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Abstract 

DEAD-box helicases are essential for gene expression and RNA metabolism. However, the mechanisms regulating their activity remain largely 
elusiv e. T he DEAD-bo x helicase DDX39B/UAP56 f orms a 2:1 comple x with the C-terminal domain (CTD) of RNA-binding protein Tho1, but the 
functional rele v ance of this interaction is still elusiv e. Here, w e sho w that the T ho1-CTD stimulates the helicase activity of Sub2, the y east 
homologue of DDX39B/UAP56, by acting as a rigid scaffold that promotes Sub2 oligomerization on RNA. T he T ho1-CTD has tw o conserv ed α- 
helical motifs, each interacting with one Sub2, and we demonstrate that both motifs are essential for the stimulation. This scaffolding mechanism 

is shared across species, as the Tho1 ortholog MOS11 from Arabidopsis thaliana stimulates A. thaliana UAP56. Interestingly, MOS11 has five 
of the conserved α-helical motifs, which are connected by flexible linkers. We show that the number and spatial separation of these motifs 
are critical for stimulation and that MOS11 stimulates unwinding on a broader range of substrates than the T ho1-CTD. T he cof actor-mediated 
helicase oligomerization is reminiscent of the self-oligomerization observ ed f or other DEAD-box helicases. Furthermore, our data illustrate how 

cofactor architecture affects substrate specificity and provide a comprehensive mechanistic framework for cofactor-mediated helicase activation. 
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ntroduction 

EAD-box helicases form the largest group of RNA helicases
nd play central roles in all steps of RNA metabolism [ 1 , 2 ].
nlike processive helicases that translocate along their nucleic
cid substrates to separate double-stranded regions, DEAD-
ox helicases unwind RNA duplexes by a local strand sepa-
ation mechanism that does not involve translocation [ 3 ]. In-
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stead, they bind RNA in an ATP-dependent manner, leading
to the destabilization of double-stranded structures and sub-
sequent strand separation [ 1 , 4 ]. The unwinding efficiency of
DEAD-box helicases is affected by several factors, including
the length and stability of the double-strand, the presence of
single-stranded extensions to the duplex [ 5 –9 ] and, in some
cases, helicase oligomerization [ 10 –12 ]. Furthermore, DEAD-
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box helicases are often part of large multisubunit complexes
[ 1 ] in which their ATPase activity and/or RNA affinity are
regulated by other proteins [ 13 –15 ]. However, the underly-
ing mechanisms as well as the specific contributions to cellu-
lar processes of many DEAD-box helicases are often not fully
understood. 

The DEAD-box helicase Sub2 from Saccharomyces cere-
visiae (ortholog of human DDX39B/UAP56) is involved in
multiple steps of gene expression, including mRNA splicing,
3 

′ end processing, and nuclear mRNA export as a compo-
nent of the conserved TREX complex [ 16 –20 ]. In addition
to Sub2, TREX consists of the heteropentameric THO com-
plex (Tho2, Hpr1, Mft1, Thp2, and Tex1), the RNA annealing
protein Yra1 (ALYREF in humans) and the SR-like proteins
Gbp2 and Hrb1 [ 20 , 21 ]. Defects in the THO complex, Yra1
or Sub2 cause a nuclear mRNA export defect, increased re-
combination and genome instability—the latter of which is
often linked to RNA:DNA hybrid (R-loop) formation [ 8 , 22 ,
23 ]. Within the TREX complex, Sub2’s activity is regulated by
its interactions with Yra1 and the THO complex [ 24 –26 ]. 

Another interaction partner of Sub2 is Tho1, a protein also
involved in mRNP biogenesis [ 27 ]. Deletion of MOS11 , the
Tho1 ortholog in Arabidopsis thaliana , leads to a nuclear
mRNA export defect [ 28 ]. The human Tho1 ortholog SARNP
(also CIP29) is essential for nuclear mRNA export and cell vi-
ability and is upregulated in cancer cells [ 29 , 30 ]. In contrast,
deletion of THO1 in S. cerevisiae has no apparent phenotype
[ 27 ]. However, overexpression of either Tho1 or Sub2 sup-
presses the hyperrecombination phenotype as well as the nu-
clear mRNA export and growth defects in cells with a defec-
tive THO complex [ 27 , 31 , 32 ]. This suggests that the cellular
functions of Tho1 and Sub2 either overlap or that Tho1 exerts
this effect by enhancing Sub2’s activity. Indeed, both SARNP
and MOS11 stimulate the helicase activity of their respective
Sub2 orthologs through a hitherto unknown mechanism [ 25 ,
26 , 33 , 34 ]. 

A direct interaction between the C-terminal domain (CTD)
of Tho1 and Sub2 was predicted in a proteome-wide 3D struc-
ture modelling effort covering > 900 potential yeast protein
complexes [ 35 ]. This prediction was later supported by a co-
crystal structure, which revealed a 2:1 complex formed by hu-
man DDX39B/UAP56 with the Tho1-CTD from S. cerevisiae
[ 36 ]. The interaction is mediated by a tandem repeat of an α-
helical motif of Tho1 that is conserved in the Tho1 orthologs
SARNP and MOS11 [ 36 , 37 ] and has been termed DDX39B
interacting motif [ 36 ] or UAP56 clamping motif [ 38 ]. While
the two motifs within the Tho1-CTD are connected by a short
linker and constitute two antiparallel helices, the orthologs
contain a larger number of helical motifs connected by flex-
ible linkers, allowing for more structural diversity [ 36 , 37 ].
However, the functional significance of this interaction and
the role of multiple helical motifs in Tho1 orthologs remain
elusive. 

Here, we demonstrate that the Tho1-CTD is sufficient to
suppress the thermosensitive (ts) phenotype of cells lacking
the THO complex component Hpr1. Importantly, the Tho1-
CTD enhances Sub2’s helicase activity by serving as a scaffold
that bridges two helicase protomers on an RNA substrate. Sin-
gle point mutations in either one of the conserved interaction
motifs, restricting complex formation to a 1:1 stoichiometry,
abolishes this stimulation as well as the ts phenotype suppres-
sion. Likewise, the A. thaliana ortholog MOS11 requires at

least two of its helical motifs to stimulate UAP56’s helicase ac- 
tivity. However, compared to the Tho1-CTD, MOS11 exerts 
this stimulation across a broader range of RNA substrates,
probably either due to the larger motif number or due to 

their greater three-dimensional flexibility. Together, our find- 
ings suggest an evolutionarily conserved mechanism for heli- 
case activation: a cofactor-mediated oligomerization in which 

the cofactor’s architecture specifies the substrate range. 

Materials and methods 

Cloning 

Esc heric hia coli strains, plasmids, and primers are listed in 

Supplementary Tables S2 –S 4 , respectively. Genes encoding 
Sub2 and Tho1 wild-type proteins were amplified from S.
cerevisiae (W303) genomic DNA. cDNA from A. thaliana for 
amplification of the gene encoding UAP56 and MOS11 was 
generously provided by Prof. Dr Karl-Heinz Kogel (Justus 
Liebig University Giessen). Mutants were constructed based 

on the published Sub2/DDX39B:Tho1-CTD interface [ 35 ,
36 ]. Cloning was done by Gibson Assembly. The pT7 ex- 
pression vector for protein expression in E. coli introduces 
a hexa-histidine (6xHis) tag followed by a TEV cleavage site 
(ENLYFQG) at the N-terminus of the respective protein. For 
overexpression of Tho1 variants in yeast cells, the high-copy 
plasmid pRS424 was used. For genomic integration of THO1 

variants, PCR fragments containing flanking regions homol- 
ogous to the endogenous THO1 locus were amplified from 

plasmid YEpGal ( Supplementary Fig. S14 A) and used for ho- 
mologous recombination. All DNA sequences were verified by 
Sanger sequencing. 

Yeast strains 

Yeast strains are listed in Supplementary Table S5 . All strains 
derived from strain W303 are referred to as wild type. 

Dot spot assay 

For dot spot assays shown in Fig. 1 , 10-fold serial dilutions 
of wild-type and Δhpr1 cells transformed with the high-copy 
vector pRS424 expressing Tho1 or the Tho1-CTD were spot- 
ted onto SDC (-trp) plates and grown at the indicated tem- 
peratures. For dot spot assays in Fig. 4 , THO1-CTD variants 
were overexpressed from the GAL promoter via integration at 
the endogenous THO1 locus ( Supplementary Fig. S14 ). The 
plates were imaged after 3 days. Quantification of dot spots 
was performed as described in [ 39 , 40 ]. 

Western blot 

To verify the expression of Tho1 mutants, wild-type and 

Δhpr1 cells were grown in SDC (-trp) medium to an OD 600 

of 0.6 and harvested. Cell pellets were lysed using alkaline 
lysis and proteins precipitated with TCA [ 41 ]. Total pro- 
tein was separated by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis (SDS–PAGE) and transferred onto a ni- 
trocellulose membrane (Porablot, Macherey, and Nagel). The 
respective primary antibody and a horse-radish peroxidase- 
coupled secondary antibody were applied. For visualization,
CheLuminate-HRP PicoDetect ECL kit (AppliChem) and 

ChemoCam Imager (Intas) were used. The following primary 
antibodies were used: Pgk1 monoclonal antibody (22C5D8,
459 250, Invitrogen) and Tho1 polyclonal antibody (Pineda 
Lab). 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
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rotein purification 

is-tagged proteins were expressed in E. coli Rosetta (DE3)
ells and grown in LB medium containing respective antibi-
tic for selection (25 μg/ml). Bacteria were grown at 37 

◦C
o an OD 600 of 0.7, induced with 1 mM isopropyl beta- d -
hiogalactoside (IPTG) and cultured overnight at 20 

◦C. Har-
ested cells were lysed in lysis buffer [50 mM HEPES pH 7.5,
50 mM KCl, 10% (v/v) glycerol, 0.15% (v/v) NP-40, and
5 mM imidazole] by sonication, followed by ultracentrifu-
ation (164 700 RCF at 4 

◦C for 45 min). The supernatant
as subjected to nickel affinity purification with Protino 

® Ni-
DA columns (Macherey–Nagel). Columns were washed five
imes with buffers of varying KCl concentrations (300, 500,
00, 1000, and again 150 mM), and proteins were eluted with
lution buffer containing imidazole [50 mM HEPES pH 7.5,
50 mM KCl, 10% (v/v) glycerol, and 250 mM imidazole].
or Sub2 and UAP56, protein-containing fractions were in-
ubated with TEV protease overnight at 4 

◦C. To remove the
EV protease and nonspecific proteins, gel filtration was per-

ormed with a Superdex 200 10/300 GL (Cytiva) column in
el filtration buffer [50 mM HEPES, pH 7.5, 50 mM KCl,
0% (v/v) glycerol]. All buffers for Sub2/UAP56 purification
ontained 2 mM of TCEP. For Tho1-CTD and MOS11 vari-
nts, Ni-IDA fractions were buffer-exchanged into gel filtra-
ion buffer using Zeba Spin desalting columns (10K MWCO,
hermo Fisher Scientific). The His-tag was cleaved by TEV
rotease overnight at 4 

◦C. To remove the His-tagged TEV pro-
ease and remaining His-tagged proteins, samples were passed
hrough Ni-NTA Agarose (Macherey-Nagel) and further pu-
ified by gel filtration with a Superdex 75 10/300 GL (Cytiva)
olumn. All purified proteins were flash-frozen in liquid ni-
rogen and stored at −80 

◦C. Protein concentration was mea-
ured using NanoDrop for Sub2 and UAP56 or BCA assay for
ho1-CTD and MOS11 variants. 

NA substrate preparation 

ligonucleotides used for the helicase assays were designed
ased on the sequences published in [ 42 , 43 ] and are listed
n Supplementary Table S6 . For (partial) duplex nucleic acid
ubstrates, complementary RNA or DNA strands were com-
ined in a 1:1 ratio at 1 μM each in annealing buffer (10 mM
EPES, pH 7.5, 50 mM KCl). The mixture was heated to

5 

◦C for 10 min in a thermocycler, then gradually cooled by
 

◦C increments every 5 min until reaching 4 

◦C. 

eal-time fluorescence unwinding assay 

he real-time fluorescence helicase assay was modified accord-
ng to [ 44 ]. The 13 nt top strands were labelled with 6-FAM or
HQ-2, 13 nt and 38 nt bottom strands with Cy5. Reactions
ere carried out at 23 

◦C in a 96-well plate (Greiner 96 Flat
ottom Black Polystyrene) using Tecan Infinite F Plex plate
eader. Fluorescence from the 6-FAM donor ( F D | D 

) was mea-
ured at 535 nm (25 nm bandwidth) with excitation at 485
m (20 nm bandwidth). Cy5 (acceptor) fluorescence was mea-
ured at 670 nm (20 nm bandwidth), either with excitation
t 620 nm (10 nm bandwidth) as F A | A 

, or with excitation at
35 nm as F A | D 

[ 45 ]. Strand separation was monitored by in-
reasing F D | D 

intensity and decreasing F A | D 

intensity. Fraction
uplex was calculated by normalizing the buffer-corrected ac-
eptor fluorescence signal after donor excitation ( F A | D 

) to sig-
als of reactions without protein. Donor bleed-through and
cceptor crosstalk was measured and found to be negligible
(see Supplementary Table S1 and Supplementary Fig. S3 for
further information). Fluorescence anisotropy was measured
at 535 nm (25 nm bandwidth) following excitation at 485
nm (20 nm bandwidth) [ 46 ]. For substrates containing BHQ-
2 and Cy5, unwinding was measured by increasing Cy5 in-
tensities using an excitation wavelength of 620 nm (10 nm
bandwidth) and emission wavelength of 670 nm. Fraction un-
wound was calculated by normalizing measured Cy5 intensi-
ties to signal obtained from a Cy5-labelled 38 nt RNA. Un-
less stated otherwise, Sub2/UAP56 in a final concentration of
1 μM in 200 μl was pre-incubated for 10 min in 90 μl heli-
case buffer (50 mM HEPES–KOH, pH 7.5; 4 mM TCEP, pH
7.0) containing 2 mM ATP and 1 mM MgCl 2 . Reactions were
carried out under multiround conditions and started by addi-
tion of 100 μl substrate solution (final concentration 10 nM).
For two-phase measurements, unwinding stimulation was ini-
tiated after 15 min by addition of 10 μl Tho1-CTD/MOS11
solution (final concentration 2 μM) and reactions were mon-
itored for another 45 min. 

Stopped-flow measurements for fast unwinding 

kinetics 

To capture the initial seconds of fast unwinding reactions, ex-
periments were conducted using a stopped-flow device (SF-
61SX2, TgK Scientific, Bradford-on-Avon, UK) with an LED
light source (LED L470A with prefilter SP OD4 500 nm, 12.5
mm) for excitation. Donor fluorescence was detected using
an ET525/50 band-pass filter (Chroma Technology, Olching,
Germany), and acceptor fluorescence with an ET670/50 band-
pass filter (Chroma Technology). Buffer conditions were the
same as in the plate reader assay. Syringe 1 contained 2 μM
Sub2 with or without 1 μM Tho1-CTD, preincubated for 10
min. Syringe 2 contained 20 nM RNA substrate. Reactions
were initiated by mixing the contents of both syringes in a
1:1 ratio, resulting in final concentrations of 1 μM Sub2, 0.5
μM Tho1-CTD, and 10 nM RNA. Unwinding was monitored
over a 5-min period. Data were analysed using Origin Pro
(version 2024b; OriginLab Corporation, Northampton, MA,
USA). Fraction duplex was calculated by normalizing buffer-
corrected fluorescence values to the initial signal at the start
of the reaction. 

Heterobifunctional crosslinking 

Heterobifunctional crosslinking with S-{4-[(2,5-Dioxo-1-
pyrrolidinyl)oxy]-4-oxobutyl} methanesulfonothioate (MTS-
4-NHS, Biozol) was performed following a protocol adapted
from [ 47 ]. The reaction was conducted in 20 μl of crosslinking
buffer [50 mM HEPES, pH 7.5, 50 mM KCl, 10% (v/v) glyc-
erol, 0.5 mM MgCl 2 ] with or without 1 mM AMPPNP and
2.5 μM 38 nt RNA. UAP56 (5 μM) and Tho1-CTD (2.5 μM)
were incubated together for 3 min. Unless otherwise spec-
ified, the crosslinking reaction was initiated by adding 500
μM MTS-4-NHS and terminated after 5 min by adding Tris-
containing 4 × SDS loading dye [250 mM Tris–HCl, pH 6.8,
9% (w/v) SDS, 40% (v/v) glycerol, 0.2% (w/v) bromophenol
blue]. The samples were boiled for 2 min at 95 

◦C and 17 μl of
the reaction loaded onto a 12% SDS–PAGE gel. Protein bands
were visualized using Coomassie blue staining. 

Electrophoretic mobility shift assay 

Electrophoretic mobility shift assay (EMSA) experiments were
performed to test ternary complex formation. Sub2 mutants

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
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(5 μM) and the Tho1-CTD (10 μM) were pre-incubated in 12
μl binding buffer [20 mM MES, pH 6.5, 4 mM TCEP, 10%
(v/v) glycerol] with 1 mM AMPPNP and 0.5 mM MgCl 2 for
10 min. 6-FAM-labelled 13 nt RNA (100 nM) was added to
the reaction and incubated for 15 min. Samples were visu-
alized after native polyacrylamide gel electrophoresis (10%
polyacrylamide in TBE buffer) at 100 V for 75 min using im-
ager Typhoon FLA 9500. 

Statistical analysis 

Data shown as mean ± standard deviation (error bars) derives
from at least three independent replicates. Statistical signifi-
cance was calculated using a two-sided Student’s t -test with
∗: P value ≤ .05, ∗∗: P -value ≤ .01, and ∗∗∗: P -value ≤
.001. For statistical analysis of data in Fig. 7 C and D and
Supplementary Fig. 23 , data were normalized to the control
(UAP56, “–”) within each experiment to account for batch
effects. Fold change (FC) values represent the ratio of veloc-
ity in the presence of MOS11 variant to that of the control.
Statistical significance was assessed using a one-sample t -test
against a null mean of 1.0. P -values were corrected for multi-
ple comparisons using the Benjamini–Hochberg procedure to
control the false discovery rate (FDR). Significance levels are
indicated as ∗: P < .05, ∗∗: P < .01, and ∗∗∗: P < .001. Data
can be found in Supplementary Dataset 4 . 

Results 

Overexpression of the Tho1-CTD suppresses the ts 

phenotype of Δhpr1 cells 

The conserved mRNP component Tho1 is an interaction part-
ner of Sub2, and overexpression of either Tho1 or Sub2 sup-
presses phenotypes occurring in cells lacking the THO com-
ponent Hpr1 [ 27 , 31 , 32 ] . Tho1 contains an N-terminal SAF-
A/B, Acinus, and PIAS (SAP) domain (aa 4–38) (Fig. 1 A),
which binds DNA, but not RNA [ 27 , 37 ]. A 168 aa Tho1
fragment (aa 51–218) lacking this domain binds RNA and,
when overexpressed, suppresses the ts phenotype of Δhpr1
cells [ 27 ]. In addition to two longer unstructured regions, this
fragment includes Tho1’s second structured domain, the CTD,
which is composed of the two above-mentioned antiparallel
α-helices with their highly conserved sequence motifs as well
as a third, short, and not conserved helix [ 36 , 37 ]. Since the
interaction of this CTD with Sub2 might be crucial for the
suppression of the growth defect occurring in Δhpr1 cells, we
assessed whether the Tho1-CTD (aa 117–183) suppresses the
ts phenotype at 37 

◦C. Indeed, overexpression of the Tho1-
CTD supresses the growth defect of Δhpr1 cells similarly to
the overexpression of full-length Tho1 (Fig. 1 B and C and
Supplementary Fig. S1 ). Thus, the Tho1-CTD is sufficient for
suppression of the ts phenotype of Δhpr1 cells. 

The Tho1-CTD stimulates unwinding of RNA 

duplexes by Sub2 

To assess how the Tho1-CTD suppresses the ts phenotype
of Δhpr1 cells, we tested its effect on Sub2’s helicase activ-
ity, since the Tho1 orthologs SARNP (human) and MOS11
( A. thaliana ) stimulate the helicase activity of their respective
Sub2 orthologs, DDX39B/UAP56 in human and UAP56 in A.
thaliana [ 25 , 26 , 34 ]. To determine helicase activity, we used a
real-time unwinding assay based on the decrease in the FRET
from the donor dye 6-carboxyfluorescein (6-FAM), attached
to the shorter strand, to the acceptor dye cyanine 5 (Cy5), at- 
tached to the longer strand, of a partial duplex RNA (pdRNA) 
(Fig. 2 A and Supplementary Figs S2 and S3 ) [ 48 , 49 ]. Unwind- 
ing of this substrate was monitored for 15 min in the presence 
of Sub2 (phase 1). Then, either buffer or the Tho1-CTD was 
added, and unwinding measured for further 45 min (phase 
2). In addition, fluorescence anisotropy of 6-FAM was mea- 
sured over the whole assay to monitor protein-RNA binding 
( Supplementary Fig. S4 A and B). 

The Tho1-CTD alone neither bound to the pdRNA nor 
led to its unwinding (Fig. 2 B and Supplementary Fig. S4 A),
consistent with the report that a recombinant protein mainly 
consisting of this CTD (aa 119–183) exhibits no potential to 

bind RNA [ 37 ]. Sub2 alone bound the pdRNA almost imme- 
diately ( < 1 min), but unwinding was slow . Importantly , addi- 
tion of the Tho1-CTD increased the extent of unwinding by 
Sub2 by twofold without affecting RNA binding (Fig. 2 B and 

D and Supplementary Figs S2 B and S4 A). The observed stim- 
ulation was concentration-dependent, reaching maximum at 
micromolar Tho1-CTD concentrations ( Supplementary Fig. 
S5 ). Notably, the fluorescence anisotropy did not further in- 
crease upon addition of the Tho1-CTD and did not exceed 

the maximal values obtained for a single-stranded substrate 
( Supplementary Fig. S4 B and C). Fluorescence anisotropy 
is influenced not just by the molecular mass of the nucleic 
acid-protein complex, but also by the local mobility of the 
fluorophore (such as 6-FAM) attached to the nucleic acid.
The flexibility of the fluorophore’s linker and its environ- 
ment can allow significant local motion, reducing the observed 

anisotropy and masking the effects of global size changes 
[ 50 ]. Hence, the absence of a measurable additional change 
in anisotropy does not exclude association of the Tho1-CTD 

to the Sub2-pdRNA complex. 
To rule out a fluorophore-specific effect caused by 6-FAM,

stimulation of the Tho1-CTD on Sub2 was confirmed in a 
different setup using a pdRNA substrate with a 13 nt top 

strand labelled with a black hole quencher-2 (BHQ2) [ 44 ] 
( Supplementary Fig. S6 ). Taken together, we conclude that the 
Tho1-CTD stimulates Sub2’s helicase activity. 

The stimulation of Sub2’s helicase activity by the 

Tho1-CTD depends on their direct interaction 

Next, we investigated whether and if so, how, the ob- 
served stimulation depends on the physical interaction be- 
tween Sub2 and the Tho1-CTD. To generate a Sub2 mu- 
tant deficient in Tho1-CTD binding, a structural model of 
the Tho1-Sub2 complex, which agrees well with the exper- 
imentally determined structure of the Tho1-CTD and hu- 
man DDX39B/UAP56 (rmsd of 0.607 Å for Tho1-CTD and 

DDX39B aa 258–426), was used (Fig. 2 C) [ 35 , 36 ]. Based 

on this model we generated the Sub2 mutant Sub2-D302R 

( Supplementary Figs S7 and S8 A), as the corresponding mu- 
tation in human DDX39B/UAP56 (D283R) abolishes the in- 
teraction with SARNP [ 36 ]. 

Sub2 and Sub2-D302R exhibited comparable unwind- 
ing and RNA-binding properties and a similar overall con- 
formation as determined by HDX-MS (Fig. 2 D and E,
Supplementary Figs S8 B and S9 , and Supplementary Dataset 
1 ). Furthermore, this mutation disrupts the interaction with 

the Tho1-CTD as intended, as shown by an electrophoretic 
mobility shift assay with 13 nt 6-FAM-labelled ssRNA and 

Sub2 ( Supplementary Fig. S8 C). Importantly, the helicase 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
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Figure 1. The CTD of Tho1 suppresses the growth defect of Δhpr1 cells. ( A ) Str uct ural model of full-length Tho1 predicted by AlphaFold (AF-P40040-F1). 
( B ) Domain organization of Tho1. The Tho1-CTD truncation mutant consists of amino acids 117–183 and contains two conserved helical motifs (purple 
bo x es). ( C ) Ov ere xpression of the Tho1-CTD suppresses the growth defect of Δhpr1 cells at 37 ◦C as does full-length Tho1. Ten-fold serial dilutions of 
wild-type or Δhpr1 cells o v ere xpressing T ho1 or the T ho1-CTD from the high-cop y plasmid pR S424 w ere spotted onto SDC (-trp) plates and gro wn f or 3 
da y s at the indicated temperatures. W ild-t ype and Δhpr1 cells transformed with pRS424 served as positive and negative control, respectively. 
R epresentativ e result of three experiments. 
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ctivity of Sub2-D302R was no longer stimulated by the
ho1-CTD (Fig. 2 E). Consequently, the direct interaction of
ub2 with the Tho1-CTD is essential for Sub2’s stimulation. 

n ssRNA tail is required for efficient stimulation of
ub2’s unwinding activity by the Tho1-CTD 

ub2 and DDX39B/UAP56 also show helicase activity on
NA/DNA hybrids, a function that might be associated with
-loop resolution [ 8 , 51 ]. This raises the question whether

he Tho1-CTD also stimulates the unwinding of chimeric
artial duplexes by Sub2 (Fig. 3 and Supplementary Fig.
10 ). As expected, a partial DNA/DNA duplex was not un-
ound by Sub2, and the Tho1-CTD had no influence on

his ( Supplementary Fig. S10 B). Compared to the pdRNA
ubstrate, Sub2 unwound RNA/RNA blunt-end and all hy-
rid substrates more efficiently, resulting in a rapid initial de-
rease in fluorescence signal that could not be captured us-
ng a plate reader. To nevertheless monitor the entire time
ourse of the unwinding reaction, stopped-flow measurements
ere performed (Fig. 3 A). For a DNA/RNA hybrid sub-

trate containing an 3 

′ ssRNA tail, unwinding was further
nhanced by the Tho1-CTD (Fig. 3 B). A similar stimulation
as observed for a DNA/RNA hybrid with an 5 

′ ssRNA
ail ( Supplementary Fig. S11 ). Interestingly, Sub2 unwound
he corresponding RNA/DNA hybrid with an 3 

′ ssDNA tail
ven more rapidly than the DNA/RNA hybrid. However, in
his case, the Tho1-CTD provided no significant stimulation
Fig. 3 B). 

To determine whether an ssRNA tail is required for stim-
lation, we tested the unwinding of duplexes without a tail
Fig. 3 C and Supplementary Fig. S10 ). Sub2 unwound the
NA/RNA blunt-end duplex more efficiently than the pdRNA

ubstrate, yet the stimulatory effect of the Tho1-CTD was
significantly reduced. A similar pattern was observed for the
DNA/RNA hybrid lacking an ssRNA tail. Interestingly, un-
winding reactions of the RNA/DNA hybrid were nearly unaf-
fected by the absence of a single-stranded tail. These findings
indicate that while an ssRNA tail negatively impacts Sub2’s
intrinsic unwinding activity, this drawback can be overcome
by the Tho1-CTD-mediated stimulation. 

A structural model of the Sub2-Tho1-CTD complex 

bound to a partial duplex RNA 

To get further insights into the molecular mechanism of how
the Tho1-CTD and the 3 

′ ssRNA tail affect Sub2’s RNA un-
winding activity, AlphaFold 3 [ 52 ] was used to generate mod-
els of the 13/38 pdRNA with two Sub2 protomers and the
Tho1-CTD (Fig. 4 A and Supplementary Fig. 12 ). In these
models, one Sub2 protomer was bound close to the 3 

′ end
of the ssRNA tail of the longer RNA strand, whereas a sec-
ond Sub2 protomer was associated with the same strand at
the RNA/RNA duplex. The Tho1-CTD was positioned be-
tween the two Sub2 protomers, similar to the arrangement
in the crystal structure reported by [ 36 ]. Sub2-D302R, which
was not stimulated by the Tho1-CTD (Fig. 2 ), was fully im-
paired in its interaction with the Tho1-CTD. However, since
the Tho1-CTD contains two interaction interfaces with Sub2,
it remains unclear whether both are required for helicase stim-
ulation. To investigate this, several Tho1-CTD mutants were
generated, targeting highly conserved arginine residues criti-
cal for the interaction. In the first interaction motif, R139 was
replaced by lysine (R139K) or aspartic acid (R139D), while
in the second motif, R159 was mutated accordingly (R159K,
R159D) (Fig. 4 B and Supplementary Fig. S13 A). All Tho1-
CTD mutants failed to stimulate RNA unwinding by Sub2
(Fig. 4 C and Supplementary Fig. S13 B). Attempts to restore

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
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Figure 2. The Tho1-CTD stimulates Sub2’s helicase activity by direct interaction. ( A ) Substrates and scheme of the FRET-based real-time unwinding 
assa y. T he donor dy e 6-carbo xyfluorescein (6-FAM) [ 49 ] and the acceptor dy e Cy5 [ 48 ] are bound to the shorter top and the longer bottom strand of a 
pdRNA, respectively (Förster distance of 6.1 nm). ( B ) The Tho1-CTD stimulates Sub2’s helicase activity. Unwinding of the pdRNA in the presence of 
Sub2 (1 μM) in the first phase of the measurement. Addition of 2 μM Tho1-CTD (filled symbols) in the second phase enhances Sub2-mediated 
un winding. R epresentativ e result of n = 11 experiments. ( C ) Predicted Sub2-Tho1 interaction mediated by the Tho1-CTD (left) and a close-up of the 
interaction interface (right) (DOI: 10.5452/ma-bak-cepc-0534) [ 35 ]. Amino acids mutated in Sub2 (D302) and in the Tho1-CTD (R139) are depicted as 
sticks. ( D ) Sub2-D302R binds to pdRNA as efficiently as the wild-type protein. The Tho1-CTD cannot bind to RNA and does not change fluorescence 
anisotropy of RNA already bound by Sub2 or Sub2-D302R. pdRNA binding by 2 μM Tho1-CTD and 1 μM Sub2 or Sub2-D302R, in the absence or 
presence of 2 μM Tho1-CTD, is shown as fluorescence anisotropy of 6-FAM measured 20 min after the start of the reaction or 5 min after addition of the 
T ho1-CTD, respectiv ely (see Supplement ary Fig . S8 f or e xperiment al det ails). Mean ± SD from n ≥ 6 e xperiments. ( E ) T he helicase activity of 
Sub2-D302R is not stimulated by the Tho1-CTD. Unwinding of pdRNA by 1 μM Sub2 or Sub2-D302R in the absence or presence of the Tho1-CTD (2 
μM). Mean ± SD of fraction duplex, calculated from FRET intensities after 60 min normalized to reactions without protein, from n ≥ 6 experiments. 
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the stimulation by combining a Tho1-CTD-R139D/R159D
mutant with the Sub2-D302R mutant were not successful
( Supplementary Fig. S13 B). 

To test the in vivo function of our Tho1-CTD mutants, their
ability to suppress the ts phenotype of Δhpr1 cells was as-
sessed. Due to highly variable protein levels when express-
ing the Tho1-CTD mutants from a plasmid, we integrated
wild-type THO1 and the different mutant alleles at the en-
dogenous THO1 locus in Δhpr1 cells ( Supplementary Figs S1
and S14 A). This approach ensured stable protein expression
of the Tho1-CTD and its mutants and allowed us to de- 
termine their functional effects in the absence of endoge- 
nous Tho1 ( Supplementary Fig. S14 B and C). Overexpres- 
sion of wild-type Tho1 and the Tho1-CTD from the endoge- 
nous locus successfully suppressed the ts phenotype. How- 
ever, overexpression of either Tho1-CTD mutant (-R139K 

or -R159K) failed to restore growth at 37 

◦C (Fig. 4 D and 

Supplementary Fig. S14 D and E). Taken together, our results 
demonstrate that single point mutations in Tho1-CTD’s inter- 
face with Sub2 disrupt both Sub2 helicase stimulation in vitro 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
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Figure 3. Stimulation of Sub2 unwinding activity by the Tho1-CTD depends on an ssRNA tail. ( A ) Scheme of the real-time unwinding assay performed 
using stopped-flow measurements. Substrates tested include RNA/RNA duplexes (R/R) or DNA/RNA hybrids (D/R and R/D). ( B ) Sub2-mediated 
unwinding is stimulated in the presence of an ssRNA but not by an ssDNA tail. Substrates consist of 13 bp duplexes with 25 nt 3 ′ single-stranded tails. 
( C ) The Tho1-CTD only weakly stimulates unwinding of short 13 bp blunt-end duplexes. Unwinding by 1 μM Sub2 was measured in the absence or 
presence of 0.5 μM Tho1-CTD. Shown are the mean ± SD of n = 3 experiments. 
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nd the Tho1-CTD’s in vivo function, highlighting the impor-
ance of both conserved helical motifs within the Tho1-CTD.

ross-species stimulation of UAP56 by the 

ho1-CTD 

he crystal structure of the yeast Tho1-CTD with human
DX39B/UAP56 implied a conserved interaction between

hese proteins [ 36 ]. Hence, we wondered whether A. thaliana
AP56, which was shown to be stimulated by the Arabidop-

is Tho1 ortholog MOS11 [ 34 ], can also be stimulated by
he Tho1-CTD. Based on an AlphaFold 3-generated struc-
ural model (Fig. 5 A and Supplementary Fig. 15 ), an UAP56-
284R mutant was generated (corresponding to D302R in

ub2) ( Supplementary Fig. S16 ). When compared in our he-
icase assay, the RNA helicase activity of wild-type UAP56
as stimulated by the Tho1-CTD, whereas unwinding of

he UAP56-D284R mutant was not affected (Fig. 5 B). Fur-
thermore, stimulation of wild-type UAP56 was not observed
with the Tho1-CTD mutants Tho1-CTD-R139D, Tho1-CTD-
R159D , and Tho1-CTD-139D/R159D . In summary, these re-
sults indicate that the Tho1-CTD can stimulate UAP56 across
species boundaries, in a manner that requires two intact heli-
cal motifs. 

Helicase stimulation by the Tho1-CTD depends on a
2:1 complex 

As Tho1-CTD mutants with a mutation in either of the two
helical motifs do not stimulate Sub2/UAP56, we wondered
whether they could still form a complex with one helicase
while being deficient in binding to the second. The AlphaFold
3 model revealed a proximity between a non-conserved cys-
teine residue (Cys311) in UAP56 to several lysine residues
of the Tho1-CTD at the protein-protein interface (Fig. 6 A).
We used chemical crosslinking as described in [ 47 ] with the

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data


8 Becker et al. 

Figure 4. Both conserved helical motifs in the Tho1-CTD are required to stimulate Sub2 helicase activity. ( A ) AlphaFold 3 [ 52 ] prediction of a 2:1 complex 
consisting of Sub2 and the Tho1-CTD bound to the pdRNA substrate used for helicase assays. One Sub2 is bound to the duplex region and the second 
Sub2 to the single-stranded 3 ′ tail. ATP is shown in red. ( B ) Close-up of the interaction sites in panel (A). The Tho1-CTD contains two conserved 
sequence motifs, one in each helix (motif 1 and 2). The arginine residues within these motifs used for mutational analysis are highlighted in cyan. ( C ) 
Tho1-CTD mutants with an R-K mutation in motif 1 (R139K) or motif 2 (R159K) do not stimulate Sub2 unwinding. Shown is the fraction duplex after 60 
min incubation with Sub2 (1 μM) in the absence or presence of the indicated Tho1-CTD mutants (2 μM), calculated from FRET intensities normalized to 
reactions without protein. Mean ± SD of n ≥ 3 experiments. ( D ) Overexpression of the Tho1-CTD mutants fails to suppress the growth defect of Δhpr1 
cells at 37 ◦C. Ten-fold serial dilutions of wild-type or Δhpr1 cells overexpressing Tho1 or the Tho1-CTD from genomic integration of the indicated 
constructs at the THO1 locus. Cells were grown for 3 days at the indicated temperatures. W ild-t ype and Δhpr1 cells served as positive and negative 
control, respectively. Representative result of n = 5 experiments. 
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heterobifunctional crosslinker MTS-4-NHS that specifically
targets thiol groups (cysteine residues) and primary amines
(lysine residues) (Fig. 6 B). Already in the absence of RNA, a
new band appeared, indicating a crosslinked complex between
UAP56 and Tho1-CTD (Fig. 6 C). Addition of 38 nt RNA
yielded additional bands suggesting the formation of higher-
order complexes (Fig. 6 C). Notably, these higher-order com-
plexes did not form on shorter RNA (13 nt) ( Supplementary
Fig. S17 ). Liquid chromatography-mass spectrometry (LC–
MS) analysis of the respective bands confirmed crosslinking
of the Tho1-CTD to UAP56 ( Supplementary Fig. S18 and
Supplementary Dataset 2 ). 

To dissect the specific contribution of each protein to the
respective complexes, crosslinking experiments in the absence
of individual components were performed. Omission of the
Tho1-CTD resulted in the disappearance of the prominent
smaller band and of some of the upper bands (Fig. 6 D, com-
pare lanes 2 and 6). The remaining upper bands in lane 6 likely
represent intermolecular crosslinks forming between different
UAP56 protomers, whereas the slight blurring of the lower
band might be due to intramolecular UAP56 crosslinks. In
the absence of UAP56, no additional bands were present (Fig.
6 D, lanes 7–9). Thus, the two prominent bands marked by
empty and filled triangles only appeared in the presence of
both UAP56 and the Tho1-CTD. Their different migration be-
haviour suggested that the lower band (empty triangle) repre-
sented a 1:1 complex of UAP56 and Tho1-CTD, whereas the
higher one (filled triangle) was a 2:1 complex with two UAP56 

and one Tho1-CTD. However, it is difficult to estimate the sto- 
ichiometry from the apparent molecular mass since the mobil- 
ity of crosslinked complexes is also influenced by the crosslink 

position in each of the proteins. 
To circumvent this limitation, the impact of the Tho1- 

CTD interface mutations on crosslinking were tested. While 
the single point mutants (R139D or R159D) still yielded 

the lower complex, the upper complex was no longer dis- 
cernible (Fig. 6 E, lanes 3 and 4, respectively). For the dou- 
ble mutant (R139D/R159D), no UAP56-Tho1-CTD crosslink 

was observed (Fig. 6 E, lane 5). Similarly, the D284R muta- 
tion in UAP56 prevented the formation of crosslinked com- 
plexes with the Tho1-CTD while still allowing the formation 

of intra-molecular crosslinks (Fig. 6 E, lanes 7–9). 
Finally, to rule out nonspecific crosslinking, we performed 

additional crosslink experiments with yeast Sub2. Sub2 con- 
tains six endogenous cysteine residues, but none of these are 
located near the Tho1-CTD interface. No crosslinked com- 
plexes were detectable for Sub2-wt with the Tho1-CTD be- 
yond faint background bands ( Supplementary Fig. S19 ). By 
contrast, introduction of a cysteine at the interface posi- 
tion corresponding to UAP56-C311 (Sub2-S329C) resulted 

in strong, well-defined crosslink bands that mirrored those 
observed for UAP56 ( Supplementary Figs S7 and S19 ). This 
demonstrates that crosslinking occurs specifically at the Tho1- 
CTD interaction site, thereby substantiating the 2:1 complex 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
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Figure 5. The S. cerevisiae Tho1-CTD stimulates A. thaliana helicase 
UAP56. ( A ) AlphaFold 3 [ 52 ] prediction of A. thaliana UAP56 and the S. 
cere visiae T ho1-CTD 2:1 comple x on a 38 nt RNA. ATP is sho wn in red. 
( B ) Mutation of a single conserved helical motif in the Tho1-CTD 

abolishes UAP56 helicase stimulation. Effect of the Tho1-CTD wild-type 
and mutants with an R to D mutation in motif 1 (R139D), motif 2 (R159D) 
or both (R1 39D-R1 59D) on pdRNA unwinding of UAP56 and the interface 
mutant UAP56-D284R. Mean ± SD of fraction duplex, calculated from 

FRET intensities after 30 min normalized to reaction without protein from 

n = 3 experiments. 
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odel and excluding unspecific oligomerization as the source
f the observed bands. 
Altogether, our data show that the Tho1-CTD single mu-

ants can interact with one helicase protomer. Since they are
evertheless incapable of stimulating helicase activity (Fig. 4 ),
hese results confirm that a 1:1 interaction is not sufficient for
timulation, highlighting the importance of a 2:1 complex for-
ation. 

AP56 stimulation by MOS11 also requires more 

han one motif 

aving established that the Tho1-CTD stimulates both Sub2
nd UAP56 helicase activity by promoting 2:1 complex forma-
ion, helicase assays were conducted using UAP56 and its cog-
ate interaction partner MOS11. These experiments aimed to
ddress whether the same principle applies to Tho1 orthologs
ith multiple and far-stretched conserved helical motifs, and
hether this structural expansion influences specific aspects
f the stimulation (Fig. 7 A). Like the Tho1-CTD, MOS11
lone exhibited no helicase activity but strongly stimulated
AP56-mediated unwinding of a tailed RNA/RNA duplex

Fig. 7 B). However, MOS11 showed an even stronger stimula-
ion of UAP56 helicase activity on blunt-end RNA duplexes, a
ubstrate that Tho1-CTD only weakly supported. The Tho1-
TD and MOS11 interact with the same UAP56 interface, as

hown by the loss of stimulation in the UAP56-D284R mu-
ant (Figs 5 B and 6 E and Supplementary Fig. S20 ). Therefore,
the extended spectrum of substrates for which a stimulation
can be observed must reflect intrinsic differences in the Tho1
ortholog beyond the interaction interface—most likely either
the additional motifs in MOS11, the greater distance between
these motifs, or a combination of both. 

To examine the contribution of motif number to the ob-
served stimulation on duplex RNA, we generated MOS11
mutants in which conserved arginine residues within in-
dividual motifs were replaced by lysines (Fig. 7 C and
Supplementary Fig. S21 ). All mutants retained RNA binding,
indicating that the substitutions did not affect protein integrity
( Supplementary Fig. S22 ). A variant with mutations in all five
motifs (Mot. 0) failed to stimulate UAP56, demonstrating that
the motifs are indeed essential for helicase stimulation. The
mutant with only one intact motif (Mot. 1) showed no signifi-
cant stimulation, analogous to the Tho1-CTD single-interface
mutants that allowed only formation of a 1:1 complex and
failed to support helicase activation. A mutant retaining only
Mot. 1 + 2 slightly increased unwinding velocity, while in-
clusion of a third motif (Mot. 1–3) substantially enhanced
unwinding velocity. The Mot. 1–4 mutant, containing four
motifs, approached wild-type activity, suggesting that helicase
stimulation progressively improves with the number of avail-
able MOS11 helical motifs. 

Flexible spacing between motifs enhances 

stimulation 

Because MOS11 differs from Tho1 not only in motif number
but also in the length and flexibility of the interjacent linkers,
the potential influence of motif spacing on helicase stimulation
was examined. MOS11 variants with only two intact motifs at
increasing distances (Mot. 1 + 2, Mot. 1 + 3, Mot. 1 + 4, Mot.
1 + 5) all retained RNA binding ( Supplementary Figs S21
and S22 ). However, Mot. 1 + 2 provided only minimal he-
licase stimulation, and unwinding velocity progressively in-
creased with greater spacing, peaking for Mot. 1 + 5 (Fig. 7 D).
This finding extended to a short RNA/DNA duplex, where
MOS11 enabled UAP56 to unwind this hybrid duplex more
efficiently ( Supplementary Fig. S23 ). Efficient stimulation also
required two intact motifs, with Mot. 1 + 5 being most effi-
cient ( Supplementary Fig. S23 ). 

Together, these data demonstrate that MOS11, like the
Tho1-CTD, relies on at least two intact helical motifs for he-
licase stimulation. However, unlike the Tho1-CTD, MOS11
offers the possibility to combine motifs located at various
distances—a flexibility that appears to be advantageous for
different substrates. 

Discussion 

From yeast to human, the TREX complex and its largest
subcomplex, the THO complex, play crucial roles in mRNA
splicing, 3 

′ end processing and nuclear mRNA export. Cells
with a defective THO complex show a hyperrecombination
phenotype and furthermore defects in nuclear mRNA ex-
port and growth, all of which are suppressed by overexpres-
sion of either the TREX component Sub2 or its interaction
partner Tho1 [ 27 , 31 , 32 ]. Complex formation of Sub2 and
Tho1 via the Tho1-CTD has been suggested based on mod-
elling efforts [ 35 ]. In addition, a recent structural study pre-
sented a 2:1 complex formed by the human Sub2 ortholog
DDX39B/UAP56 with the Tho1-CTD [ 36 ]. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
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Figure 6. UAP56 and the Tho1-CTD form a 2:1 complex. ( A ) Zoom into the AlphaFold 3-predicted [ 52 ] str uct ure of the UAP56-Tho1-CTD 2:1 complex 
with ssRNA (Fig. 5 ). K e y residues in v olv ed in crosslinking are highlighted: cysteines in UAP56 (orange) and lysines in the Tho1-CTD (cyan). The distances 
betw een reactiv e groups are indicated in Å . ( B ) Scheme of the MTS-4-NHS crosslinking reaction. ( C ) UAP56 and the T ho1-CTD can be crosslink ed using 
MTS-4-NHS. Coomassie gels of the crosslinking reactions between UAP56 and the Tho1-CTD with increasing concentrations of MTS-4-NHS in the 
absence (top) or presence (bottom) of 38 nt ssRNA. ( D ) UAP56 and the Tho1-CTD form two different intermolecular crosslinks. Coomassie gel of the 
crosslinking analysis in the absence of individual components. The presence or absence of UAP56, the Tho1-CTD, AMPPNP and RNA is indicated. ( E ) 
Tho1-CTD single mutants still interact with UAP56 but fail to form a 2:1 complex. Crosslinking analysis of UAP56 and the Tho1-CTD interface mutants. 
The presence of wild-type or mutant Tho1-CTD is indicated. All reactions were performed with 5 μM UAP56, 2.5 μM Tho1-CTD, 1 mM AMPPNP, 0.5 
mM MgCl 2 , and 2.5 μM RNA. Crosslinking was initiated by adding 500 μM MTS-4-NHS. Key: ∗ control with H 2 O, ∗∗ control with solvent (DMSO), 
empty triangle: 1:1 UAP56-Tho1-CTD complex, filled triangle: 2:1 UAP56-Tho1-CTD complex. Representative results for n = 3 experiments. 
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In this study, we demonstrate that the Tho1-CTD alone
is sufficient to suppress the ts phenotype of cells lacking the
THO component Hpr1 (Fig. 1 C) and to stimulate nucleic acid
double-strand unwinding by the DEAD-box helicase Sub2
(Fig. 2 E). This stimulation strictly depends on formation of the
2:1 complex between Sub2 and the Tho1-CTD, since a single
point mutation in either one of the conserved Sub2 interac-
tion motifs in the Tho1-CTD, restricting complex formation
to a 1:1 stoichiometry (Figs 4 B and 6 ), is sufficient to abol- 
ish stimulation (Fig. 4 C). Importantly, the respective mutants 
also fail to suppress the growth defect of Δhpr1 cells at 37 

◦C 

(Fig. 4 D), arguing for a physiological relevance not only of 
the Sub2-Tho1 interaction as such, but specifically of the 2:1 

complex. 
Our helicase assays with different substrates indicate that 

stimulation by the Tho1-CTD is most prominent on substrates 
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Figure 7. MOS11 stimulates UAP56 unwinding on a short duplex substrate. ( A ) Predicted str uct ures of the Tho1-CTD (AF-P40040-F1) and MOS11 
(AF-Q9LZ08-F1) highlighting their respective domains for helicase interaction. ( B ) MOS11 significantly stimulates unwinding by UAP56 in the absence of 
an ssRNA tail. R eactions w ere perf ormed using either pdRNA substrates with a 25 nt single-stranded tail or 13 bp RNA duple x es. MOS11 alone does not 
e xhibit un winding activity. Sho wn is the fraction of substrate un w ound after 10 min, as mean ± SD from n = 3 experiments. ( C ) More helical motifs lead 
to a stronger helicase stimulation. Un winding v elocity on a 13 bp RNA duplex of UAP56 alone or in the presence of wild-type MOS11 or MOS11 mutants 
in which different numbers of conserved arginine residues were replaced by lysines. ( D ) Increasing distance between the helical motifs enhances 
unwinding stimulation on 13 bp duplexes. Comparison of MOS11 mutants containing two intact motifs at different positions, with all other motifs being 
mutated. All reactions were performed with 1 μM of UAP56 and 2 μM of either wild-type Tho1-CTD, MOS11 or the respective MOS11 mutant. Shown 
are mean ± SD from n = 3 experiments. 
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with an ssRNA tail. On such substrates, unwinding by Sub2
alone is slow, but can be enhanced by addition of the Tho1-
CTD (Fig. 3 ). Substrate preferences of Sub2 are not well de-
fined, but other DEAD-box helicases are reported to favour
binding to single-stranded RNA and often rely on single-
stranded regions for loading onto the substrate and, conse-
quently, for efficient unwinding [ 9 , 10 , 53 , 54 ]. Our data sug-
gest a similar ssRNA preference for Sub2; however, in our
case, the presence of ssRNA appears to interfere with unwind-
ing. Based on this observation, and the strict requirement of
the 2:1 complex for stimulation, we propose that the Tho1-
CTD stimulates Sub2’s helicase activity by acting as a scaffold
that promotes Sub2 oligomerization on RNA: In the absence
of Tho1-CTD, Sub2’s preference for ssRNA will frequently
lead to competitive and non-productive binding to the single-
stranded overhang of partial duplex substrates. If this ssRNA
binding occurs close to the duplex, this may even cause steric
hindrance impeding binding of a second protomer to the ad-
jacent double-stranded region. Consequently, productive en-
gagement with the duplex—and its unwinding—is less fre-
quent, manifesting as slower overall unwinding in our helicase
assay (Fig. 8 A, left panel). In a 2:1 complex bridged by Tho1-
CTD, on the other hand, one Sub2 protomer can bind to its
preferred substrate ssRNA, while the second Sub2 protomer
binds the less favoured dsRNA. Consequently, dsRNA strand
separation is a much more frequent event, and unwinding in
our helicase assays proceeds faster (Fig. 8 A, middle panel).
However, when complex formation is restricted to a 1:1 sto-
ichiometry due to mutation of either one of the Tho1-CTD
interaction sites, the scaffolding effect and therewith the stim-
ulation by the Tho1-CTD is abolished, and overall unwinding
is slow again (Fig. 8 A, right panel). 

This Tho1-CTD-mediated oligomerization of Sub2 is rem-
iniscent of the self-oligomerization of other DEAD-box heli-
cases that likewise enhances nucleic acid unwinding activity
[ 11 , 12 , 55 ]. For example, S. cerevisiae Ded1 preferentially
binds the single-stranded regions of pdRNA substrates [ 9 ],
and while tails of 25 nt lengths can accommodate two Ded1
protomers and are optimal for unwinding of the adjacent du-
plex, substrates with shorter tails are unwound less efficiently
[ 10 , 56 ]. Mutational analysis demonstrated that Ded1 forms
higher-order oligomers mediated by its 69 aa C-terminal
tail. Ded1 mutants lacking this C-terminus still form dimers
but not higher-order oligomers, and they show significantly
lower unwinding activity on the pdRNA substrates than wild-
type Ded1 [ 10 ]. Recent high-resolution optical tweezer ex-
periments revealed that Ded1 unwinds 16 bp RNA hairpins
with adjacent single-stranded RNA tails in a stepwise manner
through successive assembly of multiple protomers, starting
from the 3 

′ ssRNA tail [ 57 ]. The authors conclude that single-
stranded regions increase the local concentration of Ded1,
and subsequent oligomerization promotes binding of addi-
tional Ded1p protomers onto the adjacent duplex, ultimately
leading to strand separation [ 9 , 10 , 57 ]. Stimulation of Sub2
helicase activity by the Tho1-CTD apparently is based on a
very similar mechanisms, but instead of self-oligomerization,
Sub2’s oligomerization is bridged by the Tho1-CTD. How-
ever, whereas Ded1 forms higher-order oligomers [ 10 ], Sub2
oligomerization is limited to dimers since the Tho1-CTD com-
prises only two copies of the helical interaction motifs. 

Interestingly, the Tho1 orthologs in Sc hizosacc haromyces
pombe and Drosophila melanogaster possess three and four
of these motifs, respectively, and A. thaliana MOS11 as well
as human SARNP contain even five motifs [ 37 , 58 ]. Further- 
more, while the two motifs in Tho1 are connected by a short 
linker and arranged in a rather rigid helix-turn-helix-like fold,
the motifs in the S. pombe , D. melanogaster , Homo sapiens 
[ 36 ], and A. thaliana (Fig. 7 ) orthologs are connected by more 
flexible linkers of various lengths. Both human SARNP and A.
thaliana MOS11 stimulate the helicase activity of their respec- 
tive Sub2 orthologs through a hitherto unknown mechanism 

[ 25 , 26 , 33 , 34 ]. However, due to the high motif conservation,
cross-species interactions could be observed between the yeast 
Tho1-CTD and the human Sub2 ortholog DDX39B/UAP56 

[ 36 ], and between the yeast Tho1-CTD and the A. thaliana 
Sub2 ortholog UAP56 (Fig. 5 ). Furthermore, our AlphaFold 

3-generated models of yeast Sub2 with its cognate partner 
Tho1-CTD and of A. thaliana UAP56 with the yeast Tho1- 
CTD (Figs 4 –6 ) are almost identical to the homologous 2:1 

complex of human DDX39B/UAP56 and the Tho1-CTD [ 36 ].
Also, stimulation of A. thaliana UAP56 helicase activity, just 
like Sub2 stimulation by the Tho1-CTD, requires more than 

one intact interaction motif in its cognate partner MOS11 

(Fig. 7 ). Many observations thus point to a related mechanism 

underlying helicase stimulation in the homologous systems. 
However, our helicase assays with A. thaliana UAP56 and 

MOS11 also suggest that (i) the more MOS11 helical motifs 
are available for interaction, the better the helicase stimula- 
tion (Fig. 7 C); (ii) the degree of stimulation correlates with the 
spatial separation of these motifs (Fig. 7 D); and (iii) MOS11 

stimulates UAP56 helicase activity on a broader range of sub- 
strates, namely blunt-end RNA duplexes (Fig. 7 B, right panel) 
and blunt-end RNA/DNA duplexes ( Supplementary Fig. 23 ).
Corresponding AlphaFold 3 predictions consistently showed 

a 2:1 complex in which two UAP56 protomers are connected 

by MOS11 via two of its interaction motifs. Interestingly,
in nearly all models the UAP56 protomers were positioned 

on opposite strands of the duplex substrate ( Supplementary 
Dataset 3 ). When we extended this analysis to the MOS11 

mutants containing only two intact helical motifs, we found 

that larger distances between the motifs correlated with both 

an increased likelihood of the two UAP56 protomers binding 
to opposite strands and with an improvement in model qual- 
ity. Based on these findings, we propose that the presence of 
multiple motifs, connected by longer and more flexible link- 
ers, make MOS11 a more flexible scaffold and enables it to 

also bridge UAP56 protomers binding to opposite strands of 
a duplex substrate (Fig. 8 B). In case of the RNA/DNA hybrid 

substrate, this arrangement implies that one of the two pro- 
tomers interacts with the DNA strand—a surprising substrate 
for an RNA helicase. Nevertheless, even though UAP56 does 
not bind ssDNA, it does weakly interact with dsDNA [ 59 ].
Bridged by MOS11, one UAP56 protomer could thus bind to 

the RNA strand of the hybrid substrate, while the extended 

MOS11 scaffold brings the second protomer near the DNA 

strand, making DNA binding more likely. Moreover, the larger 
number of interaction motifs in MOS11 might even allow for 
higher-order oligomerization of UAP56 similar to Ded1 [ 10 ,
57 ]. 

Altogether, the scenario depicted in our model of the 
MOS11-UAP56 interaction (Fig. 8 B) is reminiscent of the 
flexible configuration suggested for the human Tho1 or- 
tholog SARNP and its interaction partner DDX39B/UAP56 

on RNA [ 36 ], but also of the recently documented stim- 
ulatory effect of ALYREF on UAP56 in human and A.
thaliana [ 34 , 60 ]. Like Tho1, ALYREF contains two motifs for 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf1512#supplementary-data
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Figure 8. Model of Sub2/UAP56 helicase stimulation by the Tho1-CTD/MOS11 through helicase dimerization. (A) Sub2 monomers unwind pdRNA 

slowly since binding events to the single-stranded regions of the substrate are mostly unproductive (left panel). Interaction with the Tho1-CTD facilitates 
Sub2 dimerization on the RNA substrate and thereby enhances RNA unwinding (middle panel). Mutations in the Tho1-CTD preventing a 2:1 complex 
abolish this stimulation as dimerization of Sub2 is not facilitated (right panel). (B) MOS11 can stimulate RNA unwinding by promoting complex formation 
between RNA and two (or more) UAP56 protomers. The flexibility of the linkers and the number of motifs determine the efficiency of unwinding 
stimulation. 
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nteraction with UAP56 [ 20 , 38 , 61 ]. However, its structural
rganization rather resembles the flexible arrangement ob-
erved in MOS11 or SARNP [ 36 ]. These similarities raise the
ossibility of a shared mechanism underlying helicase stimula-
ion. In addition, ALYREF has been shown to cooperate with
DX39B/UAP56 in R-loop resolution, a process that depends
n ALYREF’s ability to bind nucleic acids [ 60 ]. Notably, full-
ength Tho1, MOS11 and SARNP also possess nucleic acid-
inding activity [ 27 , 34 , 36 ]. Furthermore, deletion of MOS11
nd depletion of SARNP have been shown to affect mainly the
xport of mRNAs with a high GC content—regions that are
articularly prone to R-loop formation [ 34 , 36 ]. Given that
ho1/SARNP and ALYREF can engage with DDX39B/UAP56
imultaneously via distinct interaction sites on the helicase
 36 ], it is conceivable that the contribution of the Tho1 pro-
ein family to R-loop resolution or nuclear mRNA export is
ased on their interaction either with DDX39B/UAP56 alone
r in cooperation with ALYREF. 
In summary, we uncover an evolutionary conserved mech-

nism by which Tho1-family proteins stimulate the nucleic
cid unwinding activity of yeast Sub2 and A. thaliana UAP56
EAD-box helicases through a scaffolding function that me-
iates helicase oligomerization. The number of motifs and
he flexibility of the connecting linkers appear to define the
caffold’s reach, thereby influencing both the range of sub-
trates that can be unwound and the potential degree of he-
icase oligomerization. Together with the in vivo requirement
f two intact motifs in the Tho1-CTD for suppression of the
HO-complex mutant growth defect, our in vitro and in sil-

co results thus establish a cofactor-mediated mode of helicase
timulation that is both physiologically relevant and mecha-
istically versatile. 
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