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Abstract  

The nuclear exosome and the associated RNA helicase Mtr4 participate in the processing of several 

ribonucleoprotein particles (RNP), including the maturation of the large ribosomal subunit (60S). 

S. cerevisiae Mtr4 interacts directly with Nop53, a ribosomal biogenesis factor present in late pre-60S 

particles containing precursors of the 5.8S rRNA. The Mtr4-Nop53 interaction plays a pivotal role in 

the maturation of the 5.8S rRNA, providing a physical link between the nuclear exosome and the pre-

60S RNP. An analogous interaction between Mtr4 and another ribosome biogenesis factor, Utp18, 

directs the exosome to an earlier pre-ribosomal particle. Nop53 and Utp18 contain a similar Mtr4-

binding motif known as the arch-interacting motif (AIM). Here, we report the 3.2 Å resolution crystal 

structure of S.cerevisiae Mtr4 bound to the interacting region of Nop53, revealing how the KOW 

domain of the helicase recognizes the AIM sequence of Nop53 with a network of hydrophobic and 

electrostatic interactions. The AIM-interacting residues are conserved in Mtr4 and are not present in the 

related cytoplasmic helicase Ski2, rationalizing the specificity and versatility of Mtr4 in the recognition 

of different AIM-containing proteins. Using nuclear magnetic resonance (NMR), we show that the 

KOW domain of Mtr4 can simultaneously bind an AIM-containing protein and a structured RNA at 

adjacent surfaces, suggesting how it can dock onto RNPs. The KOW domains of exosome-associated 

helicases thus appear to have evolved from the KOW domains of ribosomal proteins and to function as 

RNP-binding modules in the context of the nuclear exosome.  

 

  

 Cold Spring Harbor Laboratory Press on September 20, 2017 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


 3 

Introduction 

The exosome is a conserved RNA-degrading complex that catalyzes the decay and processing of a 

large number of transcripts in both the nucleus and the cytoplasm of eukaryotic cells (Mitchell et al. 

1997; Chlebowski et al. 2013). In the cytoplasm, the exosome participates in mRNA turnover and in 

surveillance pathways activated when ribosomes stall on aberrant mRNAs (Schaeffer et al. 2011; 

Graille and Seraphin 2012; Shoemaker and Green 2012). In the nucleus, exosome-mediated 

degradation also eliminates unnecessary and defective RNAs (such as tRNAs or transcripts generated 

from pervasive transcription) and is involved in the biogenesis of structured RNAs (such as rRNAs and 

sn(o)RNAs) (Kilchert et al. 2016; Butler and Mitchell 2011; Sloan et al. 2012). The processing of 

rRNA is indeed a major function of this complex, which acts both at early nucleolar stages and at late 

nucleoplasmic stages of rRNA biogenesis (Henras et al. 2015; Turowski and Tollervey 2015; Thomson 

et al. 2013). In the nucleolus, the yeast exosome degrades the 5' external transcribed spacer (5' ETS), a 

byproduct in the formation of the small ribosomal subunit (Allmang et al. 2000). In the nucleoplasm, 

the exosome trims the second internal transcribed spacer (ITS2) and generates a precursor of the 5.8S 

rRNA, an integral part of the large ribosomal subunit that is exported to the cytoplasm (Allmang et al. 

1999; Briggs 1998; Nissan et al. 2002). Exosome-mediated maturation of the 5.8S rRNA is an 

important step before the pre-60S subunit is exported to the cytoplasm (Thomson and Tollervey 2010). 

This exosome-mediated process is also conserved in human cells (Schilders et al. 2007).  

The nuclear and cytoplasmic forms of the yeast exosome contain different cofactors assembled around 

the same processive ribonuclease core (the 10-subunit Exo-10 complex) (Zinder and Lima 2017; 

Makino et al. 2013b). Cytoplasmic Exo-10 is constitutively bound to the adaptor protein Ski7, which in 

turn recruits the Ski2-Ski3-Ski8 helicase complex (Kowalinski et al. 2016; Halbach et al. 2013; Brown 

et al. 2000; Araki et al. 2001). Nuclear Exo-10 is constitutively bound to Rrp6-Rrp47 and together with 

Mpp6 recruits the Mtr4 helicase (Schuch et al. 2014; Makino et al. 2013a; 2015; Wasmuth et al. 2014; 

Zinder et al. 2016; Schilders et al. 2005). These cofactors are conserved from yeast to human and are 

required for the specific functions of the exosome complex in either subcellular compartment 

(Chlebowski et al. 2013; Sloan et al. 2012; Kowalinski et al. 2016). In particular, the Mtr4 and Ski2 

helicases are believed to remodel RNA substrates and target them to exosome-mediated degradation 

(Johnson and Jackson 2013). The nuclear and cytoplasmic exosome-associated helicases share a similar 

overall architecture (Johnson and Jackson 2013; Ozgur et al. 2015). The N-terminal regions of Mtr4 

and Ski2 are intrinsically unstructured and interact with other cofactors (Rrp6-Rrp47 and Ski3, 

respectively) in either a transient or stable manner (Schuch et al. 2014; Halbach et al. 2013). The 
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helicase regions contain the DExH core typical of processive 3'-5' RNA-dependent ATPases as well as 

a specialized insertion generally known as the ‘arch’ domain for its characteristic curved structure 

(Jackson et al. 2010; Weir et al. 2010; Halbach et al. 2012; Johnson and Jackson 2013). In vivo, the 

arch of Mtr4 is required for 5.8S rRNA maturation and 5’ ETS degradation (Klauer and van Hoof 

2012; Jackson et al. 2010) while the arch of Ski2 promotes the cytoplasmic functions of the exosome 

(Klauer and van Hoof 2012).  

The Mtr4 arch culminates with a small globular fold with structural similarity to the KOW (Kyrpides–

Ouzounis–Woese) domain found in several ribosomal proteins (Weir et al. 2010; Kyrpides et al. 1996). 

Although no structural information is currently available, biochemical data have shown that the KOW 

domain of Mtr4 can bind structured RNAs (Weir et al. 2010; Li et al. 2016) and can bind the ribosome 

biogenesis factors Nop53 and Utp18 (Thoms et al. 2015). Yeast Utp18 is an early-acting factor 

involved in the processing of the 5' ETS from the 90S pre-ribosomal particle (Bernstein et al. 2004). 

Conversely, Nop53 is a conserved late-acting factor in the maturation of the pre-60S subunit and is 

required for the trimming of the 5.8S rRNA (Thomson and Tollervey 2005; Granato et al. 2005; 2008). 

Mechanistically, the interactions of Mtr4 with Nop53 and Utp18 are believed to direct the nuclear 

exosome to specific pre-ribosomal RNP substrates (Thoms et al. 2015).  

Nop53 binds the pre-60S subunit with the C-terminal domain (Wu et al. 2016) and binds Mtr4 with the 

N-terminal domain, which contains a short linear sequence termed the arch-interacting motif (AIM) 

(Thoms et al. 2015). A similar Mtr4-binding sequence is present in Utp18 (Thoms et al. 2015). 

Biochemical data have shown that a negatively-charged aspartate residue in the AIM sequence of 

Nop53/Utp18 and a positively-charged arginine residue in the KOW domain of Mtr4 are crucial for the 

interaction (Thoms et al. 2015). However, this positively-charged residue is highly conserved not only 

in Mtr4 but also in Ski2, which does not interact with Nop53. What is the basis for the Mtr4 specificity 

and versatility in binding AIM-containing proteins and what is the interplay between protein and RNA 

binding? In this short Report, we addressed these questions using X-ray crystallography and nuclear 

magnetic resonance.  

 

Results and discussion  

We purified a fragment of S. cerevisiae Nop53 (residues 48-99, which includes the AIM sequence, 

(Thoms et al. 2015) and formed a complex with the arch domain of Mtr4. Limited proteolysis 

experiments on the complex allowed identifying a proteolytically stable segment of Nop53 
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encompassing residues 58-91 (Nop53prot) (Figure 1A and Supplementary Figure 1). We measured the 

strength of the interaction with Mtr4 using isothermal titration calorimetry (ITC). Purified recombinant 

Nop53prot bound the helicase region of Mtr4 (Mtr4-ΔN) with a Kd of ~18 μM (Figure 1B, left panel). 

The corresponding fragment of Utp18 containing residues 78-110 (Utp18prot) interacted with Mtr4-ΔN 

with a similar Kd of ~20 μM (Figure 1B, right panel). Mtr4-ΔN in the presence of an excess of 

Nop53prot yielded diffracting crystals containing two copies of the complex in the asymmetric unit. The 

structure was solved by molecular replacement using individual domains of Mtr4 as search models 

(Weir et al. 2010; Jackson et al. 2010) and refined it at 3.2 Å resolution to Rfree 26.7%, Rfactor of 

21.0% and good stereochemistry (Supplementary Table 1). The two copies of the complex in the 

asymmetric unit are very similar, superposing with a root mean square deviation (rmsd) of 1.07 Å over 

all Cα atoms. In each copy, the final model contains essentially the entire Mtr4-ΔN molecule and 

residues 59-70 of Nop53, slightly longer than the previously identified AIM motif (residues 60-64, 

(Thoms et al. 2015)).  

Mtr4-ΔN has a similar overall structure in the Nop53prot-bound complex as compared to the unbound 

state (Weir et al. 2010; Jackson et al. 2010). Briefly, the DExH core of Mtr4 is formed by two adjacent 

RecA domains juxtaposed to a helical domain (Figure 2A). Inserted into the DExH helicase is a large 

protuberance, the arch, which hovers around the entrance of the helicase unwinding channel. The arch 

consists of a stalk region that is formed by two pairs of antiparallel α-helices (helices α1-α4 and 

helices α2-α3) and ends in the small globular KOW domain (Weir et al. 2010) (Figure 2A). The Mtr4 

KOW domain contains a 5-stranded β-barrel flanked by two α-helices. The short helix at the side of the 

barrel (αA) is directly connected to helix α2 of the stalk (Figure 2A). The longer helix at the top (αB) 

is connected to the last strand (β5) of the barrel by an extended linker (residues 776-785, referred to as 

linker L1) and is connected to the helix α3 of the stalk by another extended linker (residues 801-818, 

referred to as linker L2) (Figure 2A). In addition, the KOW domain contains two long loops that 

approach the DExH core: the β2-β3 loop (residues 700-715) contacts the helical domain while the β3-

β4 loop (residues 724-758) points towards the RecA2 domain (Figure 2A). Although the arch is 

involved in crystal contacts, its conformation is very similar that observed in the structures of Mtr4 in 

isolation (Jackson et al. 2010; Weir et al. 2010), which had been crystallized in different space groups 

and with different lattice contacts. While a bent arch with the KOW domain resting on the DExH core 

might reflect an energetically favorable state, this domain can undergo conformational changes: in the 

Mtr4-Trf4-Air2 structure, for example, the arch is rotated about 35° towards the RecA2 domain and in 
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this conformation exclusively interacts with the RecA2 domain without contacting the helical domain 

(Falk et al. 2014).  

Nop53 binds in an extended conformation at the top of the Mtr4 KOW domain (Figure 2B and 

Supplementary Figure 2A and 2B), with a similar overall path as we previously observed in a crystal 

lattice interaction in the structure of Mtr4-ΔN - Trf4N - Air2N (Falk et al. 2014) (Supplementary Figure 

2 C-E). The ordered portion of Nop53 starts with the LFXφD consensus of the AIM motif (Thoms et 

al. 2015). At the N-terminus of the motif, Leu60Nop53 contacts helix αB of the KOW domain. The motif 

continues as a β-strand that packs in an antiparallel fashion against a the C-terminal part of the β5-

strand, which in turn packs in an antiparallel fashion against the first β-strand of the KOW β-barrel. On 

one side of the Nop53 β-strand, two hydrophobic side chains (Phe61Nop53 and Val63Nop53) engage in 

van der Waals interaction with an apolar patch of the KOW domain formed by helix αB (Val797Mtr4), 

β5 (Leu773Mtr4, Leu775Mtr4) and linker L2 (Phe801Mtr4, Ile805Mtr4, Pro810Mtr4) (Figure 2B). On the 

other side of the Nop53 β-strand, His62Nop53 wedges between the side chains of Arg774Mtr4 (β5) and 

Tyr776Mtr4 (linker L1), while Asp64Nop53 forms a bidentate salt-bridge interaction with the guanidinium 

groups of Arg774Mtr4 (which is exposed on the surface of the KOW) and Arg678Mtr4 (most of which is 

embedded in the KOW hydrophobic core) (Figure 2B). After the AIM motif, the Nop53 backbone 

bends and extends towards the KOW helix αA. In this segment, Val65Nop53 and Gly67Nop53 engage in 

van der Waals interactions with another apolar patch of the KOW domain formed by linker L2 

(Pro806Mtr4, Leu808Mtr4, Met814Mtr4) and helix αA (Phe673Mtr4) (Figure 2B).  

The structural analysis rationalizes previous biochemical data showing the deleterious effects of 

mutation of either Asp64Nop53 or Arg678Mtr4 (Thoms et al. 2015) and also predicts an important role for 

Arg774Mtr4. We generated two Mtr4 KOW mutants in the background of the Mtr4 short arch, 

containing the stalk helices α2 and α3 and the KOW domain. Both, the previously characterized R678A 

mutant and a reverse-charge substitution of Arg774 (R774E mutant) impaired Nop53 binding in pull-

down assays (Figure 2C). Interestingly, mutation of the corresponding arginine residue in the N. crassa 

Mtr4 orthologue, FRH, compromises the specific function of this protein in the Ascomycota circadian 

clock (Shi et al. 2010). In general, while the Nop53-binding residues are highly conserved across Mtr4 

species, they have diverged in the related cytoplasmic helicase Ski2, which contains a similar domain 

but does not bind Nop53 (Halbach et al. 2012; Thoms et al. 2015) (Figure 2D). The only Nop53-

interacting residue present in both Mtr4 and Ski2 (Arg678Mtr4 and the corresponding Arg903Ski2) is 

likely conserved for structural reasons as it forms part of the KOW domain hydrophobic core.  

 Cold Spring Harbor Laboratory Press on September 20, 2017 - Published by rnajournal.cshlp.orgDownloaded from 

http://rnajournal.cshlp.org/
http://www.cshlpress.com


 7 

Conversely, the Mtr4-binding residues are conserved in Nop53 and in Utp18. 

In addition to binding AIM-containing proteins, the KOW domain of Mtr4 also binds structured RNAs, 

albeit with low affinity (Weir et al. 2010; Li et al. 2016). Recently, the cryo-EM structure of the related 

helicase Ski2 in complex with cytoplasmic 80S ribosomes revealed that the KOW-like domain of Ski2 

approaches the rRNA via a cluster of positively-charged residues at the top of the β-barrel (including 

Lys903Ski2 and Lys987Ski2) (Schmidt et al. 2016). Furthermore, the KOW domain of the E. coli 

ribosomal protein L24 binds the 23S rRNA via a set of positively-charged residues at a similar position 

of Arg678Mtr4 (e.g. Lys903Ski2) and Arg774Mtr4 (e.g. Lys987Ski2) (Weir et al. 2010). Thus, the KOW 

domains of Ski2 and L24 engage rRNAs at the surface used by Mtr4 to bind AIM-containing proteins, 

raising the question as to whether the interactions of Mtr4 with Nop53 and RNA are concomitant or 

mutually exclusive. To address this question, we used nuclear magnetic resonance (NMR), which in 

particular allows analysis of low-affinity interactions. First, we analyzed the secondary chemical shifts 

of the Mtr4 KOW domain in isolation, confirming that the secondary structure in solution determined 

by NMR is consistent with the crystal structure (Supplementary Figure 3A). {1H}-15N-heteronuclear 

NOE data indicate that the KOW domain is rigid except for the loop connecting β-strands 2 and 3 

(Supplementary Figure 3B). To analyze the binding interfaces with RNA and protein ligands, we 

carried out titration experiments using unlabeled ligands and a 15N labeled Mtr4 KOW sample 

(Supplementary Figure 4A-D). Chemical shift perturbations, measured upon addition of a Nop53 

peptide containing the Mtr4-binding motif, revealed strong effects in the linker β5 and L1 and the αB 

helix, at the top of the KOW domain, consistent with the atomic model determined by crystallography 

(Figure 3B). These structural elements were not significantly affected upon titrations with structured 

RNAs (either dsRNA or tRNA), which instead resulted in changes clustered in particular at the second 

half of strand β2 and at the β2-β3 loop, a positively-charged loop at the bottom of the β-barrel (Figure 

3C). Interestingly, two mutants (K700N and P731S) that had been previously identified from a 

dominant-negative screen in yeast and shown to affect RNA binding in vitro (Li et al. 2016) are located 

in the vicinity of the RNA-binding residues identified by NMR (Figure 3C). When titrating the dsRNA 

and the Nop53 peptide together, the CSPs observed were additive and reflected the sum of the 

individual titrations (Figure 3D). This indicates that peptide and RNA can simultaneously bind to Mtr4 

KOW and that the binding sites do not overlap.  

Altogether, this study showed that the Mtr4 arch can bind AIM-containing proteins and structured 

RNAs simultaneously using adjacent surfaces on the KOW domain, indicating that the nuclear 

exosome helicase can in principle bind a pre-ribosomal protein and pre-ribosomal RNA during the 
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processing of the ribosomal particles. Although the interacting surfaces appear to differ in detail, the 

equivalent domain of Ski2 docks onto the small ribosomal subunit of cytoplasmic ribosomes and binds 

a structured region of the 18S rRNA and to the S3 and S20 proteins (Schmidt et al. 2016).  Thus, Mtr4 

and Ski2 have embedded in their arch domain an RNP-binding module capable of recognizing 

ribosomal RNPs. The structural similarity between the KOW-like domains in the arch of exosome-

associated helicases and the KOW domain of ribosomal proteins might indeed reflect an evolutionary 

related origin.  

 

Materials and methods 

Protein expression and purification  

Yeast Mtr4-ΔN (residues 81-1073) was expressed as a His-GST-tagged fusion protein in BL21(DE3) at 

18°C over night and purified as described in (Weir et al. 2010). Briefly, Mtr4-ΔN was purified via a 

Ni-nitrilotriacetate (NTA) affinity step and ion exchange chromatography using a heparin column. The 

His-GST-tag was cleaved by His-tagged 3C protease. The cleaved tag the 3C protease were removed 

by an additional Ni-nitrilotriacetate (NTA) affinity step. In the final purification step, the protein was 

subjected to size-exclusion chromatography on a Superdex200 in 20 mM Hepes/NaOH pH 7.5, 150 

mM NaCl, 10% (v/v) glycerol, 2 mM DTT. 

Yeast Nop53 fragments were expressed as His-Ztag-fusion protein (Nop53 residues 48-99) or His-Trx-

fusion protein (Nop53 residues 58-91) in BL21(DE3) at 18°C over night. Nop53 fragments were 

purified via a Ni-nitrilotriacetate (NTA) affinity step. The tags were cleaved by His-tagged 3C 

protease. The cleaved tag the 3C protease were removed by an additional Ni-nitrilotriacetate (NTA) 

affinity step. In the final purification step, the protein was subjected to size-exclusion chromatography 

on a Superdex75 in 20 mM Hepes/NaOH pH 7.5, 250 mM NaCl, 2 mM DTT. 

 

Isothermal titration calorimetry 

ITC experiments were carried out using a VP-ITC Isothermal titration calorimeter from Microcal. All 

samples were extensively dialysed against a buffer containing 20 mM Hepes/NaOH pH 7.5, 150 mM 

NaCl and 0.25 mM TCEP. For Nop53: Mtr4-ΔN (the reactant) samples were concentrated to 30 µM 

and Nop53prot (the injectant) to 400 µM. For Utp18: Mtr4-ΔN (the reactant) samples were concentrated 

to 43 µM and Utp18prot (the injectant) to 550 µM. Titrations were carried out at 25ºC with 10 µl of the 
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injectant added to 1.4 ml of reactant cell solution. All data were processed and curves fitted using 

Origin 5.0. 

 

Pull-down assays 

For interaction studies the respective combination of proteins 80 μM of bait protein (GST-Mtr4SA, 

residues 638-842, wildtype and mutants) was pre-incubated with 100 μM of prey (Z-tagged Nop53, 

residues 48-99) in a buffer containing 20 mM Hepes/NaOH pH 7.5, 150 mM NaCl, 5 mM DTT and 

0.05% (v/v) NP-40 for 1 h at 0°C. Then the sample was incubated with GSH Sepharose (GE 

Healthcare) for 2 h at 4°C, washed three times with the same buffer, and eluted in 20 mM Tris/HCl pH 

7.5, 150 mM NaCl, 2 mM DTT, 0.01% (v/v) NP-40 and 30 mM reduced gluthathione. Input and pull-

down fractions were analyzed on denaturing 16% SDS-PAGE and visualized by staining with Instant 

Blue (Expedeon). 

 

Crystallization and structure determination 

Mtr4-ΔN was mixed with 1.5 molar excess of Nop53prot and the buffer was exchanged to 20 mM 

Hepes/NaOH pH 7.5, 150 mM ammonium sulfate, 2 mM DTT. Just before crystallization 2 mM MgCl2 

and 1 mM ADP were added. Crystallization trials were performed using a vapour diffusion setup. The 

best diffracting crystals were obtained at concentration of 12 mg/ml at 12°C in 20% PEG 6000, 200 

mM Lithium citrate. The crystals were cryoprotected with the reservoir solution supplemented with 

20% (v/v) ethylene glycol prior to data collection at 100 K. All diffraction data were collected at the 

X06DA (PXIII) beamline of the Swiss Light Source (Villigen, Switzerland).  Data processing and 

scaling was performed using the XDS package (Kabsch, 2010). Crystals belong to the monoclinic 

spacegroup P21, contained two complexes in the asymmetric unit, and diffracted to 3.2 Å resolution. 

The structure of the Mtr4-ΔN - Nop53prot complex was solved by molecular replacement with Phaser 

(McCoy et al., 2007) using the coordinates of DExH core (residues 80-613 and 876-1073) and the 

KOW-domain (residues 671-804) of Mtr4 (Weir et al., 2010) (PDB 2XGJ) as search models. The 

model was manually completed with COOT (Emsley et al., 2010) and refined with PHENIX (Adams et 

al., 2010). 

RNA sample preparation 

Yeast phenylalanine tRNA was purchased from Sigma-Aldrich. The double-stranded RNA was 
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transcribed in vitro using T7 polymerase as two individual strands (#1: 5’-

GGAGCUUUCAAAAUGAUCUCCUU-3’, #2: 5’-GGAGAUCAUUUUGAAAGCUCCUU-3’) and 

purified by agarose gel electrophoresis and electro-elution . The two strands were mixed in equimolar 

amounts prior measurements. Structural integrity for double-stranded and structured RNAs was 

confirmed by NMR spectroscopy. 

 

NMR spectroscopy 

For all NMR measurements 5% D2O was added to the samples for locking. All spectra were recorded 

at 298K on AVIII 600, AVIII 900 and AVIII 950 Bruker NMR spectrometers equipped with cryogenic 

triple resonance gradient probes. For data processing Topspin 3.5 was used while analysis was done 

with Sparky 3.115 (T.D. Goddard and D.G. Kneller, Sparky 3, University of California, San 

Francisco). HNCACB, HNCA and HNcoCA experiments (Sattler et al., 1999) were recorded for 

protein backbone assignment as well as hetNOE data on an approx. 200 µM 15N13C labeled Mtr4-KOW 

sample. RNAs were analyzed using 1D and 1H,1H-NOESY experiments. All samples were buffer 

exchanged prior to measurement to 20 mM Hepes/NaOH pH 6.5, 150 mM NaCl, 2 mM β-

Mercaptoethanol and 5% (v/v) glycerol. For titration experiments the protein concentration was 

adjusted to 15-35 µM and titrated with RNAs and Nop53 peptide as follows: The ratios used for 

double-stranded RNA were 1:0, 1:2, 1:5, 1:10; for Phe-tRNA 1:0, 1:2, 1:5, 1:7 and for the peptide 1:0, 

1:2, 1:5, 1:10, 1:20. The dsRNA was furthermore added in a 1:7 ratio to the KOW-Nop53 peptide 

complex sample. The chemical shift perturbations were calculated as CSP [ppm] = ((ΔH)2 + 

((ΔN)/6.51)2)0.5. 

 

Data deposition 

The coordinates have been deposited in the Protein Data Bank with the accession codes 5OOQ. 
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FIGURE LEGENDS 

 

FIGURE 1. Biophysical characterization of Mtr4 binding to AIM-containing proteins. 

A) Schematic representation of the domain structure of yeast Mtr4 and Nop53. Predicted unstructured 

regions are represented as grey lines. The Nop53 fragment identified by proteolysis contains the 

arch-interacting motif (AIM) identified by (Thoms et al. 2015).  

B) ITC experiments of Mtr4-ΔN with Nop53prot and Utp18prot. The open circles show the titration of 

Nop53prot/Utp18prot into the Mtr4-ΔN containing cell. The filled circles show the control where  

Nop53prot/Utp18prot were titrated into buffer. In each inset are the number of calculated binding 

sites (N) and dissociation constants (Kd) are shown. 

 

FIGURE 2. Crystal structure of S. cerevisiae Mtr4-ΔN bound to the Nop53 AIM. 

A) On the left is the overall structure of Mtr4-ΔN (green) and the Nop53 AIM motif (pink). On the 

right is a more detailed snapshot where Mtr4 is in the same orientation but colored by domains (as 

in the schematics in Figure 1A). The RecA1, RecA2 and helical domains of the DExH core are 

colored from lighter to darker shades of gray. The stalk helices and KOW domain of the arch are in 

cyan and green, respectively. Secondary structure elements discussed in the text are highlighted.  

B) Zoom-in view of the interactions between Nop53 and the Mtr4 KOW domain. The domains are 

colored as in Figure 2A, right panel, and viewed after a 90º rotation around an horizontal axis with 

respect to the view in Figure 2A. Residues discussed in the text are highlighted and labeled. 
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C) Protein co-precipitations by GST pull-down assays. GST-tagged yeast Mtr4 short arch (GST-

Mtr4SA) and mutants were purified and mixed with purified Z-tagged Nop5348-99. Pull-down assays 

were carried out using GSH-Sepharose beads in a buffer containing 150 mM NaCl. The 

Coomassie-stained 16% SDS-PAGE gels show the input (lanes 1-4) and the pulled-down protein 

precipitates (lanes 5-8) 

D) Sequence alignment of the Mtr4 KOW domain from S. cerevisiae (S.c.), H. sapiens (H.s.) and the 

N. crassa (N.c.) orthologue FRH. The alignment includes the related cytoplasmic helicase Ski2 

from S. cerevisiae. Secondary structure elements are shown above the sequence alignment with α-

helices indicated by an ellipse and β-strands by a rectangle.  

E) Sequence alignment of the arch-interacting motifs (AIM) of Nop53 and Utp18 from S. cerevisiae 

(S.c.), H. sapiens (H.s.) and the N. crassa (N.c.). Note: H.s. UTP18 does not contain an AIM and is 

therefore not shown. 

 

FIGURE 3. NMR studies of RNA and Nop53 binding. 

A) NMR chemical shift perturbations (CSPs) for KOW domain titration with Nop53 peptide (orange), 

dsRNA (yellow) and both ligands simultaneously (blue). Note that in presence of both ligands 

CSPs correspond to the sum of the single ligand titrations. The secondary structure elements of the 

KOW domain are shown on top with α-helices indicated by an ellipse and β-strands by a rectangle. 

The dashed horizontal lines indicates one standard deviation unit of the shift for all residues. Only 

residues with a shift greater than one standard deviation are highlighted in B and C. 

B) CSPs for Nop53 peptide titration plotted (in orange) onto the Mtr4-Nop53 crystal structure. 

C) CSPs for dsRNA titration plotted (in yellow) onto the Mtr4-Nop53 crystal structure. Two residues 

previously shown to affect RNA-binding when mutated (K700N and P731S, (Li et al. 2016)) are 

highlighted. 

D) Zoomed view of 1H,15N-HSQC spectra of free KOW (black) and with either (orange and yellow) 

or both ligands (blue). The chemical shifts appear additive with respect to the two individual ligand 

titration. 
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