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ABSTRACT

ARTICLE HISTORY

A rapidly increasing number of RNA helicases are implicated in several distinct cellular processes, however,
the modes of regulation of multifunctional RNA helicases and their recruitment to different target complexes
have remained unknown. Here, we show that the distribution of the multifunctional DEAH-box RNA helicase
Prp43 between its diverse cellular functions can be regulated by the interplay of its G-patch protein
cofactors. We identify the orphan G-patch protein Cmg1 (YLR271W) as a novel cofactor of Prp43 and show
that it stimulates the RNA binding and ATPase activity of the helicase. Interestingly, Cmg1 localizes to the
cytoplasm and to the intermembrane space of mitochondria and its overexpression promotes apoptosis.
Furthermore, our data reveal that different G-patch protein cofactors compete for interaction with Prp43.
Changes in the expression levels of Prp43-interacting G-patch proteins modulate the cellular localization of
Prp43 and G-patch protein overexpression causes accumulation of the helicase in the cytoplasm or
nucleoplasm. Overexpression of several G-patch proteins also leads to defects in ribosome biogenesis that
are consistent with withdrawal of the helicase from this pathway. Together, these ﬁndings suggest that the
availability of cofactors and the sequestering of the helicase are means to regulate the activity of
multifunctional RNA helicases and their distribution between different cellular processes.
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Introduction
RNA helicases are central players in all major pathways of RNA
metabolism, including pre-mRNA splicing, translation and
ribosome biogenesis.1-5 The ATP-dependent DExD/H-box
RNA helicases are characterized by speciﬁc structural motifs
for nucleotide binding and hydrolysis as well as helicase activity, which are required for their functions in the remodelling of
RNAs and RNA-protein complexes (RNPs).1-3 Besides the conserved helicase core domain, most RNA helicases possess

additional N- or C-terminal extensions, which are thought to
confer substrate speciﬁcity or mediate interactions with cofactors.3 However, interacting proteins have only been identiﬁed
for a small fraction of RNA helicases and few cofactors have
been shown to be required for helicase recruitment or activation. These include the eukaryotic translation initiation factors
eIF4G and eIF4B that synergistically stimulate the activity of
the DEAD-box RNA helicase eIF4A and several proteins that
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interact with RNA helicases involved in splicing.6-8 In ribosome
biogenesis, the activity of the DEAD-box RNA helicase Dbp8 is
stimulated by its cofactor Esf2, which has also been suggested
to recruit Dbp8 to its target RNA in pre-ribosomal complexes.9
In addition, Rrp5 has been suggested to act as a cofactor for the
RNA helicase Rok1, which is required for the release of the
snoRNA snR30 from pre-ribosomal complexes.10-13
A family of cofactors that interact with and modulate the
activity of RNA helicases are the G-patch proteins, which have
been identiﬁed in multiple eukaryotes and some retroviruses
and are named after their glycine-rich region that mediates
their interaction with the corresponding helicase.14,15 Little is
known about the roles of the many G-patch proteins identiﬁed
in higher eukaryotes and retroviruses. Only ﬁve G-patch proteins have been identiﬁed in the yeast Saccharomyces cerevisiae,
the two pre-mRNA splicing factors Spp2 and Spp382/Ntr1, the
proteins Pfa1/Sqs1 and Pxr1/Gno1 that are implicated in ribosome biogenesis, and the uncharacterised open reading frame
YLR271W. The splicing factors Spp2 and Spp382 are best characterized so far. Spp2 contains a C-terminal G-patch domain
with which it interacts with the DEAH-box RNA helicase
Prp2.16-18 The G-patch protein Spp382/Ntr1 forms a complex
with Ntr2, which recruits the DEAH-box RNA helicase Prp43
to postspliceosomes containing the excised intron lariat and
the U2, U5, and U6 snRNPs.19,20 Here, Prp43 is required for
spliceosome disassembly and release of the intron lariat.21,22
The N-terminal G-patch domain of Spp382 mediates the interaction with Prp43 and is required for stimulation of the ATPase
activity of the helicase.18 This mode of interaction and the
splicing function of the mouse orthologues of Prp43 and
Spp382, mDEAH9/mDHX15 and tuftelin interacting protein
11 (mTFIP11), respectively, seem to be conserved.23-25
In yeast, Pxr1 co-migrates with pre-ribosomal particles in sucrose
density gradients, and deletion of Pxr1 leads to early pre-rRNA processing defects.26,27 Interestingly, Pxr1 was also shown to interact with
and activate the RNA helicase Prp43.28,29 Indeed, as well as its role in
pre-mRNA splicing, Prp43 is a key factor required for ribosome biogenesis and co-puriﬁes with various pre-ribosomal complexes.4,28,30,31 Prp43 depletion affects pre-rRNA processing in both
ribosomal subunits. Using UV Crosslinking and Analysis of cDNA
(CRAC) several binding sites of Prp43 have been identiﬁed on prerRNAs.32-34 One such site mapped close to the 30 -end of the 18S
rRNA in the small ribosomal subunit, where Prp43 has been linked
to a late processing step mediated by the endonuclease Nob1.35
Here,
Prp43
is
thought
to
bind
the
G-patch
protein Sqs1/Pfa1, which is a component of pre-40S complexes.27,28
Sqs1 has also been implicated in the Nob1-mediated 18S rRNA
processing, and it can stimulate the ATPase activity of Prp43 in
vitro.27,35 For the large ribosomal subunit, Prp43 was shown to be
required for the pre-ribosomal release of several small nucleolar
RNAs (snoRNAs),36 which basepair at a cluster of snoRNP-guided
methylation sites.34 Taken together, Prp43 is a multifunctional RNA
helicase that interacts with several cofactors. It has so far remained
unclear, however, whether the interaction of cofactors with Prp43
regulates the distribution of the RNA helicase between the different
target complexes.
Understanding how the interplay of the cofactors of the
DEAH-box protein Prp43 regulates the action of the helicase in
different cellular pathways requires a complete inventory of its
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interacting G-patch proteins. Helicase interaction partners and
possible functions have been proposed for Spp2, Spp382, Sqs1
and Pxr1, while the remaining G-patch protein in yeast,
encoded by ylr271w, has remained uncharacterised. Here, we
identify YLR271W as a direct interaction partner of Prp43 and
show that the G-patch protein stimulates RNA binding and
ATPase activity of the RNA helicase. YLR271W is localized in
the cytoplasm and in the intermembrane space of mitochondria, and we therefore named the protein cytoplasmic and mitochondrial G-patch protein 1 (Cmg1). Interestingly, we found
that the Prp43-interacting G-patch proteins compete for binding to the helicase. Modulation of their expression levels results
in changes in the cellular localization of Prp43, affecting Prp43
function in the pathway from which the helicase has been withdrawn. Our data suggest that the interplay of cofactors and the
sequestering of the helicase are novel means to regulate the
activity of multifunctional RNA helicases and their distribution
between different cellular functions.

Results
YLR271W/Cmg1 speciﬁcally interacts with and stimulates
the activity of the RNA helicase Prp43
The G-patch proteins Spp382/Ntr1, Sqs1/Pfa1 and Pxr1/Gno1
have been shown to modulate the functions of the RNA helicase Prp43 in splicing and ribosome biogenesis, and Spp2 regulates the activity of Prp2 in splicing. However, the helicase
interaction partner of the remaining G-patch protein
YLR271W (here named Cmg1) has remained unknown. We
therefore performed pulldown experiments using a yeast strain
expressing TAP-tagged Cmg1 and with a wildtype control
strain. Interestingly, Cmg1 signiﬁcantly co-precipitated a protein of about 90 kDa, which was identiﬁed by mass spectrometry as the RNA helicase Prp43 (Fig. 1A). The enrichment of
Prp43 with TAP-tagged Cmg1 was also conﬁrmed by Western
blot analysis using antibodies recognizing Prp43 (Fig. 1A, lower
panel). To further analyze the interaction, we puriﬁed recombinant Cmg1, Spp2 and Prp43 and performed binding experiments in vitro. Prp43 was co-puriﬁed with immobilised Cmg1,
but not Spp2, demonstrating a direct and speciﬁc interaction of
the two proteins (Fig. 1B). Using the yeast two-hybrid
approach, we observed an in vivo interaction between Prp43
and both full length Cmg1 and the Cmg1 G-patch domain
alone (amino acids 1–85; Fig. 1C). In contrast, neither the Cterminal part of Cmg1 (amino acids 86–274) nor Swm2 showed
any interaction with Prp43, indicating that the G-patch domain
of Cmg1 is required and sufﬁcient for Prp43 interaction. The
C-terminal OB-fold of Prp43 has been suggested to serve as a
binding platform for other G-patch proteins.27,29,37 To determine whether the same region of Prp43 mediates the interaction with Cmg1, N- or C-terminally truncated versions of
Prp43 (Prp43 92–767 and Prp43 1–657) were expressed recombinantly, puriﬁed and used in binding assays with MBP-tagged
versions of full length Cmg1 and the Cmg1 G-patch domain
(Cmg1 1–85). Consistent with the yeast two-hybrid analysis,
both full length Cmg1 and Cmg1 1–85 bound to full length
Prp43, whereas only a weak interaction was observed with
either of the Prp43 truncations (Fig. 1D, Fig. S1A). This
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Figure 1. Cmg1 speciﬁcally interacts with the RNA helicase Prp43. (A) Proteins were retrieved on IgG sepharose from extracts with or without tagged Cmg1, separated by
SDS PAGE and stained with Coomassie. Inputs are shown on the left. Prp43 was identiﬁed in the Cmg1 eluate by mass spectrometry and Western blotting (bottom panel).
The asterisk marks a background band also present in the control. (B) Recombinant Protein A-tagged Spp2 (as negative control) or Cmg1 were immobilised on IgG sepharose and incubated with puriﬁed GFP-tagged Prp43. After washing, co-puriﬁed GFP-Prp43 was eluted, then inputs and eluates were separated by SDS PAGE and analyzed
by Coomassie staining. (C) Yeast two-hybrid analysis of Prp43 (fused to the GAL4 activation domain; GAL4-AD) was performed with full length (FL), the N-terminal G-patch
domain (amino acids 1–85) or the C-terminus (amino acids 86–274) of Cmg1 (fused to the GAL4 binding domain; GAL4-BD), and Swm2 and Tgs1 as controls. The strains
were spotted on plates not selecting (left) or selecting (right) for a yeast two-hybrid (Y2H) interaction. The domain structure of Cmg1, containing the G-patch domain
and the domain of unidentiﬁed function (DUF4187) is shown at the top. (D) Protein A-tagged full length Prp43 or N- (92–767) or C- (1–657) terminally truncated versions
of Prp43 were immobilised on IgG sepharose and incubated with MBP-tagged full length Cmg1 or Cmg1 1–85. After washing the beads, proteins were eluted, separated
by SDS PAGE and analyzed by Commassie staining. Cmg1 and Cmg1 1–85 proteins co-precipitated with the different forms of Prp43 are indicated by the asterisk and double asterisk, respectively. For inputs of the binding experiments see Figure S1A.

indicates that both the N- and C-terminus of Prp43 are
required for efﬁcient interaction with Cmg1, which is consistent with the close proximity of these domains as revealed by
the crystal structure of Prp43,38 For the full length G-patch protein this is in contrast to the interaction of Sqs1 with Prp43
where full length Sqs1 is still able to bind to Prp43 1–657.38
However, the Sqs1 G-patch domain alone behaves similar to
the G-patch domain of Cmg1 and hardly binds to Prp43 1–
657. Importantly, these data suggest that several G-patch proteins have overlapping interaction sites on the RNA helicase.
The G-patch proteins Spp382, Sqs1 and Pxr1, have previously
been shown to modulate Prp43 activity. To reveal whether Cmg1 is
also a bona ﬁde cofactor of Prp43 we analyzed whether Cmg1 inﬂuences RNA binding by Prp43 using ﬂuorescence anisotropy measurements with a ﬂuorescein-labeled RNA and increasing
concentrations of Prp43 in the presence or absence of Cmg1 or the
G-patch domain of Spp382. As full-length recombinant Spp382 is
difﬁcult to obtain, we used its G-patch domain (Spp382 51–110),
which had previously been shown to be sufﬁcient for Prp43 interaction and activation.39 Interestingly, Cmg1 or Spp382 51–110 stimulated RNA binding by Prp43 by about 25-fold in anisotropy
experiments (Fig. 2A; Table S2), while Cmg1 itself, similar to Spp2,40
showed no interaction with the RNA (data not shown). This is in
contrast to other G-patch proteins, such as Spp382 and Sqs1,27,39
which have been shown to bind RNA directly and were suggested to

recruit the helicase to its targets. To test whether Cmg1 activates or
represses Prp43, we performed ATPase assays in vitro. Cmg1, which
does not hydrolyse ATP itself (Fig. S1B), stimulated the ATPase
activity of Prp43 more than 6-fold, similar to the G-patch domain of
Spp382 (Spp382 51–110; Fig. 2B and Table S2). Besides the reduction in the KM, the turnover number (kcat) for ATP hydrolysis was
mildly increased by Cmg1. Furthermore, the G-patch domain of
Cmg1 (Cmg1 1–85) is sufﬁcient to stimulate the ATPase activity of
full length Prp43, but although the N- and C-terminal truncations of
Prp43 themselves show ATPase activity, this was hardly stimulated
by the presence of either full length Cmg1 or Cmg1 1–85 (Fig. S1B),
which is consistent with the strongly reduced binding of the Prp43
truncations to Cmg1 (Fig. 1D). Taken together, we have identiﬁed
the G-patch protein Cmg1 as a novel interaction partner of the RNA
helicase Prp43 and show that Cmg1 stimulates both the RNA binding and ATPase activity of Prp43.
Cmg1 is localized in the cytoplasm and in the
intermembrane space of mitochondria
Prp43 is largely localized in the nucleolus/nucleus but also
functions in the cytoplasm, and it interacts with different Gpatch proteins in each of these compartments. To elucidate the
cellular localization of Cmg1 we analyzed a yeast strain that
expressed GFP-tagged Cmg1 under the control of its own
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Figure 2. RNA binding and the ATPase activity of Prp43 are stimulated by Cmg1. (A) Fluorescence anisotropy titrations of ﬂuorescein-labeled 11 nt RNA with Prp43 were
performed with or without Cmg1 or the G-patch domain of Spp382 (Spp382 51–110). The Kd values are 60 § 5 nM (Prp43 alone), 2.3 § 1.6 nM (CCmg1) and 2.5 §
1.3 nM (CSpp382 51–110). (B) RNA-stimulated ATPase activity of Prp43 was measured in the absence or presence of Spp382 51–110 or Cmg1. The kcat values were 3.61
§ 0.14 s (Prp43 alone), 5.09 § 0.26 s (CCmg1) and 3.44 § 0.13 s (CSpp382 51–110), the KM values 1.41 § 0.14 mM (Prp43 alone), 0.23 § 0.05 mM (CCmg1) and 0.22 §
0.04 mM (CSpp382 51–110).

promoter using ﬂuorescence microscopy. This showed largely
cytoplasmic staining, which overlapped with a cytoplasmic
marker protein, Ssa2-RFP, implying that Cmg1 likely interacts
with Prp43 in the cytoplasm (Fig. 3A). Interestingly, cytoplasmic foci were also observed and Cmg1 was found to co-

localize with a Mitotracker (Fig. 3A). To determine whether
this fraction of Cmg1 is bound to or imported into mitochondria and inaccessible to cytoplasmic Prp43, we analyzed
the sub-organellar localization of Cmg1 using isolated mitochondria and protease protection assays.41 Incubation of whole

Figure 3. Cmg1 is localized in the cytoplasm and in the intermembrane space of mitochondria. (A) The localization of Cmg1-GFP (green in overlays) and Ssa2-RFP (panels
on the left; red in overlay) or Mitotracker (panels on the right; red in overlay) and overlays are shown. Scale bar represents 5 mm for the main images. A 2-fold zoom of a
representative cell is shown in each panel. (B) To analyze submitochondrial localization, yeast mitochondria were left untreated, swollen (Mitoplasts), or solubilised with 1%
Triton X-100 (TX-100), then treated with Proteinase K (PK) where indicated, and subjected to SDS PAGE and Western blotting using antibodies against tagged Cmg1, the
outer membrane protein Tom70, inner membrane proteins Mic10, Tim21 and Tim44. Note, Tim44 extrudes into the matrix, while a domain of Tim21 and the majority of
Mic10 extends into the IMS. (C) Serial dilutions of Cmg1 overexpression (oex), overexpression of Cmg1 without its G-patch domain (86–274 oex), cmg1 deletion (Dcmg1)
and wildtype strains were spotted for growth analysis with and without induction of apoptosis by treatment with acetic acid. Growth was documented after 2 days.
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mitochondria with proteinase K left Cmg1 intact, suggesting
that it is indeed imported into the organelle. Mitochondrial
Cmg1 only became susceptible to protease digestion after rupture of the outer mitochondrial membrane by osmotic swelling
(Fig. 3B), indicating that the mitochondrial fraction of Cmg1 is
localized in the intermembrane space (IMS). We have therefore
named the previously uncharacterised YLR271W as cytoplasmic and mitochondrial G-patch protein 1 (Cmg1).
Since Cmg1 localizes to mitochondria we analyzed whether
its deletion or overexpression affects mitochondrial function.
Mitochondria play a central role in the generation of metabolic
energy and perturbation of mitochondrial metabolism or translation leads to impaired growth on carbon sources such as glycerol or lactate, which require functional mitochondria and the
electron transport chain for energy metabolism. The growth of
yeast strains in which cmg1 had been genomically deleted or
was overexpressed was therefore analyzed on each of these
media. No signiﬁcant differences were observed however
(Fig. S2A), implying that Cmg1 is not required for mitochondrial energy production. Another major function of mitochondria is in apoptosis and interestingly, cell survival assays
revealed that overexpression of Cmg1 promotes apoptosis
while deletion of cmg1 increased survival following acetic acid
treatment (increased number of colonies; Fig. 3C), indicating
that Cmg1 is a pro-apoptotic factor. Overexpression of Cmg1
without its G-patch domain (Cmg1 86–274 oex) had a mild
effect on growth under normal conditions (Fig. 3C), which
likely reﬂects the slightly higher expression levels of the truncated protein compared to the full length protein (Fig. S2B).
However, like overexpression of the full length protein, overexpression of Cmg1 without its G-patch domain promoted apoptosis after acetic acid treatment (Fig. 3C), suggesting that this
function is independent of an interaction with the RNA
helicase.
G-patch protein cofactors compete for Prp43 binding
Our data identify the G-patch protein Cmg1 as a novel Prp43
cofactor that, like Sqs1, Pxr1 and Spp382,27,29,37 can interact

Figure 4. G-patch proteins compete for binding to Prp43. Recombinant Protein Atagged G-patch domain of Spp382 was immobilised and incubated with GFPPrp43 in the presence or absence of the indicated G-patch domains of Sqs1, Pxr1,
Cmg1 or Spp2. Competitors were used in ratios of 1:1 and 5:1 compared to the
immobilised G-patch domain of Spp382. Eluted GFP-Prp43 was quantiﬁed by ﬂuorescence measurements. Data from three independent experiments are presented
as mean C/¡ SEM.

with the C-terminal OB-fold of the multifunctional RNA helicase. How Prp43 is distributed between its roles in different cellular pathways remained unknown and we hypothesized that its
interaction partners might compete for interaction with Prp43
and thereby regulate the targeting of the helicase to its diverse
functions. To test this model, we expressed and puriﬁed recombinant G-patch domains of the ﬁve G-patch proteins from yeast
and performed competition assays in vitro. The Protein Atagged G-patch domain of Spp382 was immobilised on IgG
sepharose and binding with GFP-Prp43 performed in the
absence or in the presence of the other G-patch domains. As
expected, the presence of the Spp2 G-patch domain had little
effect on Prp43 binding to immobilised Spp382 (Fig. 4). However, the presence of the G-patch domains of Sqs1 and Pxr1
strongly reduced Prp43 retrieval by Spp382, while Cmg1 had a
weaker effect (Fig. 4), indicating that Cmg1 might have a lower
afﬁnity for Prp43 than Spp382. Our data therefore indicate that
the different cofactors can compete for interaction with Prp43.
Cofactor competition regulates the distribution of Prp43
between target pathways
To analyze the effect of such competition in vivo we individually overexpressed all ﬁve yeast G-patch proteins (Fig. S3A)
and analyzed the cellular localization of GFP-tagged Prp43.
The nuclear/nucleolar localization of Prp43 observed in wildtype cells was unaffected by overexpression of Spp2, the Gpatch protein that does not interact with Prp43 (Fig. 5). As
expected, increased levels of the Pxr1, which itself localizes to
the nucleolus, did not affect the nucleolar Prp43 localization. In
contrast, increasing the expression of Sqs1, which leads to accumulation of the G-patch protein in the cytoplasm (Fig. S3B),
also resulted in cytoplasmic accumulation of Prp43 (Fig. 5).
Furthermore, overexpression of the nuclear splicing protein
Spp382 lead to partial redistribution of Prp43 from the nucleolus to the nucleoplasm/nucleoplasmic foci (marked by arrowheads) and a change in nucleolar morphology in some cells
(Fig. 5). In the case of Cmg1 overexpression, only few cells
showed a slight increase in cytoplasmic Prp43 levels, but the
major pool of the RNA helicase remained in the nucleolus.
These data suggest that the Prp43-interacting cofactors also
compete for interaction with the RNA helicase in vivo.
Based on the competition of the cofactors and the relocalisation of Prp43 upon G-patch protein overexpression, we
investigated whether the removal of Prp43 from target complexes leads to defects in pathways from which the RNA
helicase is withdrawn. We analyzed the effects of G-patch
protein overexpression on the processing of pre-rRNA intermediates (pre-rRNAs). Genetic depletion of Prp43 affects the
biogenesis of both ribosomal subunits and impedes prerRNA processing, leading to a strong accumulation of the
35S pre-rRNA primary transcript (Fig. 6A).28,34 Here, we
observed that overexpression of Spp2 or Spp382 did not signiﬁcantly affect pre-rRNA processing (Fig. 6B-C), which is
consistent with the absence or only minimal effects on Prp43
localization, respectively (Fig. 5). Conversely, overexpression
of Sqs1 or Pxr1 caused accumulation of the 35S pre-rRNA
transcript (Fig. 6B-C). The increase in 35S pre-rRNA levels
resembles the effect of Prp43 depletion and is especially
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and not accessible to Prp43. Taken together, our ﬁndings
imply that Prp43-interacting proteins compete for the binding and recruitment of the RNA helicase and that the distribution of Prp43 can be regulated by changes in the
availability of interaction partners.
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Figure 5. Overexpression of G-patch proteins leads to cellular relocalisation of
Prp43. The localization of Prp43-GFP was analyzed by ﬂuorescence microscopy in
yeast cells overexpressing individual G-patch proteins or in control cells (Wt). The
localization of the Prp43-GFP is shown on the left, the nucleolar marker Nop1-RFP
in the middle, and the overlay with DAPI staining (blue) and a brightﬁeld image is
presented on the right. In the left and middle panels, cells are outlined with a
white, dotted line. Nuclear foci containing GFP-Prp43 after overexpression of
Spp382 are marked with arrowheads. The scale bar represents 5 mm.

strong for overexpression of Sqs1. Sqs1 overexpression had
also led to a major redistribution of Prp43 to the cytoplasm
and therefore to a withdrawal of Prp43 from its interactions
and functions in the nucleolus (Fig. 5). Although Prp43 is
still localized in the nucleolus upon overexpression of Pxr1,
a signiﬁcant accumulation of the 35S pre-rRNA was also
observed, suggesting that Prp43 is sequestered by the additional Pxr1 and therefore not able to fulﬁl its functions in
the early steps of ribosome biogenesis. An increase in the
level of the 35S pre-rRNA was also observed upon Cmg1
overexpression, but this effect is much milder, likely because
a signiﬁcant fraction of Cmg1 is sequestered in mitochondria

A growing number of RNA helicases have recently been shown
to act in several different pathways, indicating that the “one
enzyme – one function” model does not apply for these proteins. However, little is known about their interaction partners
and it has remained unclear how the distribution of such multifunctional RNA helicases between individual target pathways
and RNA-protein complexes is regulated. Here, we show that
multiple G-patch protein cofactors compete for binding of the
multifunctional RNA helicase Prp43. Prp43 is mainly localized
in nucleoli, where it interacts with the G-patch proteins Sqs1/
Pfa1 and Pxr1/Gno1 in ribosome biogenesis (Fig. 7). In addition, Prp43 acts in pre-mRNA splicing together with Spp382/
Ntr1 in the nucleoplasm and has been suggested to shuttle to
the cytoplasm with Sqs1 on pre-40S complexes. Interestingly,
changes in the levels of its G-patch protein cofactors modulate
the cellular localization of Prp43, suggesting a model in which
cofactor competition regulates the distribution of the multifunctional RNA helicase between different pathways. This competition can even occur between different functions in the same
pathway, as illustrated here in the case of ribosome biogenesis,
where Sqs1 and Pxr1 compete for Prp43 interaction. The overexpression of either Sqs1 or Pxr1 results in redirection of Prp43
to complexes containing the overexpressed cofactor, likely leading to withdrawal of Prp43 from other pre-ribosomal intermediates, preventing its function in their maturation. Indeed,
redistribution of Prp43 affects its activity in ribosome biogenesis and leads to defects in the processing of rRNA precursors.
Interestingly, these results are supported by an independent
report that also demonstrates defects in splicing upon overexpression of the G-patch protein Sqs1,42 indicating that sequestering of Prp43 to the cytoplasm by Sqs1 causes defects in
mRNA maturation as well as in ribosome biogenesis. The
strong defects observed upon overexpression of Sqs1 also further support the suggestion that Prp43 and Sqs1 shuttle to the
cytoplasm, where they stimulate the ﬁnal processing of the 18S
rRNA by the endonuclease Nob135 and that this might involve
a larger fraction of Prp43 than previously anticipated.
Our ﬁndings also raise questions about the function of
Prp43 together with Cmg1. Our data suggest that this complex
is formed in the cytoplasm, but since deletion of Cmg1 does
not affect pre-rRNA processing (data not shown), it is unlikely
that Cmg1 participates in the described cytoplasmic role of
Prp43 in the ﬁnal steps of 18S rRNA maturation. It is likely
that Cmg1 and Prp43 act together on other cytoplasmic substrates, which remain to be identiﬁed. However, since Cmg1, in
contrast to other G-patch proteins, does not directly contact
RNA, the identiﬁcation of such targets is challenging. Furthermore, as Cmg1 is normally expressed at much lower levels than
Prp43 (less than 10%),43 putative cytoplasmic targets of the
Prp43-Cmg1 complex likely evade detection among the multitude of nuclear Prp43-interacting RNAs. Prp43 has been shown
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Figure 6. G-patch protein overexpression leads to defects in ribosome biogenesis.
(A) Scheme of the 35S pre-rRNA transcript, which contains the sequences of the
mature 18S, 5.8S and 25S rRNAs. (B) Total RNA was isolated from yeast cells with
or without overexpression of the individual G-patch proteins indicated, RNA was
separated by denaturing agarose gel electrophoresis and analyzed by Northern
blotting using probes for the detection of rRNA precursors (indicated on the left).
The 35S pre-rRNA is marked by an arrowhead. (C) Levels of the 35S rRNA precursor
transcript in three independent experiments were quantiﬁed, normalized to the
scR1 RNA (loading control) and the wildtype, and are presented as mean C/¡
SEM.

to mediate the dissociation of aberrant and late spliceosomes
and to release small nucleolar RNPs from pre-ribosomal complexes, suggesting a general role of this RNA helicase in the disassembly of RNP complexes.19,34,44,45 It is possible, therefore,
that Cmg1 and Prp43 function together in other RNP restructuring events in the cytoplasm.
Interestingly, our data show that in addition to the cytoplasmic pool, a fraction of Cmg1 is localized in the mitochondrial IMS (Fig. 3). Cmg1 does not contain a classical
N-terminal target sequence and N-terminal tagging did not
abolish import into the IMS, suggesting that Cmg1 might
be transported across the outer membrane via the MIAdependent pathway.46 Our data show that overexpression of
Cmg1 decreases cell survival after induction of apoptosis,
implying that Cmg1 functions in promoting apoptosis.
Since overexpression of a truncated form of Cmg1, from
which the G-patch domain is absent, also decreased survival
of yeast cells after acetic acid treatment, it is likely that this
function of Cmg1 is independent of an interaction with an
RNA helicase. Similar to our ﬁndings for Cmg1, a helicaseindependent function has also been described for the
human homolog of Pxr1, PINX1.47 While the roles of the
other G-patch proteins in pre-mRNA splicing and ribosome
biogenesis are thought to be mediated via their helicase
interaction partners, PINX1 was shown to independently
act in telomerase regulation by sequestering the catalytic
subunit Est2 in an inactive complex.48
Together, our ﬁndings suggest that cofactor levels and
availability can regulate the distribution of a multifunctional
RNA helicase between different pathways and thereby modulate its activity in target complexes (Fig. 7). We also observed
that the G-patch domains of Pxr1 and Sqs1 showed stronger

competition than the domain of Cmg1 for the Prp43-Spp382
interaction. Although regions of the proteins other than the
G-patch domain are suggested to also contribute to interactions with Prp43,38,49 our data suggest different afﬁnities of
the G-patch proteins for the RNA helicase. Interestingly, the
ability of the G-patch domains of Spp382, Sqs1 and Pxr1 to
outcompete that of Cmg1 correlates with the lower conservation of the G-patch domains of Cmg1 and especially Spp2
(Fig. S4), which does not stably bind to Prp43. Future structural analysis of G-patch-RNA helicase complexes will reveal
which residues in the G-patch domain mediate the interaction
and how speciﬁcity for the cofactor is conferred. In addition,
there might be further levels of regulation, such as cofactor
multimerisation as proposed for Sqs1 and Pxr127 and posttranslational modiﬁcation of G-patch proteins (see, for example, extensive phosphorylation of Spp382; ref.50), which might
modulate their interaction with the target helicases.
Our ﬁndings highlight the importance of cofactor identiﬁcation for understanding the cellular functions of RNA
helicases. G-patch proteins in particular are found in
many eukaryotes and likely represent the largest family of
RNA helicase cofactors.14,15 The more than 20 human Gpatch proteins include factors involved in angiogenesis,
splicing, transcription regulation, and tumor suppression
(see, for example, refs.51,52). Interestingly, G-patch proteins
are also encoded by various retroviruses.14 As retroviruses
rely on cellular RNA helicases for their replication,53 it
seems likely that they make use of their own G-patch proteins and other factors to recruit and redirect cellular
RNA helicases to the viral replication machinery. Understanding the modulation of cellular RNA helicases by viral
binding partners might allow the development of anti-viral
drugs that speciﬁcally interrupt such interactions. Our
ﬁndings now provide a mechanism for the regulation of
multifunctional RNA helicases and thereby a foundation

Figure 7. Scheme of the localisations of Prp43 and its G-patch protein cofactors.
Prp43 is largely localized in nucleoli (No) where it is involved in ribosome synthesis
and likely interacts with Pxr1/Gno1 and Sqs1/Pfa1. Prp43 is also found in nucleoplasm, where it acts in splicing with Spp382/Ntr1, and it is present in the cytoplasm, possibly binding Sqs1 or Cmg1. Dotted arrows indicate the exchange of
Prp43 between its different cofactors.
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for the analysis of their modulation by cofactors on a cellular level and in disease.

Materials and methods

MgCl2. 20 nM, 10 nM and 5 nM RNA, respectively, were
titrated with Prp43 in the absence of cofactors, or in presence
of 5 mM Spp382 51–110 or Cmg1. Data were analyzed using
the Hill equation for Prp43 alone (n D 2), or using a 1:1
binding model for Prp43 in presence of cofactors (eq. 1).
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Expression and puriﬁcation of recombinant proteins
His10-ZZ-TEV-tagged54 Prp43, Prp43 1–657, Prp43 92–767,
Cmg1, Spp2, Spp382 51–110, His10-MBP-TEV-tagged Sqs1
705–767, Cmg1 1–85, Pxr1 1–82, Spp2 92–157 and His-GFPtagged Prp43 were expressed in Escherichia coli BL21 (DE3),
bacteria lysed in a buffer containing 50 mM Tris/HCl pH 7.4,
600 mM NaCl, 10 mM imidazole, 0.1 mM PMSF, 1 mM MgCl2
and fusion proteins retrieved from soluble extracts on cOmplete His-tag Puriﬁcation Resin (Roche). Wash steps initially
using 50 mM Tris/HCl pH 7.4, 1 M NaCl, 10 mM imidazole,
0.1 mM PMSF, 1 mM MgCl2 followed by 50 mM Tris/HCl pH
7.4, 150 mM KCl, 5 mM MgCl2, 1 mM ATP and 50 mM GTP
were performed to remove contaminating proteins and chaperones. Elution by 500 mM imidazole in a buffer containing
50 mM Tris/HCl pH 7.4, 150 mM NaCl, 1 mM MgCl2 was followed by size exclusion chromatography and puriﬁed proteins
were stored in buffer containing 20 % (v/v) glycerol.
Protein interaction analysis
In vitro binding experiments with recombinant proteins were
performed essentially as previously described.55 Brieﬂy, His10ZZ-TEV-tagged Cmg1/Spp2 (Fig. 1B) were immobilised on
IgG sepharose (GE Healthcare) and incubated with GFPtagged Prp43 in a buffer containing 50 mM Tris/HCl pH 7.4,
100 mM NaCl, 1.5 mM MgCl2 and 2 mM ß-mercaptoethanol.
Prey proteins were eluted in buffer containing 50 mM Tris/
HCl pH 7.4 and 2 M MgCl2 and both inputs and eluates separated by SDS PAGE and analyzed by Coomassie staining
(Fig. 1B). Alternatively, Prp43/Prp43 1–657/Prp43 92–767
(Fig. 1D) were immobilised on IgG sepharose and incubated
with MBP-tagged Cmg1 or Cmg1 1–85 in a buffer containing
50 mM Tris/HCl pH 7.5, 100 mM NaCl, 1.5 mM MgCl2,
1 mM ß-mercaptoethanol and 2 mg/mL BSA. After washing
with the buffer lacking BSA, both bait and prey proteins were
eluted using 0.5 M HAc pH 3.4 and inputs and eluates were
analyzed as above (Fig. S1A and Fig. 1D). In the case of the
competition experiments (Fig. 4), a binding experiment using
His10-ZZ-TEV-tagged Spp382 G-patch domain (amino acids
51–110) and GFP-tagged Prp43 was performed as described
above, but MBP-Sqs1 705–767, MBP-Pxr1 1–82, MBP-Cmg1
1–85 or MBP-Spp2 92–157 were used as competitors in ratios
of 1:1 and 5:1 compared to the immobilised His10-ZZ-TEVtagged Spp382 G-patch domain. Eluted GFP-Prp43 was quantiﬁed by ﬂuorescence quantiﬁcation. Pulldown assays from
soluble yeast extracts (Fig. 1A) were performed as previously
described.13
Anisotropy measurements
Fluorescence anisotropy titrations of ﬂuorescein-labeled 11 nt
RNA were performed in a Jobin Yvon Fluoromax3 spectrometer at 37 C in 45 mM Tris/HCl pH 7.4, 25 mM NaCl, 2 mM
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where r0 is the anisotropy of the free RNA, Drmax is the amplitude, and [Prp43]tot and [RNA]tot are the total concentrations
of Prp43 and RNA.
Steady-state ATP hydrolysis
The steady-state ATPase activity of Prp43 was monitored as a
decrease of absorption at λ D 340 nm in a coupled enzymatic
assay that couples ATP hydrolysis to the oxidation of NADH
to NADC.56 Assays were performed using 400 nM Prp43,
250 nM Prp43 with 1 mM cofactor (Spp382 51–110 or Cmg1)
in 45 mM Tris/HCl pH 7.4, 25 mM NaCl, 2 mM MgCl2, and
4 mM ATP and indicated concentrations of 11 nt RNA. Reactions were supplemented with 1 mM PEP, 20 U/ml pyruvate
kinase, 20 U/ml LDH and 300 mM NADH and absorbance at
340 nm measured using a BioTEK Synergy HT microplate
spectrophotometer equipped with Gene5 software. ATPase
rates were determined from the decrease in A340, and kcat and
KM values were obtained using Michaelis-Menten equation.
Yeast two-hybrid analysis
The bait plasmid pGBKT7 for expression of a fusion to the
GAL4 DNA binding domain (GAL4-BD) and the prey plasmid
PGADT7 for expression of a fusion to the GAL4 activation
domain (GAL4-AD) were co-transformed into the reporter
yeast strain PJ69-4A.57 The transformants were spotted in a 10fold serial dilution on SDC-Trp-Leu, and SDC-Trp-Leu-His
and grown at 30 C. As a positive control, the combination of
plasmids GAL4-BD-Swm2 and GAL4-AD-Tgs1 was used.58
Yeast strains and protein expression/localization analysis
Yeast strains expressing fusion proteins and deletion strains
were generated as previously described.59,60 For ﬂuorescence
microscopy, yeast cells were grown in minimal medium to
exponential phase and the cellular localization of ﬂuorescent
fusion proteins was analyzed using a DeltaVision microscope
and the softWoRx (AppliedPrecision) software and 10 cycles of
deconvolution. The Nop1-mRFP nucleolar marker protein was
expressed from a pRS415 vector derivative. To monitor protein
expression levels, yeast cells were grown in exponential phase
before harvesting, lysis and precipitation of proteins using 15%
trichloroacetic acid. Proteins were then separated by SDS
PAGE and analyzed by Western blotting using the indicated
antibodies. Yeast strains used are listed in Table S1.
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Cell survival assays
Cell survival assays were performed as described.61
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Isolation of mitochondria and suborganellar protein
localization
Mitochondrial isolation and sublocalisation assays were performed following the protocol previously described.41 For the
analysis of suborganellar protein localization, isolated mitochondria were untreated or converted to mitoplasts by hypotonic swelling in EM buffer (1 mM EDTA, 10 mM MOPS pH
7.2) or lysed in 1% Triton X-100 before treatment with different
concentration of Proteinase K (0, 20 and 100 mg/ml) for 15 min
at 4 C. Samples were precipitated with TCA and analyzed by
SDS PAGE and Western blotting.
RNA analysis
RNA isolation and Northern transfer and hybridization were
performed as previously described.11,34 Probes used for prerRNA detection hybridize to sequences in the internal transcribed spacer 1 (probe 004: CGGTTTTAATTGTCCTA) and 2
(probe 020: TGAGAAGGAAATGACGCT). A probe against
scR1 RNA (ATCCCGGCCGCCTCCATCAC) was used as
loading control and band intensities were quantiﬁed using the
ImageQuant software.
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