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Summary

The Nrd1-Nab3-Sen1 (NNS) complex carries out the transcription termination of noncoding 

RNAs (ncRNAs) by RNA polymerase II (Pol II) in yeast, although the detailed interactions among 

its subunits remain obscure. Here we have identified three sequence motifs in Sen1 that mediate 

direct interactions with the Pol II CTD interaction domain (CID) of Nrd1, determined the crystal 

structures of these Nrd1 interaction motifs (NIMs) bound to the CID, and characterized the 

interactions in vitro and in yeast. Removal of all three NIMs abolishes NNS complex formation 

and gives rise to ncRNA termination defects.
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eTOC blurb

Zhang et al. report the identification of three Nrd1-interacting motifs (NIMs) of Sen1 and the 

crystal structures of their complexes with the Pol II C-terminal domain interaction domain (CID) 

of Nrd1. These interactions are important for transcription termination of non-coding RNAs in 

yeast.

Introduction

Nrd1 and Nab3 can form a complex through their dimerization domains and bind to RNA 

cooperatively through their RNA recognition modules (RRMs) (Bacikova et al., 2014; 

Conrad et al., 2000; Franco-Eschevarria et al., 2017; Lunde et al., 2011) (Fig. 1a). The 

helicase Sen1 is speculated to remove nascent RNA from Pol II and trigger termination by 

collapsing the transcription bubble (Arndt and Reines, 2015; Mischo and Proudfoot, 2013). 

Nrd1 also contains a CID that has a preference for Ser5P C-terminal domain (CTD) of Pol II 

(Kubicek et al., 2012; Vasiljeva et al., 2008), while Sen1 has a preference for Pol II Ser2P 

CTD (Chinchilla et al., 2012). NNS couples tightly with the TRAMP complex for 3’-end 

trimming of ncRNAs and degradation of unstable RNAs (LaCava et al., 2005; Vanacova et 

al., 2005; Vasiljeva and Buratowski, 2006; Wyers et al., 2005), which is mediated by the 

interaction between Nrd1 CID and Trf4, a subunit of the TRAMP complex (Kim et al., 

2016; Tudek et al., 2014). The Nrd1 CID also interacts with Mpp6, a cofactor of the nuclear 

exosome (Kim et al., 2016). Besides ncRNA transcription termination (Kim et al., 2006), 

Sen1 also functions in R-loop resolution (Chan et al., 2014; Mischo et al., 2011) and pre-

mRNA transcription termination (Beggs et al., 2012; Creamer et al., 2011). However, how 

Sen1 interacts with Nrd1 and Nab3 to form the NNS complex is currently not well 

understood, and this has been a long-standing question in the field.

Results and discussion

It was reported that the C-terminal segment (CTS) of S. cerevisiae Sen1 (ScSen1) (residues 

1876-2231) interacts strongly with Nab3 (Nedea et al., 2008). The CTS has few predicted 

secondary structures and no conservation among Sen1 homologs. However, we did not 
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observe any interactions for purified K. lactis Sen1 CTS with Nab3 and Nrd1 constructs that 

cover the region from the dimerization domain (DD) to the C-terminus (Figs. 1a, S1a-1b). 

Surprisingly, we did observe a complex between a fragment of ScSen1 CTS (residues 

1892-2092) and full-length Nrd1-Nab3 (Fig. S1c). Comparing the constructs used in these 

experiments, we hypothesized that the CID of Nrd1 mediated the formation of the complex. 

To confirm this hypothesis, we showed that deletion of the CID abolished complex 

formation (Fig. S1d). We then purified Nrd1 CID and demonstrated the direct interaction 

with purified Sen1 CTS by gel filtration (Fig. S1e). We also demonstrated interactions 

between the two proteins by pull-down experiments after co-expression in E. coli (Fig. S2a).

To map the region of ScSen1 CTS that is required for interaction with Nrd1 CID, we 

coexpressed various fragments of the CTS residues 1892-2092 with the CID, and discovered 

that Sen1 residues 1892-2062 could pull down CID but residues 1892-2052 could not (Figs. 

1c, S2a, S2b). Residues 2052-2062 of Sen1 have the sequence DDDEDDYTPSI, and we 

realized that it is remarkably similar to the Nrd1 interaction motif (NIM) in Trf4 (Fig. 1c) 

(Kim et al., 2016; Tudek et al., 2014), suggesting that ScSen1 also contains an NIM. The Tyr 

and Pro residues in Trf4 are important for binding the Nrd1 CID (Tudek et al., 2014), and 

these residues are also present in the NIM of ScSen1.

A multiple sequence alignment of fungal Sen1 sequences aligned residues 2052-2062 of 

ScSen1 with DEDEDDYKLPT of V. polyspora Sen1 (VpSen1), suggesting that this could 

be another NIM. Surprisingly, we also found this motif in the CTS of ScSen1, near residue 

Tyr1887 (Fig. 1c) and just after the helicase domain (Fig. 1a), and confirmed its interaction 

with Nrd1 CID (Figs. S2c, S2d). Our crystal structure of its complex with the CID indicates 

that the Leu residue (rather than the Pro) is important for binding the CID (see below). 

Based on this information, we re-examined the ScSen1 CTS and found another sequence 

motif, near residue Tyr2186 (Fig. 1c), which we also confirmed by pull-down experiments 

(Fig. S2e). Therefore, ScSen1 has three NIMs in its CTS (Fig. 1a), and we have named them 

NIM1, NIM2, and NIM3 (Fig. 1c).

We then examined the CTS sequences of 12 fungal Sen1 and identified 15 NIMs in 7 fungal 

species, with a consensus motif (D/H/N)xYx(P/L), where x is frequently a hydrophilic 

residue (Fig. 1c). The Y-2 residue is predominantly Asp, while the Y+2 residue is 

predominantly Pro. Some species have three NIMs, while others have only one or two. Five 

of the fungal species examined, such as C. albicans, D. hansenii and S. pombe, do not appear 

to have an NIM in the CTS.

We have determined the crystal structures of Nrd1 CID in complex with each of the NIMs in 

ScSenl, at up to 2.0 Å resolution (Table 1). The structures of CID in the three complexes are 

essentially identical, with rms distance of 0.2-0.3 Å for equivalent Cα atoms between any 

pair of them (Figs. 1d, 1e). The NIMs bind at the same surface depression (Fig. 1f) as that 

for Pol II CTD (Kubicek et al., 2012) and Trf4 NIM (Kim et al., 2016; Tudek et al., 2014) 

(Fig. S3). Clear electron density for the conserved (D/H/N)xYx(P/L) motif was observed in 

the complexes (Fig. S3). The remaining residues of the NIM peptides were mostly 

disordered, except the C-terminal residues of NIM1, which are stabilized by crystal packing. 
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Therefore, residues outside of the conserved motif do not have strong interactions with the 

CID.

The NIM assumes a mostly extended conformation and has three major contacts with the 

CID, via the Y0, Y-2 and Y+2 residues (Fig. 1e). The Y0 residue of the NIM has a central 

role in the interaction with CID. Its side chain aromatic ring interacts with the side chains of 

Ile29, Tyr67 and the Y+2 residue, while its hydroxyl group is hydrogen-bonded to the side 

chain of Asp70, which is also involved in a bidentate interaction with Arg74 (Fig. 1g). The 

Y+2 residue contacts a hydrophobic patch formed by Leu127, Ile130, Tyr67 and the Y0 

residue of the NIM, and the Asp70-Arg74 ion pair forms one side of the binding site for this 

residue. With Leu at the Y+2 position, a change in the backbone structure of the Y+1 and Y

+2 residues is necessary to make room for this bulkier side chain compared to Pro (Figs. 1g, 

1h). The binding modes of NIM1 and NIM3, which both have Leu at the Y+2 position, are 

similar.

The Y-2 residue has hydrogen-bonding interactions with Ser25 and Ser27. It caps the N-

terminus of helix a2, and the Asp side chain can also have favorable interactions with the 

dipole of this helix. Residues N-terminal to Y-2 are mostly negatively charged in ScSen1 as 

well as many other NIMs (Fig. 1c). An electro-positive patch in this region of Nrd1 CID 

(Fig. 1f) could suggest favorable interactions, but these residues in the NIMs are not ordered 

in the structures. In addition, K. lactis Sen1 has no negatively charged residues in this 

region, but it can interact with CID (Fig. S2d).

The structural observations are supported by our mutagenesis and fluorescence anisotropy 

binding assays. The Kd of the CID-NIM2 complex was 0.56±0.05 μM (Fig. 2a), similar to 

that of the CID-Trf4 NIM complex (Kim et al., 2016; Tudek et al., 2014). In comparison, the 

Kd for the Y2058F mutant of NIM2 was 30-fold higher, confirming the importance of the 

hydroxyl group of the Y0 residue for CID binding. Similarly, mutation of the Y-2 residue, 

D2056N, led to a 13-fold increase in the Kd, while mutations of the Y+2 residue, P2060A 

and P2060V, led to ~20-fold increase in the Kd (Fig. 2b). We also introduced mutations in 

the NIM binding site of Nrd1 CID and characterized their effects on the interaction. The 

Y67A mutant showed a 90-fold increase in the Kd for NIM2, and the D70A mutant had a 

30-fold increase (Fig. 2c). In comparison, the D70N mutant showed only 3-fold higher Kd, 

indicating that the charge on this residue is not essential for NIM binding. These studies also 

indicate a strong hydrogen-bond between Y0 and Asp70, as the Y2058F mutant of the NIM 

(at the Y0 position) and the D70A mutant of CID both showed 30-fold higher Kd, 

corresponding to a ΔG of 2 kcal/mol and within range of the energy of a single hydrogen 

bond.

The Kd of the CID-NIM1 complex (7.6 μM) was 4-fold higher than that of the NIM2 

complex, while the Kd of the CID-NIM3 complex (38 μM) was 20-fold higher (Fig. 2d). 

NIM1 and NIM3 have identical residues at the Y-2, Y0 and Y+2 positions (Fig. 1c), 

although the Leu residue at Y+2 in NIM3 assumes a different conformation in the complex 

compared to NIM1 (Fig. 1h), which may be related to its 5-fold difference in affinity for the 

CID. The Kd of the Mpp6 peptide, which also has a Leu at the Y+2 position (Fig. 1c), is 

13.6 μM (Kim et al., 2016). Together with the data on the P2060A and P2060V mutants, our 
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observations suggest that several hydrophobic residues could be tolerated at the Y+2 

position. In comparison, the Pol II Ser5P CTD peptide studied here had the weakest affinity 

for the CID, with a Kd of 216±56 μM, comparable to the value reported previously (Tudek et 

al., 2014). The binding mode of the CTD peptide has substantial differences to the NIMs 

(Fig. S3d). The CTD also contains multiple repeats, which could provide increased avidity 

for the interaction with Nrd1.

We showed that mutation of the Tyr residue in all three NIMs in Sen1 CTS (Y1887A, 

Y2058A, Y2186A) was able to abolish the interaction with CID, while single-site mutants 

were still able to interact with CID (Fig. S4). We also confirmed that other regions of Sen1, 

such as its helicase and HEAT repeat domains, could not interact with Nrd1 CID, and that 

Nrd1 lacking the CID could not mediate the formation of the NNS complex (Fig. S4). We 

examined the amino acid sequences of these other regions of ScSen1 and did not find 

occurrences of the consensus motif. Overall, these data indicate that, under the conditions 

tested here, Sen1 interacts with Nrd1 solely through the NIM-CID contacts, and that Sen1 

does not interact with Nab3.

We next characterized the Sen1-Nrd1 interaction in yeast. Deletion of the CTS had no effect 

on growth (Fig. 3a), consistent with earlier data (Chen et al., 2014), nor did mutating the 

NIM tyrosines to alanine, individually or in combination (data not shown). A Nrd1 mutant 

lacking the CID also grows normally (Vasiljeva et al., 2008), suggesting that none of the 

Nrd1 CID interactions are essential under laboratory growth conditions. However, the Nrd1 

CID deletion does show NNS termination defects in a sensitive reporter assay (Steinmetz 

and Brow, 1998). When the SNR13 terminator is placed in an intron upstream of the Cup1 

coding region, NNS read-through produces a functional Cup1 mRNA that confers resistance 

to copper in the growth medium. We used this reporter in cells with a chromosomal Sen1 

mutation (E1597K) and tested whether our Sen1 constructs complement the defect 

(reverting cells back to copper sensitivity) or were also defective (copper resistance). 

Interestingly, the 1-1884 construct lacking the entire CTS fully complements a SEN1 

deletion or the E1597K point mutant for overall growth rate, but is not effective at 

preventing NNS read-through at the reporter (Fig. 3b). In contrast, the smaller deletions that 

retain one (1-2055) or two (1-2183) NIMs completely restore termination and copper 

sensitivity. A NIM1 point mutant in the context of the 1-2055 construct apparently 

terminates effectively on this reporter as well, so we cannot definitively assign the function 

to the NIM. Nonetheless, we can conclude that Sen1 region 1884-2055 containing NIM1 

does contribute to Sen1 function.

We were also able to show that removing or mutating NIMs from the Sen1 CTS had a 

profound effect on the interaction with Nrd1, based on co-immunoprecipitation experiments 

(Fig. 3c). A Sen1 mutant lacking all three NIMs showed essentially no binding to Nrd1. A 

mutant with one NIM showed weaker binding compared to one with two NIMs, and 

mutation of the Tyr residue to Ala in this NIM essentially blocked binding to Nrd1. These 

results confirm the observations from the crystal structures and demonstrate the importance 

of all three NIMs for Sen1-Nrd1 interactions. Removal of all three NIMs is required to 

abolish binding between Sen1 and Nrd1.
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As we and others have previously noted (Mischo et al., 2018), normal levels of full-length 

Sen1 are extremely low and difficult to detect by Western blotting. Correspondingly, little 

Nrd1 was detected upon immunoprecipitation (Fig. 3 c). Certain N-terminal truncations 

stabilize Sen1 by removing degradation-promoting sequences (DeMarini et al., 1995; 

Mischo et al., 2018). We found that the C-terminal truncations of Sen1 also produced higher 

levels of Sen1 protein, suggesting additional degradation signals in the CTS. On the other 

hand, the low levels of Sen1 compared to Nrd1 suggest that each Sen1 could be engaged by 

more than one Nrd1 in cells, which is supported by our co-immunoprecipitation data (Fig. 

3c). It remains to be seen whether these Nrd1 molecules can coordinate their functions for 

the NNS complex, but such cooperativity would be consistent with the observation that 

efficient NNS terminators typically require multiple Nrd1 and Nab3 bindings sites (Carroll 

et al., 2007).

In conclusion, we have identified three NIMs in the CTS of budding yeast Sen1 and 

elucidated the molecular basis for their recognition by Nrd1 CID. The identification of one 

of these NIMs (NIM2) in ScSen1 was independently reported recently (Han et al., 2018). 

Although neither the Sen1 NIMs nor Nrd1 CID is essential for supporting viability, deletions 

do show termination defects in a reporter assay. The conservation of these regions suggests 

these interactions are very likely to promote NNS function. A recent report demonstrates 

that Tyr1 in the CTD is required for termination by the NNS pathway (Collin et al., 2019). 

The Nrd1 CID now has four known binding partners, Sen1, Trf4 (Tudek et al., 2014), Mpp6 

(Kim et al., 2016) and Pol II CTD (Kubicek et al., 2012; Vasiljeva et al., 2008), and other 

motifs that bind this CID could also be possible. In fact, the crystal structure of free Nrd1 

CID (Vasiljeva et al., 2008) contains a packing contact that places a YLNA motif from 

another molecule in the crystal, from helix α7 that has partially unwound, in the binding 

site, with the Ala residue occupying the Y+2 position (Fig. S3e). Further studies will shed 

light on whether additional motifs could actually support interactions between Nrd1 CID 

and other proteins, and how the Sen1-Nrd1 interactions mediate the functions of the NNS 

complex.

STAR METHODS

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Liang Tong (ltong@columbia.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial E. coli BL21 Star (DE3) cells (Novagen) were used for protein expression in LB 

media. The cells were induced with 0.4 mM IPTG and grown at 16 °C for 16-20 h. Yeast 

strains were grown in YPD media and plated on YPD agar.
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METHOD DETAILS

Protein expression and purification

S. cerevisiae Nrd1 CID (residues 6-151) was sub-cloned into the pET28a vector (Novagen). 

The recombinant protein, with an N-terminal hexa-histidine tag, was over-expressed in E. 
coli BL21 Star (DE3) cells (Novagen), which were induced with 0.4 mM IPTG and allowed 

to grow at 16 °C for 16–20 h. The soluble protein was purified by nickel-charged 

immobilizedmetal affinity chromatography, ion-exchange chromatography and gel filtration 

chromatography. The purified protein was concentrated in a buffer containing 20 mM Tris 

(pH 7.0), 150 mM NaCl, 10 mM DTT, and stored at −80 °C. The His-tag was not removed 

prior to crystallization.

Protein crystallization

Crystals of Nrd1 CID-Sen1 NIM complex were grown at 20 °C with the hanging-drop vapor 

diffusion method. Nrd1 CID protein solution was at 20 mg/ml concentration, and the protein 

was mixed with Sen1 NIM peptides (GL Biochem) at a molar ratio of 1:10. The reservoir 

solution contained 0.1 M sodium citrate (pH 4.0), 1 M lithium chloride and 20% (w/v) PEG 

6000. Fully-grown crystals were obtained one day after set-up. The crystals were cryo-

protected in the crystallization solution supplemented with 15% (v/v) ethylene glycol and 

flash-frozen in liquid nitrogen for data collection at 100 K.

Data collection and processing

X-ray diffraction data sets were collected at a wavelength of 0.979 Å on a Pilatus-6MF pixel 

array detector at the 24-ID-C beamline of the Advanced Photon Source (APS). The 

diffraction images were processed and scaled with XDS (Kabsch, 2010).

Structure determination and refinement.

The structures were solved by molecular replacement with the program Phaser-MR in 

PHENIX (Adams et al., 2002; McCoy et al., 2007). The crystal structure of S. cerevisiae 
Nrd1 CID (PDB code 3CLJ) (Vasiljeva et al., 2008) was used as the search model. Manual 

model rebuilding was carried out with Coot (Emsley and Cowtan, 2004). The structure 

refinement was performed with the program PHENIX, with translation, libration, and screw-

rotation (TLS) parameters. The data processing and refinement statistics are summarized in 

Table 1.

Fluorescence anisotropy assay.

Nrd1 CID mutants were expressed and purified using the same protocol as that for the wild-

type CID. NIM1, NIM2, NIM3, NIM2 mutants, Pol II Ser5p CTD and N-terminally 5-

carboxyfluorescein (5-FAM) labeled NIM2 peptides were obtained for fluorescence 

anisotropy (GL Biochem). For direct binding assays, 5 nM 5-FAM labeled NIM2 peptide 

was titrated with wild-type and mutants of Nrd1 CID at increasing concentrations. For 

competition assays, complex of 5 nM 5-FAM labeled NIM2 peptide and 3 μM wild-type 

Nrd1-CID was titrated with unlabeled NIM1, NIM2, NIM3, NIM2 mutants and Pol II Ser5p 

CTD peptides at increasing concentrations. The measurements were conducted on a Synergy 
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Neo2 Hybrid Multi-Mode Reader (Biotek). Samples were excited at 485 nm and emissions 

were recorded at 528 nm. Measurements were performed in triplicates at room temperature 

in 20 mM Tris (pH 7.0), 200 mM NaCl, 5 mM DTT. The binding curves were fitted by 

GraphPad Prism (GraphPad Software, La Jolla) using hyperbolic equation for direct binding 

and the analytical model for competitive binding (Wang, 1995).

Mixing assay.

Mixtures of purified proteins were incubated on ice for 1 h and separated on Superose 6 

Increase 10/300 GL column (GE Healthcare) in 20 mM Tris (pH 7.0), 200 mM NaCl, 5 mM 

DTT.

Pull-down assay

Various regions of S. cerevisiae Sen1 CTS and its mutants and K. lactis Sen1 CTS were sub-

cloned into the pET28a-SUMO vector unless specified otherwise. The recombinant Sen1 

proteins would contain an N-terminal hexa-histidine tag followed by a SUMO tag unless 

specified otherwise. The CTS construct covering residues 1892-2042 contained two SUMO 

tags due to a cloning artifact. The plasmid was co-transformed with one for un-tagged S. 
cerevisiae Nrd1 CID (residues 6-151) or K. lactis Nrd1 CID (residues 1-155) and over-

expressed in E. coli BL21 Star (DE3) cells (Novagen). The culture was induced with 0.4 

mM IPTG and allowed to grow at 16 °C for 16–20 h. The soluble protein was incubated 

with nickel-charged resin for 1 h at 4 °C, washed with a buffer containing 20 mM Tris (pH 

7.0), 200 mM NaCl, 20 mM imidazole and eluted with a buffer containing 20 mM Tris (pH 

7.0), 200 mM NaCl, 150 mM imidazole. The eluate was mixed with protein dye and run on 

an SDS-PAGE gel.

Yeast genetics

For complementation testing (Fig. 3a), yeast strains were derived by plasmid shuffling as 

previously described (Mischo et al., 2018). Briefly, the plasmids listed below were 

transformed into YSB3181 (ura3Δ0, leu2Δ0, trp1Δ::LEU2/KanR, his3Δ1, met15Δ0, 

sen1Δ::KanMX, [pRS416 + −700 Sen1]), selecting for the plasmid marker using synthetic 

complete media lacking the appropriate amino acid (HIS3/histidine for pRS313 or TRP1/

tryptophan for pRS414). The pRS416+/−700 Sen1 plasmid carrying a URA3 marker was 

then removed by selection on 5-fluoro-orotic acid media. For the growth assay shown in Fig. 

3a, three-fold serial dilutions of post-selection cells were spotted on YPD plates. Cells were 

grown at 30 °C for three days. The following strains carry the listed plasmids expressing the 

indicated Sen1 mutants:

YSB3514: Sen1 pRS414 + −700 Sen1 (WT) (Mischo et al., 2018)

YSB3515: pRS313-Sen1 (WT) (Chen et al., 2014)

YSB3516: pRS313-Sen1(1-1858) (Chen et al., 2014)

YSB3517: pRS414-Sen1(1-1884)

YSB3518: pRS313-Sen1(1-1907) (Chen et al., 2014)

Zhang et al. Page 8

Structure. Author manuscript; available in PMC 2020 July 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



YSB3519: pRS414-Sen1(1-2055)

YSB3520: pRS414-Sen1(1-2183)

YSB3521: pRS414-Sen1-Y1887A YSB3522: pRS414-Sen1(1-2053)

YSB3523: pRS414-Sen1(1-2055 + Y1887A)

Plasmids with no citation were created for this study by inverted PCR using pRS414 + − 700 

Sen1 as template. Deletion junctions and point mutations were verified by sequencing.

To test for read-through at a Sen1-dependent terminator, isogenic yeast strains 46a/YF1313 

(MATa, ura3-, leu2-, trp1-, his3-, lys2, ade2, cup1Δ, SEN1) and nrd2-1/YF1517 (MATa, 
ura3-, leu2-, trp1-, his3-, lys2, ade2, cup1Δ, sen1(E1597K)), both from (Steinmetz and 

Brow, 1996), were transformed with reporter plasmid pGAC24-SNR13(125-232) (Steinmetz 

et al., 2001). This reporter expresses an ACT1-CUP1 fusion gene that contains the SNR13 
terminator within an intron. Cells with defects in NNS termination produce read-through 

transcripts that can express functional Cup1 protein, conferring resistance to copper. The 

sen1(E1597K) mutant (also known as nrd2-1) grows slowly but is copper resistant. The two 

yeast strains were transformed with the plasmids described above and tested for 

complementation of sen1(E1597K) mutant phenotypes in nrd2-1/YF1517, or dominant 

negative effects in 46a/YF1313. Transformed cells were spotted on plates using a three-fold 

dilution series and grown for two (no copper) or five (plus copper) days.

Immunoprecipitation experiments

Overnight cultures of yeast were inoculated into 50 ml YPD at OD595 of 0.3 and grown for 

about five hours to OD 1.0 at 30 °C. Cells were pelleted, washed, and re-suspended in 

nucleosome isolation buffer (0.1% Triton X-100, 10 mM MgCl2, 20 mM HEPES (pH 7.8), 

250 mM sucrose) plus 150 mM NaCl, and protease (leupeptin, pepstatin A, PMSF, 

aprotinin) and phosphatase inhibitors (sodium fluoride and sodium vanadate) (van Werven et 

al., 2008). Cells were lysed by vortexing with glass beads for six 30 second intervals with 

cooling on ice in between. Debris was removed by microfuging at 13000 rpm for 20 minutes 

at 4 °C. After decanting the supernatant, 10 μl of 10 mg/ml RNaseA was added to make sure 

any interactions were not mediated by RNA. For immunoprecipitations, 2 mg of extracts 

were incubated with 2 μl of anti-Sen1 (Chen et al., 2014) (a gift from Dave Brow, University 

of Wisconsin) and 20 ml of Protein A-Sepharose beads overnight at 4 °C. Beads were gently 

pelleted and washed three times for five minutes with the same buffer used during 

immunoprecipitation.

Bound proteins were eluted into loading buffer, separated by SDS-polyacrylamide gel 

electrophoresis, and blotted at 45 volts to nitrocellulose overnight at 4 °C. After blocking, 

membranes were probed with anti-Sen1 or anti-Nrd1 (Steinmetz and Brow, 1998) (also 

provided by Dave Brow), using anti-rabbit IgG-HRP conjugate and ThermoFisher Pico Plus 

developer to image bands on X-ray film.
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Replication

The fluorescence anisotropy binding assays were performed in triplicates.

Strategy for randomization

N/A

Blinding

N/A

Sample size estimation and statistical method of computation

N/A

Inclusion and exclusion criteria

No data were excluded in the fitting to the fluorescence anisotropy binding curves.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data for fluorescence anisotropy binding assays are shown as means ± SD based on three 

independent experiments.

DATA AND SOFTWARE AVAILABILITY

The accession number for the coordinates and structure factors of Nrd1 in complex with 

NIM1 is 6O3W, that with NIM2 is 6O3X, and that with NIM3 is 6O3Y.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Three Nrd1 interaction motifs (NIMs) are identified in C-terminal segment of 

Sen1.

• The NIMs are bound in the same pocket as the Pol II CTD phosphopeptide.

• Removal of all three NIMs abolishes Nrd1-Nab3-Sen1 complex formation.

• Removal of all three NIMs produces ncRNA termination defects.
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Figure 1. 
Identification of three NIMs in yeast Sen1. (a). Domain organizations of yeast Nrd1, Nab3 

and Sen1. The domains are given different colors, CID (cyan), DD (yellow), RRM (orange), 

HEAT repeats (gray), helicase (light blue). The three NIMs are in red. The N-terminal 

domain of Sen1 is expected to be all helical, suggesting that it has a HEAT-like structure. 

There may be a second RRM in Nab3 based on secondary structure considerations. (b). 
Various segments of Sen1 can (green) or cannot (red) pull down Nrd1 CID. The segment 

that is crucial for the interaction is boxed. (c). Alignment of 15 NIMs found in seven fungal 

species. Also shown is the NIM in Trf4 and the Pol II CTD consensus. Residues in the 

consensus motif are highlighted in red and magenta. (d). Overlay of the structures of CID in 

complex with NIM1 (green), NIM2 (cyan), and NIM3 (pink). (e). Overlay of the structures, 

viewed after a rotation of 90° around the horizontal axis. (f). Electrostatic surface of CID in 

the complex with NIM2 (stick models). (g). Detailed interactions between NIM1 (green) and 

NIM2 (cyan) and the CID. Hydrogen-bonding interactions are indicated with the dashed 
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lines (red). The conformational changes of the Y+1 and Y+2 residues are indicated with the 

red arrow. (h). Overlay of the binding modes of the three NIM peptides. The structure 

figures were produced with PyMOL (www.pymol.org). See also Fig. S1, S2, S3 and S4.
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Figure 2. 
Binding affinity between Nrd1 CID and Sen1 NIMs. (a). Fluorescence anisotropy binding 

data for wild-type NIM2 and the Y2058F mutant. The observed Kd values are indicated. (b). 
Fluorescence anisotropy competition binding data for wild-type NIM2 and three mutants. 

(c). Fluorescence anisotropy binding data for NIM2 with wild-type and mutant CID. (d). 
Fluorescence anisotropy competition binding data for NIM1, NIM2, NIM3 and the Pol II 

Ser5P CTD. Error bars represent standard deviations from triplicate measurements.
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Figure 3. 
Characterization of the effects of the Sen1-Nrd1 interaction in yeast. (a). Sen1 CTS is not 

required for growth. The indicated Sen1 mutants were created by plasmid shuffling and 

tested for growth by serial dilution spotting assay on rich YPD media. The Sen1(1-1858) 

mutant is missing the C-terminal region of the helicase domain, which may explain its 

growth phenotype. (b). Various C-terminal truncations of Sen1 were transformed into SEN1 

wild-type or E1597K point mutant cells and tested for the ability to prevent NNS read-

through at the Cup1 reporter. NNS termination defects result in copper resistance. The 
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1-1884 construct of Sen1, which lacks all three NIMs, could not prevent read-through. (c). 
Sen1 NIMs are crucial for interaction with Nrd1 in yeast. Cell extracts from the indicated 

Sen1 strains were immunoprecipitated with anti-Sen1 antibody and probed for the presence 

of Nrd1 and Sen1 proteins. Positions of Sen1 proteins are marked with a single asterisk, and 

positions of Nrd1 are marked with the box. Nrd1 is partially obscured by its proximity to 

IgG heavy chain on the blot, marked with two asterisks.
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Table 1

Data collection and refinement statistics

CID+NIM1 CID+NIM2 CID+NIM3

Data collection

Space group C2221 C2221 C2221

Cell dimensions

 a, b, c (Å) 103.4, 109.1, 86.7 98.9, 102.5, 115.5 98.7, 103.0, 115.4

 α, β, γ (°) 90, 90, 90 90, 90, 90 90, 90, 90

Resolution range (Å)
1 50-2.1 (2.2-2.1) 50-2.0 (2.1-2.0) 50-2.8 (3.0-2.8)

No. of observations 185,949 175,380 48,822

No. of unique reflections 27,909 39,419 14,439

Rmerge (%) 8.4 (67.9) 8.0 (48.7) 14.7 (48.8)

I/σI 16.8 (5.4) 12.2 (3.1) 7.3 (2.8)

CC1/2

Completeness (%) 96.2 (96.7) 98.1 (96.9) 97.1 (97.2)

Redundancy 6.7 (6.9) 4.4 (4.3) 3.4 (3.4)

Refinement

Resolution range (Å) 46-2.1 (2.2-2.1) 45-2.0 (2.1-2.0) 45-2.8 (2.9-2.8)

No. of reflections 27,890 39,414 14,426

Rwork (%) 18.6 (23.0) 17.9 (25.2) 23.7 (29.1)

Rfree (%) 20.4 (28.6) 22.6 (29.2) 30.0 (31.3)

No. atoms

 Protein 2,428 3,561 3,560

 Cl 0 2 2

 Water 126 260 –

B-factors

 Protein 42.7 35.4 40.9

 Cl – 23.5 31.2

 Water 45.0 40.2 –

RMS deviations

 Bond lengths (Å) 0.006 0.007 0.008

 Bond angles (°) 0.73 0.76 1.10

Ramachandran plot statistics (%)

 Most favored region 98.29 98.85 97.92

 Additional allowed region 1.37 1.15 2.08

PDB entry code 6O3W 6O3X 6O3Y

1
The numbers in parentheses are for the highest resolution shell.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-Senl Chen et al., 2014 
(Dave Brow)

N/A

Anti-Nrd1 Steinmetz and 
Brow, 1998 (Dave 
Brow)

N/A

Bacterial and Virus Strains

E. coli BL21 (DE3) Star Novagen N/A

Biological Samples

Chemicals, Peptides, and Recombinant Proteins

Sodium citrate Fisher Scientific S279-3

Lithium chloride Sigma-Aldrich 203637-50G

PEG 6000 Sigma-Aldrich 81260-1KG

ScSen1-NIM1: EQEDDYKLPMEYIT GL Biochem N/A

ScSen1-NIM2-FAM: DDEDDYTPSISD-[FAM] GL Biochem N/A

ScSen1-NIM2-Y2058F-FAM: DDEDDFTPSISD-[FAM] GL Biochem N/A

ScSen1-NIM2-P2060A: DDEDDYTASISD GL Biochem N/A

ScSen1-NIM2: DDEDDYTPSISD GL Biochem N/A

ScSen1-NIM2-P2060V: DDEDDYTVSISD GL Biochem N/A

ScSen1-NIM2-D2056N: DDENDYTPSISD GL Biochem N/A

ScSen1-NIM3: EAEDPYDLNPHPQ GL Biochem N/A

Pol II CTD: SPT(pS)PSYSPT(pS)PS GL Biochem N/A

Critical Commercial Assays
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited Data

Nrd1 CID Vasiljeva et al., 
2008

PDB: 3CLJ

Nrd1 CID in complex with Sen1 NIM1 This paper 6O3W

Nrd1 CID in complex with Sen1 NIM2 This paper 6O3X

Nrd1 CID in complex with Sen1 NIM3 This paper 6O3Y

Experimental Models: Cell Lines

Experimental Models: Organisms/Strains

Yeast strains

YSB3181 (SEN1 shuffling strain) Mischo et al, 2018 N/A

nrd2-1/YF1517 Steinmetz and 
Brow, 1996 (Dave 
Brow)

N/A

46a/YF1313 Steinmetz and 
Brow, 1996 (Dave 
Brow)

N/A

Oligonucleotides

Forward primer used to clone Nrd1-CID construct in 
pET28a
C AGC GGC CTG GTG CCG CGC GGC AGC CAT ATG 
GAT TTT CAA AAT TTT GTA GCT ACC TTG G

Eton Bioscience N/A

Reverse primer used to clone Nrd1-CID construct in 
pET28a
GTG GTG GTG GTG GTG CTC GAG TGC GGC CGC 
CTA AGC AAA GCA TTT TGA CCT GAT GGC

Eton Bioscience N/A

Forward primer used to clone Sen1 constructs in pET28a-
SUMO
GGC CTG GTG CCG CGC GGC AGC CAT ATG xxx
xxx indicates coding-sequence-complementary region of 
variable length

Eton Bioscience N/A

Reverse primer used to clone Sen1 constructs in pET28a-
SUMO
GTG GTG GTG CTC GAG TGC GGC CGC CTA xxx
xxx indicates coding-sequence-complementary region of 
variable length

Eton Bioscience N/A

Forward primer used to clone Nrd1-CID construct in 
pCDF
GT TTA ACT TTA ATA AGG AGA TAT ACC ATG GGC 
GAT TTT CAA AAT TTT GTA GCT ACC TTG G

Eton Bioscience N/A

Reverse primer used to clone Nrd1-CID construct in pCDF Eton Bioscience N/A
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REAGENT or RESOURCE SOURCE IDENTIFIER

C TGT TCG ACT TAA GCA TTA TGC GGC CGC CTA 
AGC AAA GCA TTT TGA CCT GAT GGC

Recombinant DNA

pET28a-Nrd1-CID This study N/A

pET28a-SUMO-Sen1 This study N/A

pCDF-Nrd1-CID This study N/A

Software and Algorithms

XDS Kabsch, 2010 http://xds.mpimf-heidelberg.mpg.de/

PHENIX McCoy, 2007; 
Adams, 2002

https://www.phenix-online.org/

Coot Emsley and 
Cowtan, 2004

https://www2.mrc-lmb.cam.ac.uk/personal/pemsley/coot/

PyMOL Schrodinger LLC https://pymol.org

GraphPad Prism GraphPad Software www.graphpad.com

Other
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