEA....KQRK.GKGAVGAYGS 195
splicing | S¢ Nerl 61 TYGIGAKLLSSMGYVAGKGLGKDGS .GITTPIET....QSRPMHNAGLGMFSN 108
hs GPKOW 164 VEAYGLAMLRGMGWKPGEGIGRTFN.QVVKPRVN....SLRP.KGLGLGANLT 210
sc Spp2 103 VEEFGDALLRGMGWESDSEQDSKGDKTQSRNKDVSNVSQIHP .DGLGIG. . .. 149
unknown[hs GPATCH11 95 CENKGFALLQKMGYKSGQALGKSGG.GIVEPIPL....NIKT.GKSGIGHEAS 141
sc Cgml 41 IMPRGYKMMENMGYKEGETLGSNES .ALKEPIKV. .. .EINT.KRRGIRAEKP 87

D

RecA2

B-hairpin

RecA2

Fig. 2. Conserved G-patch residues are crucial for forming hydrophobic interactions. (A) Overview of the complex with three different areas of G-patch
interaction with DHX15 indicated by dotted frames, which are displayed in detail in C—E. Position D corresponds to G-patch site 1, while position E indicates G-
patch site 2, and C marks the intervening linker. (B) Sequence alignment of G-patch proteins from yeast and human that have been assigned as activators of
DHX15/Prp43 or DHX16/Prp2. Respective hs and sc homologs are grouped, and the corresponding cellular process is indicated. Brace-helix and brace-loop
positions as found in NKRF are labeled on top of the alignment. Dark and light orange highlight residues that are identical and more than 70% similar,
respectively. Petrol hexagons mark amino acids involved in DHX15 interactions, while stars mark mutated residues. (C) Interface of the G-patch linker region
crossing over to RecA2 via the p-hairpin. (D) Interactions of the N-terminal G-patch brace-helix (red/orange) on the WH domain (cyan/light blue). Names of
residues mutated in this study are underlined, and residues mutated in previous studies are marked by asterisks. Hydrogen bonds are indicated by black
dotted lines. (F) Binding of the C-terminal G-patch brace-loop to the RecA2 domain.
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hydrophobic residues to immerse into hydrophobic surface cav-
ities. One notable exception is the almost-invariable G555, which
is located at the closest contact point between the brace-helix
and ol5 of the WH domain (Fig. 2D) and, thus, enables tight
packing of the two helices.

The completely invariable G563 at the end of the brace-helix
is, without exception, followed by an aromatic amino acid (W564
in hsNKRF; Fig. 2B and SI Appendix, Fig. S2A4). Here, the gly-
cine facilitates a backbone conformation that allows the aromatic
side chain to flip under the G-patch main chain and reach back
toward the brace-helix (Fig. 2D). Consequently, the aromatic
ring ends up sandwiched between a bottom layer formed by a
composite hydrophobic patch from WH (P533 and M537) and
brace-helix (L559) and a top layer formed by the peptide back-
bone of the G-patch (peptide bond between T565 and G566).
This unusual flipped-back conformation is further stabilized by a
hydrogen bond between the W564 aromatic nitrogen and a
downstream main-chain carbonyl oxygen (from G567). The hy-
drogen bond also bends the downstream peptide in a turn
around the aromatic side chain and lets the subsequent highly
conserved L569 fold back into the same hydrophobic cavity on
WH «15 that is already used by the brace-helix. Therefore, the
intriguing “under-over-turn” conformation of the G-patch results
in a dense packing of several distant hydrophobic side chains into
the same helicase pocket.

The brace-loop at the C terminus makes only one contact with
a hydrophobic pocket of RecA2, where it embeds the highly
conserved L591 (Fig. 2 B and E). Analogous to the N-terminal
portion of the motif, the required turn in the peptide is facili-
tated by a hydrogen bond between the main chain and a hy-
drophilic side chain (Q585).

The DHX15 contacts of the intervening G-patch stretch are
far less extensive, consistent with its poorer evolutionary con-
servation (Fig. 2B). However, one contact that might be of
functional relevance is formed by conserved V582, which binds
across the back of the p-hairpin of DHX15 (Fig. 2C). This in-
teraction pushes the backbone of pl4 by 2 A into the RNA-
binding channel and, consequently, moves the highly conserved
K445 on the inside of the p-hairpin further into the RNA
channel by 3.8 A (SI Appendix, Fig. S5 A and B). When no nu-
cleotide is bound in the active site and the two RecA do-
mains take up the open conformation, K445 is the side chain
that is closest to the first base of the five RNA nucleotides in
the RNA channel. Therefore, in homologous DEAH/RHA
helicases, the analogous residues form hydrogen bonds to the
first base (8, 11-13). Although the conformational change is
relatively small, we consistently observed it in both structures of
DHX15 (apo and ADP-bound). Given that the f-hairpin forms
one of the two bookends, between which the four or five RNA
bases within the RNA channel are stacked (8, 11), this move-
ment could be significant for RNA binding or translocation of
the helicase.

The G-Patch Binding Mode Is Likely Analogous at DHX15/Prp43 in the
Spliceosome. Given that the G-patch peptide is not involved in
crystal packing (smallest distance to a neighboring molecule’s
side chain >5 A; SI Appendix, Fig. SAE), the observed configu-
ration is most hkely not a crystallization artifact. To infer whether
the AsNKRF G-patch conformation is representative for other G-
patch partners of DHX15/Prp43 in splicing, we inspected available
data from cryo-electron microscopy (cryoEM) and cross-linking
mass spectrometry (XL-MS). scPrp43 has undergone XL-MS
with scNtrl (ortholog of AsTFIP11) (Fig. 2B), an established
G-patch partner in the spliceosome (45). From the scNtrl G-
patch motif, two lysines on the brace-helix (K60/K67) were
cross-linked to the C terminus of scPrp43 (25 of OB domain and
its C-terminal extension). Since the G-patch brace-helix di-
rectly neighbors the OB domain of AsDHX15, these cross-
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links are consistent with our structure. The corresponding
residues in AsDHX15 are at a distance of 18-28 A from the G-
patch N terminus (C, atoms), in agreement with XL-MS dis-
tance restraints (<26-30 A for disuccinimidyl suberate cross-
linking) (46). In the assembled yeast intron-lariat spliceosome
(ILS), the same cross-link (scNtrl K60-scPrp43 K737) has been
detected (47). Furthermore, in the electron-density map of the
scILS, clear extra density is visible both on the WH and on the
RecA2 domain (S Appendix, Fig. S6A4) that had not been possible
to model due to low local resolution of the map in the ILS pe-
riphery (47). Superpositions with the DHX15-G-patch structure
show a good fit of the map with the brace-helix and its down-
stream loop on WH, as well as the brace-loop on RecA2 (SI
Appendix, Fig. S64). Together, these data suggest that TFIP11/
Ntrl G-patch binds DHX15/Prp43 during splicing in a similar
conformation as NKRF during ribosome biogenesis.

The Two G-Patch Binding Sites on DHX15 Are of Different Relevance
for Complex Formation. We next mutated the interaction sites
between DHX15 and NKRF G-patch to further validate the
interface in solution using copurification from E. coli lysates.
Single-point mutations addressed either the brace-helix binding
site (G-patch site 1) or the brace-loop binding site (G-patch site
2) (Fig. 3). Hydrophobic residues were mostly substituted for
glutamates, firstly to ensure disruption of the fuzzy hydrophobic
interfaces and, secondly, to improve hydration of the newly
water-accessible surfaces upon complex dissociation. Further-
more, several homologous DEAH helicases carried Glu substi-
tutions in the two G-patch sites (e.g., DHX37; SI Appendix, Figs.
S2B and S7C). Thus, the mutations could help us to judge
whether these homologs could support G-patch binding.

All mutations on G-patch site 1, either on DHX15AN or
NKRF G-patch, fully disrupted complex formation in vitro (Fig.
3 A and C, lanes 12 to 15). Interestingly, removal of the central
tryptophan side chain next to the brace-helix (W564A) was also
sufficient to prevent G-patch binding, consistent with the im-
portant role of this aromatic residue for the overall conformation
of the motif (Fig. 2D). Previously, several studies have mutated
corresponding residues on G-patch site 1 in yeast and human
DHX15/Prp43 or different G-patch proteins (indicated by *
Fig. 2D). These mutations led to loss of helicase interaction and
activation, or defects in splicing, ribosome biogenesis, and cell
growth, in agreement with a general importance of this site for
helicase—G-patch binding (32, 38, 40, 41, 48).

In contrast, mutations on G-patch site 2 were generally less
disruptive for complex formation (Fig. 3 B and C, lanes 16 and
17). Only two mutants in the DHX15 RecA2 pocket (P327E and
Y485E) showed no binding in copurification assays, while a third
mutant (A489E) and both mutations on the G-patch side
(G590E and L591E) retained around half the affinity. Interac-
tion was lost when these mutations were combined with a mu-
tation in G-patch site 1 (Fig. 3B, lanes 23 and 24, mutants
Y485E, L536E [YELE] and A489E, L540E [AELE], and Fig.
3C, lane 18, mutant L559E, L591E [LELE]). A similar behavior
was observed for the binding of NKRF fl in human cells to en-
dogenous DHX15. We overexpressed NKRF with an N-terminal
hemagglutinin-TwinStrep-tag (HA-2S) in HEK293T cells and
performed pulldowns on StrepTactin resin in the presence of
RNase A (Fig. 3D). While DHX15 interaction was completely
lost for the brace-helix mutant (G-patch site 1, L559E, lane 8),
the brace-loop mutant still showed a decreased interaction (G-
patch site 2, L591E, lane 9). Consistently, the double mutant
(LELE, lane 10) abolished binding, despite its correct localiza-
tion to nucleoli (S Appendix, Fig. S3D) (32). These observations
confirmed that the G-patch is the main contributor to NKRF-
DHX15 binding in human cells, as suggested before (32). In
keeping with a decreased effect on complex formation, several
mutants on G-patch site 2 in scPrp43 (marked by * in Fig. 2F)
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have been found in a previous study to lead to milder growth
defects and only conferred lethality in combination with Ntrl G-
patch site 1 mutants (41).

Collectively, these data suggest that the two portions of G-
patch motifs have a stronger and a weaker binding site on DEAH
helicases, involving brace-helixY WH and brace-loop/RecA2,
respectively.

The G-Patch Reinforces a Helicase Conformation Consistent with
Stable RNA Binding. Previously, several structures of Prp43 from
the fungus Chaetomium thermophilum in the presence and ab-
sence of bound RNA substrate have highlighted the conforma-
tional flexibility of isolated DEAH helicases (17). When no RNA
is bound, the C-terminal domains (WH, Ratchet, and OB) can
turn relative to the RecA domains by 40°, thereby opening up
and disrupting the RNA channel, leaving only a shallow RNA
binding groove on top of the RecAs (Fig. 4 A and C). This
conformational change has been suggested to facilitate RNA
loading into the helicase. Analogous observations have been made
for DHX36, a DEAH/RHA helicase involved in G-quadruplex
unfolding, which shows a similar C-terminal domain movement
by 28° in the absence of nucleic acid (12).

Superposition of the DHX15-G-patch complex with the two
conformations of c¢tPrp43 showed good agreement with the RNA
bound configuration (rmsd 2.3A over 672 out of 676 residues).
Importantly, the path length between the two G-patch sites was

the same in the ctPrp43-RNA structure and the DHX15-G-
patch complex. In contrast, in the RNA-free conformation,
WH was shifted away from RecA, and the path between the two
sites was elongated by 5.1 A. Given that the C, distance covered
by two amino acids in a peptide is 3.8 A, this means that the G-
patch would need to stretch by more than one additional residue
to remain bound to both sites. Therefore, comparison of avail-
able structures suggests that G-patches stabilize DEAH helicases
in a conformation with an intact RNA channel and, thus,
maintain high RNA affinity.

Consistent with this interpretation, 25-fold increased RNA
affinity has been observed for scPrp43 in the presence of the G-
patch protein scCmgl or the scNtrl G-patch motif (37). We
therefore tested whether mutations in the NKRF G-patch would
influence RNA affinity of DHX15AN using fluorescence polar-
ization assays (Fig. 54 and C). We used the shortened construct
in all biochemical assays due to low protein yields that were
obtained with DHX15 fl. The wild type (wt) G-patch motif in-
creased DHX15AN RNA affinity ~100-fold. As a control that
the DHX15 N terminus does not significantly influence the ob-
served effect, we also measured RNA affinity of DHX15 fl upon
G-patch addition and detected a similar improvement of RNA
binding (S Appendix, Fig. S3 E and F). Since the G-patch is too
remote from the RNA channel (closest distance to superposed
RNA >10 A), it is unlikely that the increase was due to direct in-
teractions between G-patch and RNA. Mutation of the brace-helix
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Fig. 3. Mutations in the two binding sites have different effects on complex formation. (A-C) Coomassie-stained gels of copurification assays of MBP-
DHX15AN and GST-NKRF G-patch coexpressed in E. coli. Input (0.03%) and eluates (4.4%) were loaded. GST served as a control. DHX15 expression was
verified by Western blotting using an antibody against DHX15. The asterisk marks an unspecific band that copurifies with GST from E. coli lysates in all
conditions. DHX15 mutations in G-patch sites 1 and 2 are shown in A and B, respectively. YELE corresponds to double mutant Y485E, L536E, while AELE stands
for A489E, L540E. Mutations in the G-patch motif are shown in C. (D) Western blots of coprecipitation assays from HEK293T cells overexpressing HA-2S-NKRF
or HA-2S-GFP as a control. Samples were treated with RNase A and tested for copurification of endogenous DHX15. Tubulin served as a loading control. For
anti-HA blots, 0.75% of input and 5% of eluates were loaded, while 0.25% of input and 15% of eluates were loaded for anti-DHX15 and anti-a-tubulin blots.
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Fig. 4. G-patch binding stabilizes a DHX15 conformation consistent with RNA binding. (A and C) Different conformations of ctPrp43 recorded in the
presence (A) or absence (C) of RNA are shown [PDB ID codes 5Ita and 5Itk (17)]. The location of G-patch sites 1 and 2 on Prp43 according to superpositions with
the DHX15-G-patch complex are indicated by dashed circles. RNA and ADP present in A are shown in black. The location of the RNA binding channel as
displayed in A is indicated in C by dashed lines. Rotation of the RecA domains necessary to transform the RNA-bound structure into the RNA-free structure is
indicated by an arrow. (B and D) Superpositions of the DHX15-G-patch complex with the structures shown in A and C, respectively.

(L559E) that abolished DHX15 binding in pulldowns drastically
reduced this increase in RNA affinity to ~1.5-fold. Similarly, mu-
tation of the brace-loop (L591E) conferred only an ~7-fold stim-
ulation of RNA binding, despite the fact that this mutant still
supported partial DHX15 association in copurification assays,
probably via the brace-helix. Therefore, disconnecting domain
tethering by G-patch from its association with DHX15 led to an
~17-fold impairment. Combining the mutations in both G-patch
sites (LELE) completely abrogated the enhancing effect of G-
patch addition.

To ensure that the improved RNA affinity was not simply due
to the small conformational change in the p-hairpin of DHX15
that was brought about by the middle section of the G-patch (S
Appendix, Fig. S5 A and B), we mutated both the Lys residue in
the RNA binding channel (DHX15 K554A) and the G-patch
residue that pushes against the p-hairpin backbone (NKRF G-
patch V582G) (SI Appendix, Fig. S5 C-E). Both mutations did
not hamper G-patch binding and had only minor effects on RNA
affinity (1.2-fold reduction and 1.2-fold increase, respectively),
demonstrating that the movement of K554 inside the RNA
binding channel cannot account for the strong RNA binding of
the DHX15-G-patch complex.

Together, the biochemical and structural data indicate that
efficient clamping of WH and RecA2 domain by the NKRF G-
patch is required to enhance RNA affinity and that this is
achieved by restricting the flexibility of DHX15/Prp43 domains
to a conformation that can stably associate with the RNA target.

The G-Patch Can Follow RecA2 Transitions Required for Nucleotide
Binding. In addition to flexibility of the C-terminal domains, the
RecA domains have also been shown to undergo conformational
changes during the ATPase cycle (8, 12). To address whether the
observed G-patch binding mode would be compatible with the
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RecA movement that is required for ATP binding and, ultimately,
hydrolysis, we compared the DHX15-G-patch apo structure to
the complex bound by ADP (Fig. 64). In the absence of ADP,
RecA2 was moved away 4.2 A from RecAl via rotation of 8 around
a virtual axis through the back of RecA2 and the B-hairpin. The
G-patch brace-loop followed this movement of RecA2, mean-
ing that it had to shift by 2.6 A to the side. This domain twist
resulted only in a minor change in the distance between G-patch
sites on DHX15 (0.4 A). Thus, the structures suggest that domain
clamping by G-patch is consistent with ATPase activity.

To test this hypothesis, we analyzed the effect of G-patch
addition on DHX15 ATPase activity using a continuous coupled
ATPase assay (Fig. 5 D-F) (49). Due to overall low ATPase
activities of DHX15 and a limiting amount of protein, we could
only determine ATP hydrolysis rates at a saturating ATP con-
centration to compare G-patch mutants (2 mM, as determined
by Michaelis—-Menten graph for G-patch wt; Fig. 5 D and F).
Assembling DHX15AN with GST-tagged G-patch improved
ATP hydrolysis rates ~6-fold compared to the addition of GST
alone. As a control, we also measured the effect on DHX15 fl
where we observed an ~4-fold acceleration (SI Appendix, Fig.
S3G), in agreement with a previous study (32). Consistently,
qualitatively similar rate accelerations have been reported for
different G-patch proteins and different DEAH helicases (16,
17, 37, 39, 45, 50, 51). However, when the G-patch was mutated
in either brace-helix, brace-loop, or both, the ATPase enhance-
ment was completely abolished (Fig. SE). This observation leads
to two conclusions: Firstly, G-patch clamping as observed in our
structures does not interfere with ATPase activity, since relieving
the tether to G-patch site 2 does not improve ATP hydrolysis
rates but, on the contrary, decreases them. Secondly, restricting
flexibility by G-patch binding seems not only conducive to RNA
affinity, but also to ATP turnover.

Studer et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913880117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913880117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913880117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913880117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913880117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1913880117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1913880117

A U12-RNA binding B U12-RNA binding C

1.0 —e— DHX15AN 104 DHX15AN+G-patch wt + DHX15AN with Kd[uM]
. |—®— DHX15AN+G-patch wt c AMPPNP 32
S S - -
ﬁ —o— DHX15AN+G-patch L559E E l ADP + BeFy G-patch wt 1.00 + 0.05
5 DHX15AN+G-patch L591E £ ADP +AlIF, G-patch L559E ~79
g —e— DHX15AN+G-patch LELE 3 —e— ADP G-patch L591E 17.8£1.0
8057 B OSTT G-patch LELE ~100
g g G-patch wt + AMPPNP  1.40 + 0.04
S S 1 G-patch wt + ADP + BeF, 7.12+0.51
____________________________________ G-patch wt + ADP +AIF,  11.2£0.4
04 . 0 —rm—tremitors G-patch wt + ADP 26.1+1.6
0.001 0.01 0.1 0.001 0.01 0.1 1 10
[protein] uM [protein] uM
D ATPase activity E ATPase activity F
0.4
0.3 03 DHX15AN
‘ +G-patch wt +RNA
e o2 Kea [Min'] 0168 £0.004 0.324 +0.009
Eo02 E Ky [uM] 2.04+0.25 1.89 +0.27
m) i iy Koat /K [STMT] 1,37 - 10° 2.86 - 10°
= < 01+
0.1 —®— DHX15AN+G-patch wt
0
—e— DHX15AN+G-patch wt
TRNA P DHXISAN /& & & &8 & & &
with & 0 & SR F & ¥
0-¢ T T T T T T T T N £ Q(DY'\ NN &
50 100 ¥ A S S
[ATP] uM < RNCARNC AN
G Helicase activity H |
0.8 DHX15AN DHX15AN with kobs [min'1]
T 1
J § E w - 0.032 + 0.002
o
§ 0.6 G-patch | s w ] w G-patch wt 0.137 £ 0.006
EE ATP + — 3+ -+ -+ -+ -+ G-patch L559E 0.041 + 0.003
5 =T G-patch L591E 0.049 +0.001
504 el £ A4 0 A4 & 4 2 G-patch LELE 0.041  0.002
‘g J
= 0.2 ] -
% unwound 3+1 23+4 81+5 27+4 31+12 301
0 — T — T

T
10 20 30 40 50 60
time [min]

Fig. 5. NKRF G-patch-mediated enhancement of DHX15 RNA affinity and ATPase activity depends on efficient domain tethering. (A) Fluorescence polari-
zation experiments of FAM-U;, RNA with His;(—-DHX15AN in the absence or presence of GST-NKRF G-patch wt or mutants. The dashed line indicates 10%
normalized polarization. Average values of triplicate measurements were plotted, and error bars correspond to SDs. (B) Fluorescence polarization experi-
ments with DHX15AN and GST-NKRF G-patch wt in the presence of different ATP analogs or ADP (100 uM). The dashed line indicates 50% normalized
polarization. Average values of triplicate measurements were plotted, and error bars correspond to SD. (C) RNA dissociation constants (Ky) with SEM de-
termined by fitting curves in A and B by linear regression. For curves that do not reach 50% normalized polarization, the fitted constants were rounded to
two digits and listed as approximate values. (D and F) Michaelis-Menten plot of ATPase activity of His;qc—-DHX15AN in complex with GST-NKRF G-patch wt
with (blue) or without (black) RNA. Measurements were carried out in triplicate, and error bars represent SD. Michaelis—-Menten parameters and corre-
sponding SEM were determined by linear regression. (E) Initial ATP hydrolysis rates at 2 mM ATP, normalized for enzyme concentrations for His;o-DHX15AN
with or without GST-NKRF G-patch wt or mutants, or GST as a control. Error bars indicate SD of triplicate measurements. (G and /) RNA duplex unwinding
assays with His;o—DHX15AN in the presence or absence of GST-NKRF G-patch wt or mutants using FAM-labeled dsRNA with a 3’ single-stranded overhang.
Time courses were measured in triplicate, and error bars indicate SD. Rate constants and respective SEM were determined by linear regression. (H) Native
PAGE of representative samples from the unwinding assay after 60-min reaction time detecting FAM-fluorescence signal. Samples without ATP or without
protein were used as controls for RNase contamination. The top bands correspond to duplex RNA substrate, while the lower bands stem from unwound RNA
that is quenched with a cDNA oligo.

One explanation could come from comparing RecA positions
in previous DEAH structures without G-patch. Here, the con-
formational extremes of apo vs. nucleotide-bound state were
much more pronounced, and the two RecA domains relaxed to
significantly more open conformations in the apo state (8, 11—
13). We judged the distance between RecAl and RecA2 by
measuring the spacing between the C, of two conserved residues
that sandwich the nucleotide in the active site, an Arg in RecAl
(R204 in hsDHX15; SI Appendix, Fig. S4D) and a Phe in RecA2
(F401 in AsDHX15). In a variety of DEAH apo structures, distances
were 184 to 21.6 A vs. 134 A in AsDHX15-G-patch (apo), and
RecA2 domains were rotated by ~14° vs. 8° in AsDHX15-G-patch
(apo). On the other hand, published nucleotide-bound conformations
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were similar, showing distances of 10.4 to 12.8 Avs. 109 A in
hsDHX15-G-patch (ADP). One caveat is, of course, that these
measurements stem from different helicases, and all were observed
within crystal packing, which might distort domain orientations.
However, because the compared structures come from different
crystal environments, it is unlikely that they are all skewed in the
same manner. In addition, the distances are quite consistent,
even though they were recorded from different proteins. In balance,
this indicates that the observed RecA distances are representative
of the true conformational space.

In summary, the available data suggest that DHX15 RecA2
shuffles between less extreme open and closed states when G-
patch is bound, which stimulates ATPase activity.
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Fig. 6. G-patch binding retains RecA2 motions in DHX15 induced by ADP binding. (A) Superposition of the DHX15-G-patch complex without (apo; gray/
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RNA-helicases. The C-terminal domains including the WH are depicted in cyan, and RecA1 and RecA2 are colored in green and blue, respectively. Mobility is

indicated by multiple lighter-shaded schematics.

Next, we analyzed the effect of RNA binding on ATPase ac-
tivity (Fig. 5 D-F and SI Appendix, Fig. S3H). Addition of single
stranded U;p-RNA improved ATP hydrolysis rates both in the
absence (4.7-fold) and presence of G-patch (1.7-fold), similar to
what was demonstrated for multiple DEAH helicases (8, 11, 17,
32, 38, 39, 45, 50-54). Maximal rates were obtained when both
RNA and G-patch are bound together to DHX15. Interestingly,
both RNA and G-patch have a stronger effect (fold change) on
ATPase activity when the respective other is absent, i.e., the first
activator dampens the effect of the second activator, which could
suggest that RNA and G-patch stimulate ATP hydrolysis using a
similar mechanism, potentially by shifting the conformational
equilibrium of the enzyme toward an “ATPase-competent” state.

Tethering of DHX15 Domains by the G-Patch Stimulates RNA Duplex
Unwinding. In cells, the important reactions that DHX15 has to
carry out are RNA translocation and duplex unwinding, which
are coupled to ATP hydrolysis. Thus, we also tested the effect of
G-patch tethering of DHX15 WH and RecA2 domains on its
RNA helicase activity using a gel-based readout (Fig. 5 G-I and
SI Appendix, Fig. S3I). DHX15AN separated double-stranded
RNA (dsRNA) with a single-stranded overhang at the 3’ end
four times faster when G-patch was present, in keeping with
previous observations (32). Consistent with the negative effect of
G-patch mutations on ATPase activity, mutations in either the
brace-helix (L559E), the brace-loop (L591E), or both (LELE)
completely abrogated the stimulation of RNA helicase activity.
This observation suggests that by stabilizing a conformation with
high RNA affinity and gearing RecA2 movements toward higher
ATP hydrolysis efficiency, the G-patch improves RNA translo-
cation speed. In addition, our data lend further support to the model
that the RecA2 domain movements in DEAH/RHA-helicases, which
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occur during ATP hydrolysis, are the same that lead to shifting of the
RNA through the helicase channel.

Finally, we also tested whether nucleotide binding to the active
site affected RNA affinity of the DHX15AN-G-patch complex
(Fig. 5 B and C). Addition of the stable ATP analog adenylyl-
imidodiphosphate (AMPPNP) left RNA affinity basically un-
changed. However, supplementing the complex with analogs of
ATP hydrolysis states [ADP-BeF, for a state similar to the
ground state, ADP-AIF, for a transition state (55)] or ADP (as
a product after phosphate release) led to a stepwise sevenfold,
11-fold, and >20-fold reduction of RNA affinity, respectively, in
keeping with observations for other DEAH helicases (8, 11, 16,
51). This reduction of RNA interaction after ATP hydrolysis
could be important to loosen the grip on RNA enough so that
RecA2 can translocate toward the 5’ end by 1 nt, before RNA
is tightly bound again after ADP dissociation.

Discussion

Mechanistic Model for G-Patch Activation of DEAH RNA Helicases.
Our structural and biochemical analysis of AsDHX15 activation
by G-patch protein AsNKRF together with available data from
the literature suggests a tentative model for G-patch action on
DEAH RNA-helicases (Fig. 6B): The helicases are flexible in
isolation, transiently sampling different conformations. Only a
limited population of molecules is in the right orientation at
any given time to stably bind RNA and hydrolyze ATP. This could
be rationalized as an autoinhibition by domain mobility. G-patch
protein binding leads to a restriction of this flexibility and stabi-
lization of a configuration with high RNA affinity. Simultaneously,
G-patch proteins recruit the respective helicase to its target RNP.
Flexible tethering of the helicase domains still provides enough
room for RecA domain movements required for ATP binding and
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RNA translocation. During ATP hydrolysis, the affinity for RNA
is reduced by smaller changes in the RecA domains, while opening
of the RNA binding channel is prevented by the G-patch partner.
This way, RecA2 can move outward and shift upstream by 1 nt,
without losing the overall grip on RNA. After release of ADP,
RNA affinity increases again, so when RecA2 closes up with
RecAl in the next step upon binding of a new ATP molecule, this
movement pushes the RNA through the channel.

A Common Theme for Activators of DEAH and DEAD-Box Helicases?
DEAD-box helicases are closely related to DEAH helicases and
also share important roles in RNA metabolism (2, 5, 56). They
are more minimal in their domain composition, having only the
core RecA domains as a common feature. A subset of DEAD-
box helicases is activated by proteins carrying an MIF4G domain
(5, 34). Our data suggest several parallels between the activation
modality of G-patch and MIF4G proteins: The two RecA do-
mains of DEAD-box proteins are also flexible in isolation, but
need to come together in a defined orientation to compose the
ATPase active site and the RNA binding surface (5). MIF4AG
activators help to stabilize this configuration by bridging both
RecA domains. Thus, in essence, they act similar to the G-patch
motif by restricting flexibility. In a further analogy to G-patches,
the MIF4G domains have a weaker and stronger contact site on
RecAl and RecA2, respectively. This allows the two domains to
still undergo restricted movements that are necessary for ATP
hydrolysis and RNA duplex distortion. Unlike the G-patch motif,
the low-affinity site of MIF4G has to detach from RecAl to
allow full domain closure, because MIF4G is a completely folded
and, thus, more rigid activator than the extended, largely un-
structured G-patch. Thus, in a unified model, both enhancers
disabled excessive domain motions of their target DEAH or
DEAD-box helicases into unproductive states while maintaining
a sufficient degree of flexibility for catalysis.

Are G-Patch Activators Selective for a Subset of DEAH/RHA Helicases?
So far, only two DEAH proteins (DHX15/Prp43 and DHX16/
Prp2) have been demonstrated to become directly activated by
G-patch proteins (36). Available structural and biochemical ev-
idence suggests that DHX16/Prp2 is bound by its G-patch acti-
vator (GPKOW/Spp2) in an analogous configuration as DHX15:
First, the G-patch sites in the structure of ctPrp2 are essentially
conserved (SI Appendix, Fig. S74). Second, cryoEM densities of
yeast and human B**' spliceosomes (57, 58) revealed clear ad-
ditional density on DHX16/Prp2 G-patch site 1 that could be
explained by a bound G-patch brace-helix (S Appendix, Fig. S6 B
and C). Third, XL-MS of the scB* complex was consistent with
both scSpp2 brace-helix and brace-loop binding on WH and
RecA2 (57). Consistently, in a parallel study, the Ficner group
found an almost identical binding mode for ctSpp2 to ctPrp2 (59).

Based on sequence comparison alone (SI Appendix, Fig. S2B),
we would hypothesize that, apart from DHX15 and DHX16, the
only other DEAH helicase that can bind G-patch motifs is
DHX35, which was found in the AsC spliceosome (60). If at least
two helicases can bind the same G-patch motif, how, then, is
specificity ensured to recruit the right enzyme to the correct
pathway and reaction step? The answer could lie in the divergent
N- and C-terminal extensions of DEAH helicases. At least some
of them have been shown to interact with other spliceosomal
proteins [e.g., a C-terminal helix of Prp22 binds to Prp8 (61)] and
could thus provide another layer of specificity to find the right
location on an RNP. In addition, other specific surface pockets
on the DEAH enzymes could be recognized by different binding
partners and help to recruit them to the right target.

For the other two splicing DEAH helicases, DHX38/Prp16
and DHXS8/Prp22, evidence from the literature compared with
our data could point toward an activation mode analogous to G-
patch stimulation, but potentially mediated by other types of
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activators (i.e., intramolecular by their N-terminal extensions or
other binding partners): Both proteins displayed modified
binding pockets (SI Appendix, Figs. S2B and S7B), each with
one disruptive substitution in site 1 (hsDHX38 E917/scPrp22
K869 corresponding to AsDHX15 P533E; Fig. 34). However,
cryoEM maps of their respective spliceosomal complexes (61—
64) showed strong additional density on both binding sites and
some even for the linker (SI Appendix, Fig. S6 D-G). The pep-
tides responsible for these extra densities remain to be un-
covered. Yet, this evidence leads us to speculate that all splicing
DEAH helicases are bound by an internal or external stimulator
on the two “G-patch sites,” when they are incorporated into
spliceosomal complexes.

Other DEAH/RHA helicases such as DHX37 are reported
to be activated by non-G-patch proteins (53, 65) or—such as
MLE/DHX9—have no known activator. DHX37 is involved in
small ribosomal subunit assembly just like DHX15. Murine
(mm) DHX37 shows several deleterious substitutions in the G-
patch sites (e.g., equivalent to AsDHX15 L540E; Fig. 34 and SI
Appendix, Fig. S7C), indicating that G-patch proteins are un-
likely to bind. Consistently, the recorded interaction motif in
DHX37-activator UTP14A shares no sequence homology with
the G-patch motif (11).

Drosophila (dm) MLE/AsDHX9 has an extended N terminus,
which harbors two double-stranded RNA binding domains
(dsRBDs) (15). dsRBD2 bridges between WH and RecA2 do-
main, thus precluding G-patch binding to the same surface (S
Appendix, Fig. S7D). In fact, dSRBD2 could functionally replace
activation by G-patches by taking over the same domain-tethering
role, acting as an intramolecular enhancer domain. In agreement
with this hypothesis, dmMLE can efficiently unwind RNA duplexes
in vitro (41, 51), and activity is lost upon deletion of dsRBD2.
These data highlight that several DEAH/RHA-family members
have evolved divergent mechanisms of activation by gaining dif-
ferent surface patches or additional N-terminal domains, which
allows for specific recruitment and activation of these otherwise
unspecific enzymes to different pathways at defined steps.

Materials and Methods

Antibodies. The following antibodies and dilutions were used for Western
blotting: horseradish peroxidase (HRP-linked anti-HA antibody [Roche;
1:5,000]), rabbit polyclonal anti-DHX15 antibody (Bethyl Laboratories, cata-
log no. A300-390A; 1:15,000), mouse monoclonal anti-a-tubulin antibody
(Proteintech; catalog no. 660311-Ig; 1:5,000), HRP anti-mouse (Sigma, cata-
log no. A9044; 1:5,000), and HRP anti-rabbit (Sigma, catalog no. A9169,
1:10,000). For immunofluorescence, polyclonal rabbit anti-ENP1 (described in
ref. 66; kind gift from Ulrike Kutay, ETH Zurich, Zurich, Switzerland; dilution
1:10,000) and monoclonal rat anti-HA (Roche, catalog no. 11867423001;
1:200) were used as primary antibodies, Alexa Fluor 488-labeled goat anti-
rabbit (Invitrogen, catalog no. A11008; 1:300) and Alexa Fluor 633-labeled
goat anti-rat (Invitrogen, catalog no. A21094; 1:300) were used as secondary
antibodies.

Expression Plasmids. Full-length hsDHX15 was generated by amplification of the
protein-encoding sequence using gene-specific primers and a plasmid from the
human open reading frame library (hORFeome Version 5.1, ID: 13273) as a tem-
plate. hsDHX15AN (residues 113 to 795) was amplified from the full-length se-
quence by using primers AAAAAACTCGAGCAGTGCATTAATCCGTTCACC and
AAAAAAGCTAGCTCAGTACTGTGAATATTCCTTGG.

Full-length hsNKRF was amplified from human complementary DNA
(cDNA). The hsNKRF G-patch (541 to 603) was generated by using primers
AAAAAACATATGGCAGAGGAGGCTTACAAACAG and AAAAAAGGATCCT-
CACTTGGCAATTTTATTCACCCTCTC.

For coexpression of hsDHX15AN and hsNKRF G-patch proteins in E. coli,
hsDHX15AN was cloned into Xhol-Nhel sites of the plasmid pnEA-NpM.
hsNKRF G-patch was cloned into Ndel-BamHI sites of pnYC-NpG. Both ex-
pression vectors were derived from the pET-MCN vector series (67) and
contain an N-terminal MBP-tag or GST-tag, respectively, followed by a 3C
protease site.

To express full-length hsDHX15 and hsDHX15AN in insect cells, con-
structs were cloned by ligation-independent cloning (LIC) using primers
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CCCTTCCCAATCCAATTCGATGTCCAAGCGGCACCG, CCCTTCCCAATCCAATTC-
GCAGTGCATTAATCCGTTCACC, and TTATCCACTTCCAATGTTATTATCAGTA-
CTGTGAATATTCCTTGG, respectively. Both constructs were cloned into a
modified pFastBac vector of the MacroBac series (68) containing an N-
terminal deca-histidine-tag followed by a 3C protease site. LIC cloning and
assembly reactions were essentially performed as described in ref. 68
with slight modifications: Annealing was performed by combining 1 pL of
50 mM ethylenediaminetetraacetate (EDTA), 3 pL of LIC-treated vector, and
6 pL of LIC-treated PCR products. The reaction was then annealed in a
thermocycler slowly cooling from 50 to 10 °C. Subsequent steps of bacmid
generation and isolation were carried out according to the Bac-to-Bac ex-
pression system (Invitrogen) using the manufacturer’s protocol. Viruses were
produced in Sf9 cells (ThermoFisher) grown in SF-4 Baculo Express medium
(BioConcept).

For the expression of hsNKRF constructs in human cells, hsNKRF fl was
cloned into the BamHI-Xhol site of a pcDNA5/FRT/TO-vector (Invitrogen),
which contained an N-terminal HA-tag followed by a TwinStrep-tag Il (69)

Point mutations were introduced into hsDHX15 and hsNKRF constructs by
using the QuikChange method (Agilent). All plasmids were verified by
sequencing.

Protein Expression and Purification. For crystallization and copurification as-
says, proteins were expressed in E. coli. MBP-hsDHX15AN and GST-hsNKRF
G-patch were coexpressed in BL21star (DE3) cells (ThermoFisher) in ZY
autoinduction medium (70) at 20 °C for 10 h. After harvest, pelleted cells
were resuspended in lysis buffer (50 mM Hepes, pH 7.5, 200 mM NacCl, 2 mM
dithiothreitol [DTT], 10% glycerol, and 2 mM MgCl,) supplemented with
cOmplete EDTA-free protease inhibitor mixture (Roche), 1 mg/mL lysozyme
(Sigma), and 5 pg/mL DNase | (Roche) and lysed by passing the suspen-
sion through a LM10 Microfluidizer. Cell lysate was cleared by centrifugation
and subsequent filtration (0.45 um). The lysate was incubated with
preequilibrated glutathione Sepharose beads (Amersham Biosciences) for
1 h at 4 °C. Beads were washed with lysis buffer, and proteins were eluted
with lysis buffer containing 25 mM L-glutathione. The eluate was diluted to
a low-salt buffer (50 mM Hepes, pH 7.5, 100 mM NacCl, 2 mM DTT, 10%
glycerol, and 2 mM MgCl,), and protein tags were cleaved with human
rhinovirus 3C protease overnight. The complex was then purified over a
heparin column (HiTrap Heparin HP, GE Healthcare), equilibrated in heparin
buffer (50 mM Hepes, pH 7.5, 100 mM NacCl, 2 mM DTT, 10% glycerol, and
2 mM MgCl,), and eluted over a linear gradient to 1 M NacCl. Finally, the
complex was purified by using a gel-filtration column (Superdex 200, GE
Healthcare) and eluted in size-exclusion buffer (10 mM Hepes, pH 7.5,
200 mM NacCl, 2 mM DTT, and 5% glycerol). Fractions containing the com-
plex were concentrated to ~2 mg/mL, flash frozen in liquid nitrogen, and
stored at —80 °C.

For biochemical studies, His;o—hsDHX15 constructs were expressed in High
Five insect cells (ThermoFisher) in SF-4 Baculo Express medium (BioConcept)
for 48 h after virus infection. After harvest, cell pellets were resuspended in
lysis buffer (with 2 mM B-mercaptoethanol instead of DTT) supplemented
with 20 mM imidazole, cOmplete EDTA-free protease inhibitor mixture, and
5 pg/mL DNase I. Cells were lysed by sonication, and debris was removed by
centrifugation. The cleared lysate was filtered (0.45 um) prior to purification
by nickel-affinity chromatography (HiTrap Chelating HP, GE Healthcare). The
column was washed with lysis buffer and eluted over a linear gradient to a
concentration of 500 mM imidazole. Proteins were further purified over
heparin and gel-filtration columns and stored as described above.

For biochemical studies, GST-hsNKRF G-patch wt or mutant constructs
were expressed in BL21star (DE3) in lysogeny broth (LB) medium at 20 °C for
10 h after induction with 1 mM isopropyl g-p-1-thiogalactopyranoside. Pro-
teins were purified over glutathione beads and a gel-filtration step as
described above.

Crystallization. Crystals of the hsDHX15(113-795)-NKRF G-patch (541-603)
complex were obtained by mixing 0.2 pL of complex (2 mg/mL) with 0.2 pL of
reservoir at 18 °C via sitting-drop vapor diffusion after 3 d in a MORPHEUS
protein crystallization screen (Molecular Dimensions). Most promising crys-
tals grew in a condition containing 0.02 M sodium formate, 0.02 M ammo-
nium acetate, 0.02 M trisodium citrate, 0.02 M sodium potassium L-tartrate,
0.02 M sodium oxamate, 0.1 M N,N-Bis(2-hydroxyethyl)glycine/Tris, pH 8.5,
12.5% (weight [w]/volume [v]) polyethylene glycol (PEG) 1000, 12.5% (w/v)
PEG 3350, and 12.5% (v/v) MPD. Crystals of the protein complex with ADP
in the active site were obtained by mixing the protein complex (2.3 mg/mL)
supplemented with 25 pM U;o-RNA (Mycrosynth) and 1 mM ADP with
the reservoir solutions at a 1:1 ratio. Crystals grew in a MORPHEUS condition
containing 0.02 M 1,6-hexanediol, 0.02 M 1-butanol, 0.02 M (RS)-1,2-
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propanediol, 0.02 M 2-propanol, 0.02 M 1,4-butanediol, 0.02 M 1,3-pro-
panediol, 0.1 M 2-(N-morpholino)ethanesulfonic acid/imidazole, pH 6.5, 10%
(w/v) PEG 8000, and 20% (v/v) ethylene glycol. Crystals were frozen in liquid
nitrogen directly from the drop.

Data Collection and Structure Refinement. Datasets were collected on an
EIGER 16M detector at the PXI beamline and on a PILATUS 2M-F detector at
the PXIIl beamline of the Swiss Light Source (Paul Scherrer Institute, Villigen,
Switzerland). Diffraction images were recorded at a wavelength of 1 A for
the native dataset and 2.066 A for the anomalous diffraction dataset. Dif-
fraction of crystals extended to 2.21 A for the complex without ADP and to
1.85 A for the complex containing ADP. Data were processed with XDS (71),
and phasing was achieved by molecular replacement of the DHX15 structure
[Protein Data Bank (PDB) ID code 5XDR (43)] using Phaser (72). Iterative
cycles of model building in COOT (73) and refinement performed in Phenix
(74) against the native dataset were then used to build the G-patch peptide
and complete the structure. Both structures were refined by using eight
Translation/Libration/Screw groups as automatically defined in Phenix based
on B-factor analysis. In both structures, DHX15 residues 113-789 could be
modeled apart from the following missing loop residues: (apo) 376-383,
406-413, and 431-432; and (ADP) 408. For NKRF, residues 551-596 (apo) and
553-593.

Polder (75) and omit maps were calculated in Phenix. CCP4 (76) programs
CAD and FFT were used to calculate anomalous difference density maps.

Copurification Assays. For copurification assays of proteins expressed in E. coli
wt and mutant constructs of MBP-hsDHX15AN (113-795), GST-hsNKRF
Gpatch (541-603), and controls, respectively, were coexpressed in BL21Star
(DE3) (ThermoFisher) in 100 mL of LB as described above. The pelleted cells
were resuspended in 5 mL of PD buffer (50 mM Hepes, pH 7.5, 200 mM NacCl,
and 2 mM DTT) supplemented with cOmplete EDTA-free protease inhibitor
mixture (Roche), 1 mg/mL lysozyme (Sigma), and 5 pg/mL DNase | (Roche)
and were lysed by sonication. The lysate was cleared by centrifugation
(8,600 x g, 30 min, 4 °C), and the soluble fraction was passed through a
syringe filter (0.45 pm). To 1.5 mL of cleared lysate, 75 uL of glutathione
Sepharose beads (50% slurry; Amersham Biosciences) were added and in-
cubated for 20 min at 4 °C on a rotator. The beads were washed three times
in PD buffer to remove unbound protein. Bound proteins were eluted by the
addition of PD buffer containing 25 mM glutathione. Input and eluate
samples were analyzed by sodium dodecyl sulfate (SDS)/polyacrylamide
gel electrophoresis (PAGE) and visualized by Coomassie staining and
Western blot.

For coprecipitation assays from human cells, 2.7 x 10° HEK 293T cells were
seeded in 10-cm dishes and transfected 24 h later by using the calcium
phosphate method. To express HA-2S-tagged hsNKRF variants, cells were
transfected with 20 pg of plasmid. As a negative control, 5 pg of HA-2S5—
tagged enhanced green fluorescent protein (eGFP) was transfected to-
gether with 15 pg of empty vector. Two days posttransfection, cells were
harvested on ice in wash buffer (50 mM Hepes, pH 7.9, 150 mM NacCl, 2 mM
DTT, 0.5 mM EDTA, 10% glycerol, 0.2% Triton X-100, and 1.5 mM MgCl;)
supplemented with cOmplete EDTA-free protease inhibitor mixture (Roche).
Cells were lysed by sonication (10 strokes, 20% duty cycle, and three output
control) and subsequently treated with RNase A for 30 min on ice. The cell
lysate was clarified by centrifugation at 16,000 x g for 15 min at 4 °C. The
cleared lysate was incubated for 30 min at 4 °C with 50 pL of Strep-Tactin
Superflow resin (IBA Lifesciences) on a rotator. Beads were washed three
times with wash buffer. Bound proteins were eluted in 100 pL of protein
sample buffer. For further analysis, proteins were separated by SDS/PAGE
and detected by Western blot using the described antibodies.

RNA Binding Assays. RNA binding affinities of His;o—hsDHX15 (AN and full-
length) in dependence of GST-hsNKRF G-patch variants and in the presence
of different adenosine nucleotides were determined via fluorescence po-
larization using a CLARIOstar microplate reader (BMG Labtech). Experiments
were carried out in buffer containing 20 mM Hepes (pH 7.5), 150 mM Nacl,
5% glycerol, and 2 mM MgCl; in a total reaction volume of 30 pL. Binding to
5’-6-fluorescein amidites (FAM)-labeled U;, RNA (Microsynth) at a concen-
tration of 10 nM was monitored by using protein concentrations ranging
from 1 nM to 10 pM. For RNA binding measurements containing adenosine
nucleotides, ADP, ADP-BeF, (from mixing NaF and BeCl, solutions in a 3:1
molar ratio), ADP-AIF, (from mixing NaF and AICls solutions in a 4:1 molar
ratio), and AMPPNP (Sigma) were used at final concentrations of 100 pM. All
measurements were performed with an excitation wavelength of 482 nm
and were detected five times at 530 nm. All experiments were performed in
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triplicate. The collected fluorescence polarization values were normalized to
1 and fitted according to ref. 77 by using GraphPad Prism.

ATPase Activity Assays. For measurements of ATPase activity, all assay com-
ponents except for ATP were mixed in ATPase buffer (10 mM Hepes—NaOH,
pH 7.5, and 200 mM KCI): 1 mM phosphoenolpyruvate, 0.5 mM nicotinamide
adenine dinucleotide, 1 mM DTT, 20 mM MgCl,, 12 U of pyruvate kinase,
and 18 U of lactate dehydrogenase. All reactions contained 5 pM His;o—
hsDHX15 (AN and full-length), and indicated reactions also contained GST-
hsNKRF G-patch variants (5 pM final concentration) or Ujg-RNA (concen-
trations varying between 2 and 100 uM as indicated) and were carried out in
96-well plates (BRANDplate, pureGrade). Assays were started by adding the
desired amount of ATP in 20 pL of ATPase buffer to 80 pL of reaction mix.
Absorption at 340 nm was monitored by using a Synergy 2 plate reader
(BioTek Instruments) over 60 min at 25 °C with one measurement per min-
ute. Absorption values were adjusted to 1-cm path length by the instrument
and converted to concentrations using the Beer-Lambert law with an ex-
tinction coefficient at 340 nm of 6,220 M~"-cm™". Initial velocities were de-
termined by linear regression in the concentration vs. time plot using the
Origin software. Rates were corrected by the signal change observed in the
absence of ATP. Data were fitted by nonlinear regression using GraphPad
Prism. ATP titrations (vi/[Eo] vs. [ATP]) were fitted with the Michaelis-Menten
equation and kinetic parameters extracted. RNA titrations (v/[Eo] vs. [U1o-
RNA]) were fitted by using a dose-response relationship, and the half-
maximal effective concentration (ECsp) value was extracted.

RNA Helicase Assays. Fluorescently labeled RNA duplex (Microsynth) with a
single-stranded 3’ overhang was used as a substrate similar to ref. 45.
Strands were annealed by mixing 60 uM unlabeled RNA (5-GCGCCUACG-
GAGCUGGUGGCGUAGGCGCU7-3") with 30 pM 3’-6-FAM-labeled RNA [5'-
CACCAGCUCCGUAGGCGC-(FAM)-3'] in 20 mM Hepes (pH 7.5). The two
strands were incubated at 80 °C for 5 min and cooled step-wise to 20 °Cin a
thermocycler. Unwinding reactions contained His;(—-DHX15AN (400 nM),
dsRNA (200 nM); a fourfold excess of a competitor DNA (5-GCGCCTACG-
GAGCTGGTG-3'), if indicated; GST-NKRF G-patch variants (800 nM) and re-
action buffer (50 mM Hepes, pH 7.5, 50 mM KCl, 5% glycerol, 2 mM MgCl,
and 0.4 U/uL RiboLock RNase Inhibitor [Thermo Scientific]) in a total of 50 pL.
Reactions were performed at 37 °C and started by adding ATP in reaction
buffer to a final concentration of 2 mM. At indicated time points, 4-uL ali-
quots were removed, and the reaction was quenched with 16 pL of stop
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buffer (5 mM EDTA, 500 mM KCl, and 2x RNA loading dye [13% Ficoll 400,
2x Tris—borate-EDTA (TBE), 0.05% bromophenol blue, and 0.05% xylene
cyanol]). The 2-pL samples were separated on a 10% native TBE-acrylamide
gel, and imaged on a Typhoon FLA 9500 (GE Healthcare). Band intensities of
duplexed and unwound FAM-RNA oligos were quantified with Image Lab.
All experiments were carried out in triplicate. The averages of the fraction of
unwound RNA were plotted against time and fitted with a single expo-
nential equation according to ref. 78 using nonlinear regression in GraphPad
Prism to extract rate constants.

Immunofluorescence Analysis. Immunofluorescence analysis was essentially
performed as described in ref. 66. HeLaK cells were transiently transfected
for 24 h by using X-treme Gene 9 (Roche) according to the manufacturer’s
protocol. Cells were fixed in 4% paraformaldehyde (PFA) and permeabilized
in 0.1% Triton X-100, 0.02% SDS, and 1x phosphate-buffered saline (PBS) for
5 min. After blocking for 2 h with 10% goat serum and 2% bovine serum
albumin (BSA)/PBS, primary antibodies diluted in blocking solution were
added to the cells and incubated in the dark for 2 h. Cells were washed three
times in 2% BSA/PBS prior to 30-min incubation with secondary antibodies
diluted in blocking solution. After three washes with 2% BSA/PBS, cells were
washed once with 0.1% Triton X-100, 0.02% SDS, and 1x PBS and fixed with
4% PFA. Residual PFA was removed by washing with PBS before incubation
with Hoechst stain (0.5 mg/L in PBS). After a final wash with PBS, the cov-
erslips were mounted in VectaShield (Vector Laboratories) onto microscope
slides. Images were taken with a Zeiss 780 upright laser-scanning confocal
microscope and a 63x oil objective (ScopeM, ETH Zurich). Excitation at 405,
488, and 633 nm was used for DAPI and Alexa Fluor 488 and 633, respectively.
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