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The G-patch activators Pfa1 and PINX1 exhibit different modes of interaction with 
the Prp43 RNA helicase
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and Yves Henry

Laboratoire de Biologie Moléculaire Eucaryote, Centre de Biologie Intégrative (CBI), Université de Toulouse, CNRS, UPS, Toulouse, France

ABSTRACT
Prp43 is a DEAH-box RNA helicase involved in both splicing and ribosome biogenesis. Its activities are 
directly stimulated by several co-activators that share a G-patch domain. The substrates of Prp43, its 
mechanism of action and the modes of interaction with and activation by G-patch proteins have been 
only partially characterized. We investigated how Pfa1 and PINX1, two G-patch proteins involved in 
ribosome biogenesis, interact with Prp43. We demonstrate that a protruding loop connecting the β4 
and β5 strands of Prp43 OB fold is crucial for the binding of the G-patch domain of Pfa1. However, 
neither this loop nor the entire OB fold of Prp43 is essential for PINX1 binding. We conclude that the 
binding modes of Pfa1 and PINX1 G-patches to Prp43 are different. Nevertheless, stimulation of the 
ATPase and helicase activities of Prp43 by both full-length Pfa1 and PINX1 requires the β4-β5 loop. 
Moreover, we show that disruption of this loop completely abrogates Prp43 activity during yeast 
ribosome biogenesis but does not prevent its integration within pre-ribosomal particles. We propose 
that the β4-β5 loop plays a crucial role in the transmission of conformational changes induced by 
binding of the G-patch to Prp43 active site and substrate RNA.
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Introduction

Proteins of the DExD/H family play crucial roles in all pro
cesses involving RNA-protein complexes, including transla
tion, pre-mRNA splicing, mRNP transport, ribosome 
biogenesis and RNA decay [1–7]. They are thought to remo
del RNA/RNA and/or RNA/protein interactions using 
nucleotide triphosphate (usually ATP) hydrolysis and are 
often referred to as RNA helicases because a subset can 
unwind base-paired RNA strands in vitro [8–10]. They exhibit 
a conserved core that contains the catalytic centre and often 
feature additional domains that may regulate their subcellular 
localization, target them to their specific substrates and/or 
modulate their activity [11]. DExD/H proteins can be 
involved in more than one process. One good example is 
the Prp43 helicase intervening in pre-mRNA splicing, ribo
some biogenesis and probably other processes occurring in 
the cytoplasm. Prp43 belongs to the DEAH protein family, 
named from the amino-acid sequence of conserved motif II 
within the core region. In addition to motif II, DEAH proteins 
share a similar domain organization. They feature an 
N-terminal extension specific to each protein, followed by 
the core region, a helix-turn-helix motif of the winged helix 
category, a ratchet domain constituted by a bundle of seven 
alpha helices and an OB fold close to the C-terminus adopting 

a five-stranded β-barrel topology [12–18]. The core region 
comprises two RecA-like domains, termed RecA1 and 
RecA2, involved in ATP binding and hydrolysis as well as 
nucleic acid binding.

During splicing, yeast Prp43 is required for the release of 
the U6 snRNA as well as the U2 and U5 snRNPs from the 
spliced out intron lariat allowing snRNA/snRNP recycling as 
well as lariat linearization and degradation [19–22]. Prp43 
also performs a proofreading function during splicing by 
promoting the dissociation of stalled spliceosomes assembled 
on suboptimal or mutated pre-mRNAs [23,24]. During ribo
some biogenesis in yeast, Prp43 is required for the produc
tion of both small and large ribosomal subunits and interacts 
with most pre-ribosomal particles [25–27]. Finally, Prp43 
could intervene in the remodelling of cytoplasmic RNPs 
(other than pre-ribosomal particles), that remain to be iden
tified [28].

In yeast, Prp43 is assisted by several co-factors that directly 
bind to the enzyme, increase its ATPase activity and are 
required for the enzyme to function as a helicase, as demon
strated in vitro [28–31]. These co-factors all feature a G-patch 
domain, characterized by the presence of conserved glycine 
residues, hence the name [11,32,33]. In human also, several 
G-patch co-factors of human PRP43 (DHX15) have been 
identified [34–39]. The yeast G-patch protein Ntr1 (also called 
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Spp382) specifically activates Prp43 for intron lariat spliceo
some (ILS) disassembly [22,31,40–42]. Two other yeast 
G-patch co-factors, Pfa1 (also known as Sqs1) and Gno1 
(also called Pxr1) interact with Prp43 during ribosome bio
genesis [29,30,43,44]. Prp43 activation by Pfa1 seems required 
for efficient 20S pre-rRNA conversion into mature 18S rRNA 
by the Nob1 endonuclease within cytoplasmic pre-40S pre- 
ribosomal particles [30,44]. Gno1 is required for normal 
accumulation of both small and large ribosomal subunits 
[43]. It is associated with early 90S pre-ribosomal particles 
as well as early pre-60S pre-ribosomal particles within which 
it could activate Prp43, thus driving further maturation of 
pre-60S and pre-40S particles [29,45] (for reviews on ribo
some biogenesis see [46,47]).

The mechanism of action of Prp43, the conformational 
rearrangements it elicits and its direct molecular targets 
remain a subject of debate and intense research. Within the 
spliceosome, Prp43 targets the U2 snRNP/intron interaction 
and can be cross-linked to the pre-mRNA [41]. Prp43 may 
translocate on the pre-mRNA/intron and disrupt the interac
tion between U2 snRNA and the branch point region. Prp43 
could also bind to U6 snRNA [48,49]. Within pre-ribosomal 
particles, Prp43 likely has several substrates and roles. It is 
involved in the release of a subset of box C/D snoRNAs from 
25S rRNA sequences [50]. Moreover, a major Prp43 interac
tion site was identified on 18S rRNA helix 44, close to 18S 
rRNA 3ʹ end [50]. Apart from the disruption of some 
snoRNA/pre-rRNA interactions, the remodelling events dri
ven by Prp43 in the 90S, pre-60S and pre-40S pre-ribosomal 
particles remain totally unknown.

Another key aspect being currently intensely investigated is 
the way DEAH proteins interact with and are activated by 
their G-patch partners. Until very recently, no detailed struc
tural information on DEAH protein/G-patch interactions was 
available. In the cryo-EM structure of the yeast intron lariat 
spliceosome, the Ntr1 protein is present but the structure of 
its G-patch domain that mediates the interaction with Prp43 
could not be resolved [48]. However, the crystal structures of 
helicase DHX15 bound to NKRF G-patch and of helicase Prp2 
bound to Spp2 G-patch have just been published, providing 
for the first time detailed molecular insights into DEAH 
protein/G-patch interactions [39,51] (see Fig. S1 for the struc
ture of DHX15 bound to NKRF G-patch). Strikingly, the two 
G-patches interact with their partner helicase in an almost 
identical fashion, forming a flexible molecular brace across the 
helicase surface, which favours the adoption of 
a conformation with high RNA-binding affinity.

We have studied in the present work how Prp43 interacts 
with and is activated by Pfa1 and PINX1, the human ortho
logue of yeast Gno1 (for a summary table of our main find
ings, see Table S1). Our results point to a crucial role of the 
protruding loop connecting the β4 and β5 strands of Prp43 
OB fold in Prp43 activation by both Pfa1 and PINX1. 
Unexpectedly, however, our results also show that the 
G-patch-containing domains of Pfa1 and PINX1 have differ
ent requirements for binding to Prp43. We propose that 
PINX1 interacts with Prp43 as NKRF or Spp2 do with their 

partner helicase [39,51], while Pfa1 G-patch mode of binding 
to Prp43 appears significantly different.

Results

The loop connecting the β4 and β5 strands of Prp43 OB 
fold is crucial for the binding of the G-patch containing 
C-terminal domain of Pfa1

How Pfa1 interacts with and activates Prp43 has not been 
fully elucidated. In particular, the structure of the Prp43/ 
Pfa1 complex has not been solved yet. We have previously 
shown that the domain encompassing the C-terminal 193 
amino acids of Pfa1 containing the G-patch domain, here
after termed Pfa1C-ter, can directly bind to Prp43 and sti
mulate its ATPase and helicase activities [30]. This 
C-terminal domain of Pfa1 is crucial for Prp43 stimulation 
since all truncated forms of Pfa1 that lack this domain are 
totally devoid of stimulatory potential. Pfa1C-ter fails to 
bind to a truncated form of Prp43 that lacks the 
C-terminal 110 amino acids, that we call Prp43ΔC-ter [17], 
suggesting that at least part of the binding site of Pfa1C-ter is 
located within the C-terminal 110 amino acids of Prp43. 
This region of Prp43 contains an OB fold beta-barrel struc
ture, followed by two C-terminal alpha helices (αC2 and 
αC3, Fig. 1A). To identify which of these structural elements 
are crucial for Pfa1C-ter binding, we performed immuno
precipitation experiments with Pfa1C-ter and truncated/ 
mutated versions of Prp43 (see Fig. S2 for Coomassie and 
Western analyses of purified proteins used in this work). We 
tested a form of Prp43 lacking the C-terminal alpha helix 
αC3 (see Fig. 1A-B), termed Prp43ΔαC3, while unfortu
nately, the effect of removing the two C-terminal alpha 
helices of Prp43 could not be assessed since we failed to 
express the corresponding protein in E. coli. We also 
assessed the binding to Prp43 variants featuring nested dele
tions and amino-acid substitutions within loops of the OB 
fold connecting the β strands 1 and 2 (Prp43mL1-2, Fig. 1A) 
or 4 and 5 (Prp43mL4-5, Fig. 1A) [17]. We reasoned that 
since these loops are protruding and solvent exposed in the 
Prp43 structure [17], they are prime candidates for consti
tuting direct contact sites for G-patch domains. The muta
tions introduced in these loops were designed to both 
shorten them and remove long positively charged or polar 
amino-acid side chains. To control for the proper folding of 
these Prp43 variants, we also tested their ability to interact 
with the N-terminal domain of Pfa1 encompassing amino 
acids 1 to 202, hereafter termed Pfa1N-ter, which can inde
pendently bind to Prp43ΔC-ter [17]. These immunoprecipi
tation experiments were performed with purified 
recombinant proteins and polyclonal anti-Prp43 antibodies. 
As shown in Fig. 1B, lane 3, deletion of the C-terminal alpha 
helix αC3 does not prevent binding of Prp43ΔαC3 to Pfa1C- 
ter, ruling out the possibility that this helix constitutes 
a crucial Prp43 interaction surface for Pfa1C-ter. 
A substantial amount of Pfa1C-ter is recovered in the super
natant (Fig. 1B, lane 4), as observed when the 
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immunoprecipitation is performed with wild-type Prp43 
[30] (see also Fig. 3B), reflecting the lower affinity of Pfa1C- 
ter for Prp43 compared to full-length Pfa1. Prp43mL1-2 
could not interact with Pfa1C-ter (Fig. 1C, lane 3). 
However, Prp43mL1-2 also failed to interact with the 

N-terminal domain of Pfa1 (Pfa1N-ter, Fig. 1C, lane 5), 
rendering interpretation of the data difficult. Indeed, it is 
not obvious to explain why Prp43mL1-2 cannot interact with 
Pfa1N-ter while Prp43ΔC-ter can do so [17], without invok
ing substantial folding defects. In contrast, Prp43mL4-5 did 

Figure 1. Effects of deletions and/or amino-acid substitutions within Prp43 C-terminal domain on Pfa1C-ter binding. (A) Top: Schematics of Pfa1 and Prp43 domain 
organization and mutants used in IPs. Bottom: Structure of Prp43 OB fold and terminal alpha helices. Mutations in loops connecting strands β1 and β2 (mL1-2) and 
strands β4 and β5 (mL4-5) are highlighted. Mutation mL1-2 corresponds to K663A, R664G amino-acid substitutions and deletion of residues 665 to 668. Mutation 
mL4-5 corresponds to T702G, S703G amino-acid substitutions and deletion of K704. The structure was drawn using the data deposited in the protein data base (PDB) 
under the code 2xau [17]. (B-D) Purified HIS-tagged mutant versions of Prp43, namely Prp43ΔαC3 (B), Prp43mL1-2 (C) or Prp43mL4-5 (D), were mixed with either 
purified HIS-tagged Pfa1, Pfa1C-ter or Pfa1N-ter prior to immunoprecipitation using anti-Prp43 antibodies. Proteins from the supernatants were then TCA 
precipitated. Proteins present in the pellets (lanes IP) and in the supernatants (lanes Sup) were separated by SDS-PAGE, transferred to nitrocellulose membranes 
and analysed by Western using HRP-coupled anti-histidine antibodies.
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not bind to Pfa1C-ter but could interact with both Pfa1 and 
Pfa1N-ter, arguing that Prp43mL4-5 is properly folded (Fig. 
1D, lanes 1, 3 and 5). Note that the failure to detect Pfa1C- 
ter in the IP lanes 3 of Fig. 1C and 1D and Pfa1N-ter in the 
IP lane 5 of Fig. 1C indicates that these truncated proteins do 
not interact on their own with the antibody-coated sephar
ose beads, as previously demonstrated by us [30].

On the basis of the above results, we predicted that Pfa1 or 
Pfa1C-ter should not stimulate the biochemical activities of 
Prp43mL4-5. This was first tested by performing ATPase 
assays using Prp43 (Fig. 2A), Prp43ΔC-ter (Fig. 2B) or 
Prp43mL4-5 (Fig. 2C), either alone or together with Pfa1 or 
Pfa1C-ter. As previously published, Prp43 ATPase activity is 
strongly stimulated by Pfa1 and to a lesser extent by Pfa1C-ter 
(Fig. 2A, see also [30]). In contrast, Prp43ΔC-ter ATPase 
activity fails to be stimulated by either Pfa1 or Pfa1C-ter 
(Fig. 2B, see also [17]). As observed for Prp43ΔC-ter, the 
ATPase activity of Prp43mL4-5 is not stimulated by Pfa1C- 
ter (Fig. 2C) and exhibits only a very slight increase in the 
presence of full-length Pfa1 (Fig. 2C). We next analysed the 
effects of the removal of Prp43 C-terminal domain or muta
tion of the β4-β5 loop on its helicase activity driven by Pfa1 or 
Pfa1C-ter (Fig. 2D and S3A). Strikingly, whereas Pfa1 and 
Pfa1C-ter confer robust helicase activity to wild-type Prp43 
(Fig. 2D, lanes 5 and 11 and Fig. S3A, lane 5), they hardly or 
completely fail to stimulate the helicase activity of 
Prp43ΔC-ter or Prp43mL4-5 (Fig. 2D, lanes 6, 7, 12, 13 and 
Fig. S3A, lane 7).

We conclude that the integrity of Prp43 β4-β5 loop is 
crucial for the interaction with the C-terminal domain of 
Pfa1 and hence for the activation of Prp43 by Pfa1.

The N-terminal alpha helix of Prp43 is not required for 
binding to the N-terminal domain of Pfa1

Prp43 contains an N-terminal extension comprising three 
alpha helices that are not found in other DEAH RNA heli
cases (Fig. 3A). This domain might function as an interaction 
surface for specific Prp43 partners. We hypothesized that this 
N-terminal extension of Prp43 might constitute the binding 
site for the N-terminal domain of Pfa1, Pfa1N-ter (Fig. 3A), 
which, as previously stated, can bind on its own to 
Prp43ΔC-ter [17]. In vivo, the N-terminal domain of Pfa1 
seems important for pre-rRNA processing at sites A1 and 
A2. Indeed, expression of a Pfa1 truncated variant lacking 
this N-terminal domain in Δpfa1 cells leads to the disappear
ance of the 32S and 27SA2 pre-rRNAs, reduced levels of 20S 
pre-rRNA and increased accumulation of 23S pre-rRNA [30] 
(for a cartoon of pre-rRNA processing in S. cerevisiae, see 
[52]). To investigate whether the N-terminal domain of Prp43 
is required for binding to the N-terminal domain of Pfa1, we 
performed pull-down assays using Pfa1N-ter and truncated 
versions of Prp43 lacking the first alpha helix and linker 
sequence (Prp43ΔαN1, Fig. 3A) or all three N-terminal 
alpha helices (Prp43ΔαN1-N3, Fig. 3A). To control for the 
proper folding of these Prp43 truncated variants, we assessed 
their ability to interact with Pfa1C-ter. Since our anti-Prp43 
polyclonal serum was produced with Prp43 N-terminal pep
tides, it could not be used to precipitate the N-terminally 
truncated Prp43 variants. Hence, GST-tagged truncated 
Prp43 proteins, or wild-type Prp43 as control, were used to 
allow their pull down with glutathione sepharose. GST-tagged 
wild-type Prp43 could interact with both Pfa1C-ter (Fig. 3B, 

Figure 2. Prp43mL4-5 is unable to be stimulated by Pfa1 or Pfa1C-ter. (A-C) Time course of [α-32P]-ATP hydrolysis by HIS-tagged purified Prp43 (A), Prp43ΔC-ter (B) or 
Prp43mL4-5 (C) either alone or incubated with HIS-tagged purified Pfa1 or Pfa1C-ter. The percentage of hydrolysed ATP is plotted with respect to time (in minutes). 
The values plotted are means of three independent experiments. The standard error of the mean (sem) is shown by brackets. (D) Helicase assays. A RNA duplex 
formed by hybridization of a short radiolabelled RNA to a longer unlabelled RNA was incubated with the indicated purified proteins (Prp43-HIS or derivatives, Pfa1- 
HIS or Pfa1C-ter-HIS, GST-PINX1-HIS). The reaction mixes were then treated with proteinase K, nucleic acids were separated by acrylamide gel electrophoresis and 
detected by autoradiography. Lane 1: free single-stranded labelled RNA.
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lane 1) and Pfa1N-ter (Fig. 3B, lane 3). Removal of the first 
alpha helix and linker sequence of Prp43 did not prevent the 
interaction with Pfa1C-ter (Fig. 3C, lane 1) or Pfa1N-ter (Fig. 
3C, lane 3). However, the amount of unbound Pfa1N-ter 
recovered in the supernatant fraction increased compared to 

the immunoprecipitation performed with wild-type Prp43 
(compare lanes 3 and 4 of Fig. 3B and C), suggesting that 
lack of the first alpha helix and linker sequence of Prp43 
slightly reduces its affinity for Pfa1N-ter. Removal of all 
three N-terminal alpha helices impaired Prp43 binding to 

Figure 3. The N-terminal 58 amino acids of Prp43 are dispensable for its binding to the N-terminal domain of Pfa1. (A) Schematics of Pfa1 and Prp43 domain 
organization and mutants used in IPs. (B-D) GST-Prp43-HIS (B), GST-Prp43ΔαN1-HIS (C) or GST-Prp43ΔαN1-N3-HIS (D) were mixed with either Pfa1C-ter-HIS (lanes 1 
and 2) or Pfa1N-ter-HIS (lanes 3 and 4) prior to pull-down of GST-tagged proteins with glutathione sepharose. Pellet (IP) and supernatant fractions (Sup) were then 
processed as described in the legend of Fig. 1. HIS-tagged proteins were detected by Western using HRP-coupled anti-histidine antibodies.
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Pfa1N-ter (Fig. 3D, lanes 3 and 4). However, this truncated 
version of Prp43 also failed to interact with the C-terminal 
domain of Pfa1 (Fig. 3D, lanes 1 and 2), preventing us from 
drawing any firm conclusion from these results. The failure to 
detect Pfa1C-ter in the IP of Fig. 3D, lane 1 and Pfa1N-ter in 
the IP of Fig. 3D, lane 3 indicates that these proteins do not 
interact with glutathione sepharose on their own. We con
clude that the first N-terminal alpha helix and linker of Prp43 
are not essential for binding of the N-terminal domain of Pfa1 
but may strengthen the interaction.

The Prp43 OB fold domain is not essential for the binding 
of PINX1 to Prp43 but necessary for full Prp43 activation 
by PINX1

Prp43 interacts with two G-patch proteins involved in ribosome 
biogenesis, Pfa1 and Gno1. We have shown that PINX1, the Gno1 
human orthologue that can functionally replace Gno1 in yeast, 
can directly bind to yeast Prp43 and activate its ATPase [29] and 
helicase activities (Fig. 2D, lane 8 and Fig. S3A - B). Substitutions 
of conserved amino acids within the G-patch domain of PINX1 

prevent the interaction with Prp43, indicating that PINX1 binds 
to Prp43 via the G-patch [29]. The Prp43 domain required for 
PINX1 binding remains unknown. To test whether the 
C-terminal OB fold-containing domain of Prp43 is required for 
PINX1 binding, we performed immunoprecipitation experiments 
using purified PINX1 and either Prp43ΔC-ter or Prp43mL4-5. 
Contrary to our expectations and in sharp contrast to the 
C-terminal domain of Pfa1, PINX1 could bind to both 
Prp43ΔC-ter and Prp43mL4-5 (Fig. 4A, lanes 1 and 3). Note 
that on its own, PINX1 does not bind to antibody-coated sephar
ose beads (Fig. 4A, lane 5; see also [29]). Nevertheless, removal of 
the C-terminal domain of Prp43, but not the mL4-5 mutation, 
reduces the affinity of PINX1 for Prp43, as shown by the detection 
of unbound PINX1 in the supernatant lane 2 of Fig. 4A, but not in 
the supernatant lane 4 of Fig. 4A (Prp43mL4-5) or in the super
natant lane 2 of Fig. 4B (wild-type Prp43, see also [29]).

To assess the impact of an N-terminal truncation on the 
ability of Prp43 to interact with PINX1, we performed immu
noprecipitation experiments using PINX1 and Prp43ΔαN1 or 
Prp43 as control. PINX1 could interact with both Prp43 (Fig. 
4B, lane 1) and Prp43ΔαN1 (Fig. 4B, lane 3). We conclude 

Figure 4. The C-terminal domain and N-terminal alpha helix of Prp43 are not essential for its interaction with GST-PINX1-HIS. (A) Analysis of the interactions between 
GST-PINX1-HIS and either Prp43ΔC-ter-HIS or Prp43mL4-5-HIS. Purified recombinant GST-PINX1-HIS was mixed with either Prp43ΔC-ter-HIS (lanes 1 and 2) or 
Prp43mL4-5-HIS (lanes 3 and 4) and precipitation was carried out with anti-Prp43 antibodies. A control precipitation was also performed with GST-PINX1-HIS (lanes 5 
and 6) alone. Pellet (IP) and supernatant (Sup) fractions were processed as described in the legend of Fig. 1. HIS-tagged proteins were detected by Western using 
HRP-coupled anti-histidine antibodies. (B) Analysis of the interactions between GST-PINX1-HIS and Prp43ΔαN1. Purified recombinant GST-PINX1-HIS was mixed with 
either GST-Prp43-HIS (lanes 1 and 2) or GST-Prp43ΔαN1-HIS (lanes 3 and 4) prior to immunoprecipitation with anti-PINX1 antibodies. Sample processing and Western 
analysis was carried out as described in (A).
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that neither the first alpha helix of the N-terminal domain of 
Prp43 nor the OB fold and surrounding alpha helices of the 
C-terminal domain of Prp43 are essential for PINX1 binding.

Although the C-terminal domain of Prp43 is not required 
for PINX1 binding, it might nevertheless be important for 
Prp43 activation by PINX1. To investigate this hypothesis, we 
first performed ATPase assays, which demonstrate that 
Prp43ΔC-ter ATPase activity is only very weakly stimulated 
by addition of PINX1 (Fig. 5). Prp43mL4-5 ATPase activity is 
increased by PINX1 to a greater extent, but far less than wild- 
type Prp43 (Fig. 5). We next set up helicase assays using 
Prp43, Prp43ΔC-ter or Prp43mL4-5 and PINX1 (Fig. 2D 
and Fig. S3A). As stated above, we could show for the first 
time that PINX1, like Pfa1, can confer strong helicase activity 
to Prp43 (Fig. 2D, lanes 5 and 8, Fig. S3A, lanes 5 and 6). In 
contrast, PINX1 cannot confer helicase activity to 
Prp43ΔC-ter or Prp43mL4-5 (Fig. 2D, lanes 9 and 10 and 
Fig. S3A, lane 8). We conclude that the C-terminal domain of 
Prp43 is not essential for PINX1 binding, unlike what is found 
for Pfa1C-ter, but necessary for full enzyme activation by 
PINX1.

Mutually exclusive interactions of Pfa1 and PINX1 with 
Prp43 in vitro

The fact that Prp43 C-terminal domain is necessary for bind
ing of Pfa1C-ter but dispensable for PINX1 association leaves 
open the possibility that Pfa1 and PINX1 can bind simulta
neously to Prp43. However, we failed to detect in yeast 
extracts an interaction between Pfa1 and Gno1 (the ortholo
gue of PINX1) [29], arguing that the formation of a Gno1/ 
Pfa1/Prp43 trimeric complex is unlikely to occur. To assess 
whether a PINX1/Pfa1/Prp43 complex can form in vitro, we 
incubated together purified recombinant GST-PINX1, Pfa1 
and Prp43, and we proceeded to either pull-down experi
ments with glutathione sepharose (Fig. 6A) or immunopreci
pitation experiments with anti-PINX1 antibodies (Fig. 6B). In 

both cases, a fraction of Prp43 was co-precipitated with 
PINX1 (Fig. 6A and B, lanes 1), confirming the formation of 
a PINX1-Prp43 complex. Pfa1 was found in the supernatant 
fractions only (Fig. 6A and B, lanes 2) together with some 
Prp43, likely corresponding to the Prp43 fraction bound to 
Pfa1 prior to pull-down. The failure to detect co-precipitation 
of Pfa1 with PINX1 in the presence of Prp43 argues that 
Prp43 can interact with only one G-patch co-factor at a time.

Integrity of Prp43 C-terminal domain is crucial for 
ribosome biogenesis

The finding that Prp43mL4-5 displays no helicase activity 
in vitro in the presence of PINX1 suggests that the β4-β5 loop 
is crucial for Prp43 function in ribosome biogenesis in vivo. To 
test this hypothesis, we expressed Prp43mL4-5 from 
a centromeric vector in GAL::prp43 cells in which the chromo
somal copy of PRP43 can be switched off by shifting cells from 
galactose to glucose-containing medium. We also included N- 
and C-terminal truncated mutants of Prp43 (Prp43ΔαN1, 
Prp43ΔαN1-N2, Prp43ΔαN1-N3, Prp43ΔαC2-C3, 
Prp43ΔC-ter) in the same analysis. All mutant proteins can be 
produced in GAL::prp43 cells depleted of endogenous Prp43, 
with the exception of Prp43ΔαN1 which was not studied further 
(Fig. 7A and data not shown). We also reproducibly observed 
a lower accumulation of Prp43ΔC-ter compared to wild-type 
Prp43 (Fig. 7A), possibly due to its lack of integration within pre- 
ribosomal particles (see below) that may increase its turnover. 
Neither Prp43ΔC-ter nor Prp43mL4-5 can support the growth 
of GAL::prp43 cells in glucose-containing medium, while under 
the same conditions, cells expressing Prp43ΔαC2-C3 display 
a severe growth defect (Fig. S4). In contrast, cells expressing 
Prp43ΔαN1-N2 or Prp43ΔαN1-N3 grow in glucose-containing 
medium as well as cells expressing wild-type Prp43. We con
clude that the N-terminal domain of Prp43 does not exert an 
essential function, in accordance with a previous analysis [21]. 
This finding is also consistent with the results of a double-hybrid 

Figure 5. The integrity of the C-terminal domain of Prp43 is required for the full activation of Prp43 by GST-PINX1-HIS. Time course of [α-32P]-ATP hydrolysis by 
Prp43-HIS, Prp43ΔC-ter-HIS or Prp43mL4-5-HIS either alone or incubated with GST-PINX1-HIS. The values plotted are means of three independent experiments. The 
standard error of the mean (sem) is shown by brackets.
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analysis showing that Prp43 N-terminal domain is not necessary 
for interaction with G-patch proteins required for normal 
growth, Gno1 and Ntr1 [53]. Contrary to the N-terminal 
domain, the C-terminal domain and the β4-β5 loop are essential 
for Prp43 function.

Northern analysis indicates that pre-rRNA processing in 
cells expressing Prp43ΔC-ter and Prp43mL4-5 is impaired to 
the same extent as in cells depleted of endogenous Prp43 
transformed with the empty vector (Fig. 7B and S5A, lanes 
1, 3 and 7 and Fig. S5B). These cells display an accumulation 
of 35S pre-rRNA and a depletion of all downstream pre-rRNA 
processing intermediates (32S, 27SA2, 27SB, 20S pre-rRNAs), 
i.e. the typical pattern of Prp43-depleted cells [26]. This is 
illustrated by a strong and highly statistically significant 
decrease in 27SA2/35S, (27SA2 + 27SB)/35S and 20S/35S 
ratios compared to those of the wild-type control (Fig. S5B 
and Table S2). We conclude that disruption of the β4-β5 loop 
completely abrogates Prp43 function in ribosome biogenesis. 
Cells expressing Prp43ΔαC2-C3 also display a strong pre- 
rRNA processing defect (Fig. 7B and S5A, lane 6, Fig. S5B 
and Table S2), underscoring the importance of the alpha 
helices adjacent to Prp43 OB fold. However, contrary to 
cells transformed with the empty vector or expressing 
Prp43ΔC-ter and Prp43mL4-5, cells expressing Prp43ΔαC2- 
C3 contain some 32S pre-rRNA and display a statistically 

significant two-fold higher 27SA2/35S ratio (Fig. S5B and 
Table S2), indicating that early pre-rRNA processing events 
are slightly less impaired. This is consistent with the fact that 
GAL::prp43 cells expressing Prp43ΔαC2-C3 are able to grow, 
albeit very slowly (Fig. S4). In contrast, cells expressing 
Prp43ΔαN1-N2 or Prp43ΔαN1-N3 do not exhibit obvious 
pre-rRNA processing defects (Fig. 7B and S5A, lanes 4 and 
5, Fig. S5B and Table S2), confirming that the N-terminal 
domain of Prp43 is largely dispensable, at least under our 
experimental conditions.

To ascertain that the β4-β5 loop disruption prevents Prp43 
activation per se in vivo, but does not impair its interaction 
with pre-ribosomal particles, the ability of Prp43mL4-5 to 
interact with pre-rRNAs was assessed by immunoprecipita
tion experiments. This analysis had to be performed under 
conditions of endogenous Prp43 depletion, since overproduc
tion of endogenous Prp43 in galactose-containing medium 
reduces incorporation within pre-ribosomal particles of wild- 
type Prp43 expressed from plasmid-encoded transcripts (data 
not shown). Northern analysis shows that the 35S pre-rRNA 
is co-precipitated with ProtA-tagged Prp43mL4-5 as effi
ciently as with ProtA-tagged wild-type Prp43 (Fig. 7D, lanes 
6 and 8), indicating that Prp43mL4-5 is indeed incorporated 
within the initial 90S pre-ribosomal particles. Interestingly, in 
contrast, 35S pre-rRNA is not detectably co-precipitated with 

Figure 6. Interactions of GST-PINX1-HIS and Pfa1-HIS with Prp43-HIS are mutually exclusive in vitro. (A) Pull-down experiments. GST-PINX1-HIS, Pfa1-HIS and Prp43- 
HIS (lanes 1 and 2) or GST-PINX1-HIS and Pfa1-HIS (lanes 3 and 4), were mixed prior to pull down of GST-PINX1-HIS and associated proteins with glutathione 
sepharose. Pellet (IP) and supernatant fractions (Sup) were then processed as described in the legend of Fig. 1. HIS-tagged proteins were detected by Western using 
HRP-coupled anti-histidine antibodies. (B) As in (A), except that immunoprecipitations were carried out with anti-PINX1 antibodies.
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Prp43ΔC-ter over background (Fig. 7D, lane 7), even though 
the Prp43ΔC-ter protein itself is precipitated to the same 
extent as Prp43mL4-5 (Fig. 7C). We conclude that the 
C-terminal domain of Prp43 is required for its efficient 

incorporation and/or retention within initial pre-ribosomal 
particles.

Discussion

The multifunctional DEAH RNA helicase Prp43 plays crucial 
roles in different cellular processes, including pre-mRNA spli
cing and ribosome biogenesis, and at distinct steps of these 
two processes. Moreover, it associates with different G-patch 
co-factors that are crucial activators of Prp43 enzymatic activ
ities, at least in vitro [11,33]. The direct RNA/RNP targets of 
Prp43, its mechanism of action and its mode of activation by 
G-patch proteins are major issues that are not fully resolved. 
In particular, how the G-patch protein Pfa1 interacts with and 
activates Prp43 remains to be clarified. We previously showed 
that the C-terminal domain of Pfa1 containing the G-patch 
constitutes a Prp43 interaction and activation domain [30]. 
A truncated version of Pfa1, Pfa1(1–565), that lacks the 
C-terminal G-patch-containing domain is able to bind to 
Prp43 via the N-terminal region of Pfa1 but is unable to 
activate Prp43 [30]. In a subsequent study, we initiated the 
search for the domain(s) of Prp43 that contacts the G-patch 
containing C-terminal domain of Pfa1. We showed that the 
C-terminal OB fold-containing domain of Prp43 is crucial for 
the binding of the G-patch-containing domain of Pfa1 
(Pfa1C-ter) [17]. In the present study, we further show that 
the C-terminal alpha helix αC3 of Prp43 is not necessary for 
the binding of Pfa1C-ter (for a summary of the properties of 
Prp43 mutants, see Table S1). More importantly, we demon
strate that the integrity of the loop connecting the β4 and β5 
strands of Prp43 OB fold is crucial for the binding of Pfa1C- 
ter. Thus, this loop may constitute a direct and crucial contact 
point for the C-terminal domain of Pfa1. Alternatively or in 
addition, the integrity of the β4-β5 loop may be necessary for 
the correct folding of a nearby Prp43 domain necessary for 
Pfa1 G-patch binding (see below). The binding sites(s) for 
PINX1 on Prp43 have not been identified thus far and we 
expected them to be located within the C-terminal OB fold- 
containing domain of Prp43. This expectation was reinforced 
by our failure to detect the formation of a Pfa1/Prp43/PINX1 
complex in vitro, strongly suggesting that binding of Pfa1 and 
Gno1/PINX1 to Prp43 are mutually exclusive. This exclusivity 
notion was also strengthened by the finding that isolated 
G-patch domains of Pfa1, Gno1 or Cmg1, a recently described 
cytoplasmic activator of Prp43, compete for the binding of the 
G-patch domain of Ntr1 to Prp43 [28]. However, we found 
that the C-terminal domain of Prp43 was not essential for the 
binding of PINX1, consistent with the recent observation that 
Gno1 can interact in a double-hybrid assay with a truncated 
form of Prp43 lacking most of the C-terminal domain [53]. 
Our finding could not be explained by the presence of two 
functionally independent Prp43 binding sites within PINX1 as 
is the case for Pfa1 since the integrity of the G-patch domain 
is essential for full-length PINX1 binding to Prp43 [29]. While 
this manuscript was in preparation, the crystal structures of 
helicase DHX15 bound to the G-patch of NKRF and of spli
cing helicase Prp2 bound to the G-patch of Spp2 were 
reported [39,51]. In both structures, the G-patch binds its 
partner helicase in a similar way, forming a flexible molecular 

Figure 7. Integrity of Prp43 C-terminal domain is essential for ribosome biogen
esis. (A) Western analysis of accumulation of ProtA-tagged wild-type (WT) or 
Prp43 variants in GAL::prp43 cells grown 13 hours in glucose-containing minimal 
medium. Empty: cells transformed with empty parental vector. Prp43 proteins 
were detected using rabbit PAP. Pgk1, detected using specific antibodies, was 
used as loading control. (B) Northern analysis of pre-rRNA accumulation in GAL:: 
prp43 cells depleted of endogenous Prp43 and expressing ProtA-tagged wild- 
type (WT) or the indicated Prp43 variants. Names of the various pre-rRNAs 
detected using anti-sense oligonucleotide probes are indicated on the right. 
(C) Western analysis of ProtA-tagged wild-type (WT), Prp43ΔC-ter (ΔC-ter) or 
Prp43mL4-5 (mL4-5) precipitation. Precipitation experiments were carried out 
with IgG-sepharose and extracts of GAL::prp43 cells transformed with plasmids 
directing expression of the above-listed proteins or the empty vector and grown 
13 hours in glucose-containing minimal medium. Input: aliquots of input 
extracts; IPs: precipitated samples. Prp43 proteins were detected using rabbit 
PAP. (D) Corresponding Northern analysis to assess 35S pre-rRNA co- 
precipitation. The 35S pre-rRNA immunoprecipitation efficiency relative to wild- 
type (arbitrarily set at 1) assessed by phosphorimager scanning of the Northern 
blot is indicated below each IP lane.
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brace across the helicase surface. It interacts with the helicase 
mostly via two anchor points. The N-terminal alpha helix of 
the G-patch packs on the long alpha helix of the winged helix 
domain while the C-terminal loop stacks into a hydrophobic 
pocket at the top of the RecA2 domain. Studer and collabora
tors [39] propose that the G-patch increases the activity of the 
helicase by restricting the mobility of the RecA2 domain 
relative to the rest of the structure and favouring the adoption 
of a conformation with high RNA-binding affinity. Strikingly, 
no specific contacts between the G-patch and the OB fold 
domain of the helicase were reported. The finding that the 
entire OB fold domain of Prp43 is dispensable for PINX1 
binding argues that PINX1 interacts with Prp43 in a similar 
fashion to NKRF and Spp2 with DHX15 and Prp2, respec
tively. The dependency of Pfa1C-ter on the OB fold and the 
integrity of the β4-β5 loop for binding to Prp43 indicates that 
its mode of interaction is significantly different. Strikingly, in 
both the DHX15/NKRF G-patch and Prp2/Spp2 G-patch 
structures, the C-terminal part of the G-patch is found in 
the vicinity of the equivalent of the β4-β5 loop of the helicase 
(see Fig. S1). In particular, T742 and T743 of the β4-β5 loop 
of DHX15 OB fold and H586 and K587 of NKRF G-patch are 
close (Fig. S1). The C-terminal part of Pfa1 G-patch may 
make a direct and crucial contact with the β4-β5 loop. 
Alternatively, β4-β5 loop mutations may impact folding of 
the top of the RecA2 domain or its β hairpin in such a way 
that Pfa1C-ter binding, but not that of PINX1, is prevented. 
We note however that the Prp43mL4-5 protein in which the 
β4-β5 loop has been disrupted is not grossly misfolded since it 
exhibits normal basal ATPase activity and is able to bind to 
PINX1 and to the N-terminal domain of Pfa1.

Interestingly, Pfa1 and PINX1 have different effects on 
Prp43 helicase activity in vitro. In complex with PINX1, 
Prp43 displays a helicase activity with a strict 3ʹ-5ʹ specificity 
(Fig. S3C, compare lanes 4 and 8), as described for a majority 
of helicases [54,55]. In contrast, the Prp43/Pfa1 complex is 
capable of unwinding a duplex nucleic acid substrate with a 5ʹ 
overhang that could not be unwound by the Prp43/PINX1 
complex, albeit with lower efficiency compared with the 
equivalent substrate with a 3ʹ overhang (Fig. S3C, compare 
lanes 3 and 7). This ability to open a duplex with a 5ʹ over
hang may be imparted by an interaction between Pfa1 and the 
OB fold and more specifically the region encompassing the 
β4-β5 loop, that could modify the position of the RNA sub
strate within the RNA-binding channel. The fact that Pfa1 
possesses an N-terminal Prp43 interaction domain may also 
contribute to the differences in helicase activity characteris
tics. The in vivo functional consequences of the biochemical 
differences between the two complexes remain to be investi
gated. They may have evolved to better deal with different 
RNA substrates. Indeed, one of the specific functions of the 
Prp43/Gno1 complex may be to disrupt a subset of box C/D 
snoRNA/pre-rRNA associations within 90S particles [45], 
while one or several major specific targets of the Prp43/Pfa1 
complex are likely intramolecular RNA structures of the 20S 
pre-rRNA in pre-40S particles, with which Pfa1 displays 
a prominent association [26]. In particular, Prp43 interacts 
with sequences that form helix h44 of mature 18S rRNA [50] 
and the region encompassing the connected helices h28, h44 

and h45 undergoes conformational rearrangements right until 
the end of pre-40S particle maturation [56]. The Prp43/Pfa1 
complex is believed to contribute to some of these rearrange
ments [44,56] and the ability of this complex to unwind RNA 
duplexes with 5ʹ or 3ʹ single-stranded extremities may be 
required at this stage.

Since PINX1 can still bind to Prp43mL4-5 but fails to fully 
stimulate the ATPase activity of Prp43mL4-5 (in absence of 
RNA) compared to its effect on wild-type Prp43, we conclude 
that somehow the integrity of the β4-β5 loop is necessary for 
the catalytic centre to adopt the correct structure following 
G-patch binding. In addition, we have previously shown that 
the ATPase activity of Prp43mL4-5 is less stimulated by RNA 
than wild-type Prp43 [17]. Thus, the OB fold region encom
passing the β4-β5 loop might also provide contact points for 
RNA. This is supported by the finding of the β4-β5 loop in 
close proximity to RNA in a Prp43/poly-uracil crystal struc
ture [13]. The crucial role of the β4-β5 loop is underscored by 
the fact that Prp43mL4-5 cannot sustain the viability of 
Prp43-depleted cells. This is due, at least in part, to the 
inability of Prp43mL4-5 to support normal pre-rRNA proces
sing. Since Prp43mL4-5 is integrated within the initial 90S 
pre-ribosomal particles and yet its expression leads to the 
same pre-rRNA processing defects as lack of Prp43, we con
clude that Prp43mL4-5 activity as such is largely, if not fully 
impaired during ribosome biogenesis. Results from our 
in vitro helicase assays suggest that it is the failure of 
Prp43mL4-5-Pfa1 and Prp43mL4-5-Gno1/PINX1 complexes 
to function as helicases in vivo that is the main reason for the 
observed ribosome biogenesis defects. Interestingly, while our 
results show that the integrity of the β4-β5 loop is not 
required for the integration of Prp43 within 90S pre- 
ribosomal particles, they also indicate that Prp43 C-terminal 
domain encompassing the OB fold and C-terminal alpha 
helices is essential for this integration.

Materials and methods

E. coli and yeast strains, media and plasmids

E. coli strains directing expression of Prp43-HIS, GST-PINX1- 
HIS, GST-Prp43-HIS, GST-Prp43ΔαN1-HIS, GST-Prp43ΔαN1- 
N3-HIS, Prp43ΔαC3-HIS, Pfa1-HIS, Pfa1C-ter-HIS, Pfa1N-ter- 
HIS were obtained by transforming E. coli BL21 λDE3 with plas
mids pSL18 [30], pRC43 [29], pFM15, pFM16, pFM17, pFM19, 
pSL20 [30], pSL53bis [30], pSL55 [30], respectively.

pFM15 was obtained by inserting into BamHI digested 
pGEX-4T1 a BglII digested PRP43-HIS PCR cassette 
obtained by amplifying the PRP43 ORF using oligonucleo
tides 5ʹGST Prp43 (5ʹGGGGGAGATCTATGGGTTCCA 
AAAGAAGATTCTCGTCCGAACACCCGGATCCAGTT
G3ʹ) and Prp43inpsO2 (5ʹGGGGGAGATCTTCAGTGGT 
GGTGGTGGTGGTGTTTCTTGGAGTGCTTACTCTTCT
TTT3ʹ). pFM16 was obtained by inserting into BamHI 
digested pGEX-4T1 a BglII digested PRP43(59-767)-HIS 
PCR cassette obtained by amplifying the PRP43 ORF 
using oligonucleotides 5ʹGST Prp43(59–767) 
(5ʹGGGGGAGATCTTCAGCAGAAGAGGCCCAAAAAC
TTGAAGATGGAAAAATAAATC3ʹ) and Prp43inpsO2. 
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pFM17 was obtained by inserting into BamHI digested 
pGEX-4T1 a BglII digested PRP43(92-767)-HIS PCR cas
sette obtained by amplifying the PRP43 ORF using oligo
nucleotides 5ʹGST Prp43(92–767) (5ʹGGGGGAGATCTGA 
ATTGCCAGTACATGCCCAGAGAGATGAGTTTTTAA
AAC3ʹ) and Prp43inpsO2. pFM19 was obtained by insert
ing into XbaI/XhoI digested pSCodon1 a SpeI/XhoI 
digested PRP43(1-723)-HIS PCR cassette obtained by 
amplifying the PRP43 ORF using oligonucleotides Prp43 
inps O1 (5ʹGGGGGGACTAGTTTTAAGAAGGAGATA 
TACATATGGGTTCCAAAAGAAGATTCTCGTCC3ʹ) and 
3ʹPrp43(1–723) (5ʹCCCCCCTCGAGTCAGTGGTGGTGGT 
GGTGGTGAGGCGCTATTTCAATCAGCCATTCGGGC
CTGACCGAGGTCAC3ʹ).

An E. coli strain directing expression of Prp43ΔC-ter-HIS was 
obtained by transforming E. coli SE1 with plasmid pMFX [17]. 
Plasmids encoding Prp43mL1-2-HIS (combined K663A, R664G 
mutations and deletion of residues 665–668) and Prp43mL4- 
5-HIS (combined T702G, S703G mutations and K704 deletion) 
were derived from pSL18 by GenScript Corporation (Piscataway, 
NJ) [17] and transformed into strain SE1.

A GAL::HA-prp43 strain was obtained by transforming 
into a Saccharomyces cerevisiae strain (his3-Δ200 leu2-Δ1 
trp1-Δ63 ura3-52) a KanMX6-GAL1-10-3HA PCR cassette 
flanked by PRP43 promoter sequences obtained by PCR 
amplification performed with plasmid pFA6a-kanMX6- 
PGAL1-3HA [57] as template and oligonucleotides 
OHA424 (5ʹATTCAATTGTAATATTTAACACGTTTACG 
GGGATGCGATTGAGTAACGATGAATTCGAGCTCGT
TTAAAC3ʹ) and OHA426 (5ʹGTCTCAACTGGATC 
CGGGTGTTCGGACGAGAATCTTCTTTTGGAACCCAT
GCACTGAGCAGCGTAATCTG3ʹ). To obtain S. cerevisiae 
strains expressing Prp43ΔC-ter, Prp43ΔαN1-N2, 
Prp43ΔαN1-N3, Prp43ΔαC2-C3, Prp43mL4-5, or wild- 
type Prp43 fused two IgG-binding domains (ZZ) of 
S. aureus protein A, the GAL::HA-prp43 strain was trans
formed with centromeric plasmids derived from pHA113 
[58], termed pFM14, pFM10, pFM11, pFM13, pFM18 and 
pFM7. To construct pFM7, the PRP43 ORF was amplified 
with oligonucleotides 5’SCPRP43 (5ʹGGGGGAGATCT 
AATGGGTTCCAAAAGAAGATTCTCGTCCGAAC3ʹ) and 
3’SCPRP43 (5ʹGGGGGAGATCTAATTTCTTGGAGTG 
CTTACTCTTCTTTTTGTTTTTACC3ʹ) and pSL18 as 
a template, the resulting PCR product was digested with 
BglII and inserted into BamHI cut pHA113. To construct 
pFM10 or pFM11, the PRP43 ORF was amplified with 
pSL18 as a template, oligonucleotides 5’SCPRP43(80–767) 
(5ʹGGGGGAGATCTTACACCAAAATATGTTGATATCC
TGAAAATTAG3ʹ) or 5’SCPRP43(92–767) (5ʹGGGGGAG 
ATCTAGAATTGCCAGTACATGCCCAGAGAGATGA
G3ʹ), respectively, and 3’SCPRP43, the resulting PCR pro
duct was digested with BglII and inserted into BamHI cut 
pHA113. To construct pFM13 or pFM14, the PRP43 ORF 
was amplified with pSL18 as a template, oligonucleotides 
5’SCPRP43 and 3’SCPRP43(1–713) (5ʹGGGGGAGATCT 
AAGACCGAGGTCACAGTTCTTATGTAGTTCTTCGAT
G3ʹ) or 3’SCPRP43(1–657) (5ʹGGGGGAGATCTAAGAA 
AAACCCAGACGCAAGAGCCTTTCTGATGTTG3ʹ), the 
resulting PCR product was digested with BglII and inserted 

into BamHI cut pHA113. To construct pFM18, the 1958 bp 
AgeI/AflII fragment within PRP43 ORF was digested from 
pSL18-Prp43mL4-5-HIS (see above) and used to replace 
the corresponding fragment in pFM7. Strains have been 
grown in YP (1% yeast extract, 2% peptone) supplemented 
with 2% galactose or 2% glucose or in YNB (1.7 g/L) 
supplemented with ammonium sulphate (5 g/L) and 2% 
galactose or 2% glucose.

Protein purification

Recombinant protein purifications from transformed E. coli 
BL21 λDE3 bacteria were performed as described in [29].

Immunoprecipitations with recombinant proteins

They were performed as described in [29], except that anti- 
PINX1 antibodies (ab99112, Abcam) were used in some 
immunoprecipitations.

Immunoprecipitations using yeast extracts

Immunoprecipitations using yeast extracts were performed 
using IgG-sepharose as described in [59] except that 
200 mM KCl was used in the buffer for extract preparation 
and washing steps. Northern and western blot experiments to 
analyse input and immunoprecipitated samples were per
formed as in [59].

GST pull-down experiments

A total of 2 μg of each recombinant purified protein were 
mixed in the indicated combinations and incubated with 
50 μl of Glutathione beads (Thermo Scientific) in 500 μl IP 
buffer (25 mM Tris-HCl (pH 8.0), 300 mM KCl, 5 mM 
MgCl2, 10% glycerol, 0.1% NP-40, 0.5 mM DTT) with 
gentle shaking for 1 h at 4°C. The supernatant was collected 
and proteins precipitated with TCA. Beads were washed 
four times with 1 ml IP buffer and proteins retained on 
the beads were eluted with 50 μl SDS-PAGE loading buffer 
(100 mM Tris-HCl (pH 6.8), 4% SDS, 20% glycerol, 
200 mM DTT, 0.04% bromophenol blue). Proteins were 
analysed by Western blotting using His mAb HRP conju
gate (Clontech).

ATPase assays

The ATPase activity of the proteins (0.1 μM) was measured in 
a 5 μl reaction volume containing 25 mM Tris-acetate (pH 
8.0), 10 mM Mg(CH3COO)2, 0.2 mM DTT, 100 μg/ml BSA 
(Sigma) and 0.6 μCi/μl [α-32P] ATP and unlabelled ATP at 
100 μM. The reaction mixtures were incubated at 30°C for 0, 
5, 10, 30 and 60 min, stopped on ice and 1 μl from each 
sample was analysed by thin-layer chromatography on PEI- 
Cellulose plates (Merck) using 0.75 M KH2PO4 as migration 
buffer. The plates were dried and radioactivity was quantified 
on a Fuji BAS 3000 Phosphorimager.
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Helicase assays

They were performed as described in [30].
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