














contain RRMs that achieveRNA sequence specificity byworking together
to recognise segments of single-strand RNA near the termination sites.
To accomplish this cooperative recognition, RBPs have to bind to the
RNA as a single entity. Nrd1 and Nab3 form a heterodimer, whose
structural features havebeendescribed in thiswork, whereasRna14acts
as scaffold for Rna15 and Hrp1 (Fig 5A). The Hrp1/Rna14 interaction has
been mapped to Hrp1 RRMs by NMR (Barnwal et al, 2012), but the
structural details remain unknown. On the other hand, the Rna15/Rna14
heterodimer involves the so-called hinge and Monkeytail domains
(Moreno-Morcillo et al, 2011) with Rna14 wrapping around a bundle of
helices of Rna15 (Fig 5A and B). This binding mode is strikingly
similar to the Nrd1/Nab3 one described in our chimera (Fig 5B),
where Nrd1 wraps around the bundle of helices of Nab3. Although
both complexes do not superimpose and many structural dif-
ferences can be found, their protein–protein recognition strategy
is similar. In the Rna15/Rna14 heterodimer, both the hinge (from
Rna15) and the Monkeytail (from Rna14) domains appear to be
unfolded in their free states (Moreno-Morcillo et al, 2011). In
contrast, in the Nrd1/Nab3 there is some level of pre-structural
arrangement, at least in Nab3, which probably alleviates the en-
tropic cost of the heterodimer formation. Furthermore, the surface
buried by the Rna14/Rna5 complex (4,900 ± 200 Å2 [Moreno-Morcillo
et al, 2011]) is larger than that calculated for the Nab3/Nrd1 heter-
odimer (3,364 ± 95 Å2). In this context, a recent statistical study shows
that buried interfaces contribute between 3 and 4 cal mol−1 Å−2 to the
free energy (Chen et al, 2013). In the case of the Nab3/Nrd1, thiswould
lead to theoretical ΔG of −10.1 to 13.5 kcalmol−1, which is slightly lower
than the −9.8 kcal mol−1 value obtained by ITC (Fig 2C, right panel),
showing that the amount of buried surface is in reasonable
agreement with the heterodimerization energetics.

Is Nrd1/Nab3 heterodimerization conserved within the
fungal kingdom?

The structural comparison between the two transcription termi-
nation complexes in S. cerevisiae shows interesting parallelisms.
Nrd1 presents a unique architecture within the NNS machinery,
comprising a CID, a heterodimerization domain, and an RBD. The
structure of the RBD (Franco-Echevarrı́a et al, 2017) and the re-
ported Nab3-Nrd1 chimera structure (a faithful model of the het-
erodimer) are exclusive of Nrd1-like proteins. The search for Nrd1
orthologs (https://omabrowser.org/) found 121 fungal sequences;
there are not Nrd1-like proteins in other kingdoms of life. Besides,
these Nrd1-like proteins showed clear conservation patterns when
looking at the RBD and CID domains (data not shown). In contrast,
Nrd1 NAID is well conserved within the Saccharomyces clade (Figs
S1A and B and S7) but no in other fungal species which show large
insertions between the two helices. These differences would likely
affect the Nrd1/Nab3 heterodimer architecture and perhaps even
compromise its formation. Even the evolutionary-close Candida
clade showed significant differences in this region (Fig S7), sug-
gesting that the Nrd1/Nab3 heterodimer might be an exclusive
feature of the Saccharomyces clade. In support of this hypothesis,
experimental data show that Schizosaccharomyces pombe Seb1,
Yas9, and Dbl8, orthologs of Saccharomyces cerevisiaeNrd1, Nab3, and
Sen1, respectively, do not form a stable complex (Lemay et al, 2016).
Even more, these proteins are not involved in transcriptional termi-
nation of snRNA genes, suggesting that the NNS-dependent termi-
nation does not exist in fission yeast (Larochelle et al, 2018). With this
evidence, and in conjunction with the evolutionary data (Fig S7), it is
tempting to speculate that the emergence of heterodimerization

Figure 4. Functional analysis of Nrd1/Nab3
heterodimerization.
(A) Scheme representing the distribution of the
analyzed mutants (indicated as green starts). Six
positions in Nrd1 NAID domain were mutagenized
(see specific details in the text). (B) The six
mutagenized residues in Nrd1 NAID correspond to
hydrophobic amino acids (Leu189, Leu193, Leu197,
Leu209, Ile213, and Leu216) buried in the structure. These
Leu or Ile side chains were replaced with Ala
(conservative mutation) or Arg (disrupting mutation).
(C, D). Analysis of the growth phenotypes of the nrd1
mutants and wild-type cells (wt.). The temperature-
sensitive mutant nrd1-K335E, previously identified in
the RNA-binding domain (Franco-Echevarrı́a et al,
2017), is included as reference. Cultures were serially
diluted (1/10), spotted on selective SC media plates
and grown at the indicated temperatures for 2–3 d.
(C) The first set of mutants (Leu/Ile to Ala) does not
show differential behavior compared to wt. at the
two tested temperatures. In comparison, the nrd1-
K335E temperature-sensitive mutant shows the
expected growth phenotype at 37°C (Franco-
Echevarrı́a et al, 2017). (D) Among the second set of
mutants, including Leu/Ile to Arg mutations, nrd1-L209R
and nrd1-I213R show strong growth defects, even
lethality at 34°C and 37°C for nrd1-L209R mutant. Two
clones of each mutant were tested.
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between the two RBPs (Nrd1-like and Nab3-like) was the critical
molecular event that triggered the development of a new tran-
scription termination mechanism, specialized in small non-coding
RNAs, in the Saccharomyces clade.

Materials and Methods

Circular dichroism measurements

CD spectra were recorded on a Jasco J-810 spectropolarimeter in
pure water at 25°C and using a 0.1-cm path-length cell for far-UV

measurements. Experiments were acquired with a scan speed of 50
nm min−1, a response time of 4 s and a 0.5-nm band width. Protein
concentrations were 16 μM for Nrd1147-222 and 20 μM for Nab3191-261.

Protein expression and purification

Nrd1 and Nab3 sequences were amplified from Saccharomyces
cerevisiae genomic DNA (Novagen) using specific DNA primers
(Macrogen) and high fidelity KOD DNA polymerase (Novagen). The
fragments were cloned into a pET28-modified vector encoding TxA-
6xHis-TEV cleavage site as a N-terminal fusion cassette (TxA cor-
respond to the E. coli thioredoxin A sequence). Nrd1, Nab3, and

Figure 5. Structural comparison between CFI and
NNS complexes.
(A) The structural models depict the current
knowledge about the organization and interactions
within the Cleavage Factor I and Nab3–Nrd1–Sen1
complexes, that are involved in the two transcription
termination pathways in yeast (see the Introduction
section for details). On the right, termination of short
transcripts is associated to Ser5 phosphorylation mark
in RNA Pol II (blue dots in the schematic representation
of Rpb1 CTD) that are recognized by Nrd1 CID (PDB:
2IO6 in pink and Rpb1 CTD in grey/blue [Ser5-P]). On the
nascent transcript, Nrd1 (PDB: 5O1Y in pink) and Nab3
(PDB: 2L41 in cyan) RNA-binding domains recognize
specific terminator sequences (black line and boxed
RNA sequences below). The helicase Sen1 (PDB: 5MZN)
also recognizes unspecific RNA sequences, and its
intrinsically disordered region contains three Nrd1
interaction motifs (NIMs): NIM1, NIM2, and NIM3 (marked
in red) that can interact with the CID, competing out
the Rpb1 CTD and allowing the termination process to
evolve to its final steps (Zhang et al, 2019; Han et al,
2020). On the left, CFI uses similar strategies. The CID
of Pcf11 (PDB: 1SZA in purple) recognizes Ser2-P CTD-
derived peptides (yellow dots and yellow atoms in the
1SZA structure), typical of long-elongated transcripts,
whereas Hrp1 (orange) and Rna15 (maroon) (PDB:
2KM8) recognize the polyadenylation signal and
enhancement elements. Clp1 (grey) recognizes a
Pcf11 peptide (in purple) (PDB: 2NPI) and also interacts
with other proteins of CFI (yet-unknown structures). The
Rna14 HAT domains (yellow) interact with Hrp1 RRMs
(Barnwal et al, 2012) and its Monkeytail domain forms a
heterodimer with the C terminus or Rna15 (maroon)
(PDB: 2L9B). This heterodimer has a similar structure
as the Nrd1–Nab3 chimera (PDB: 7PRD this work).
(B) Comparison between the structures of Rna14/Rna15
heterodimer and Nrd1–Nab3 chimera. In both cases,
models have been represented as a surface/ribbon
mixture for each of the components, and alternating
between them in top and bottom figures (identical
orientation for each structure). Rna14 Monkeytail
domain (yellow) and Nab3 interacting domain in Nrd1
(pink) wrap around their partners in a similar way,
creating large protein–protein interfaces. In the
structures, Rna15 (maroon) and Nab3 (cyan) form
compact helix bundles.
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chimeric Nrd1–Nab3 constructs were obtained and overexpressed
in E. coli BL21(DE3) cells. Cells were grown in Luria-Bertani (LB) broth
for natural abundance samples, and in KMOPS minimal media
(Neidhardt et al, 1974) for 15N/13C labelled samples. In the latter
case, labelled ammonium chloride or glucose as (Cambridge Iso-
tope Laboratories) sole nitrogen and carbon sources were used.
Natural abundance and isotopically labelled cultures were induced
at OD600 = 0.6–0.8 with 0.5 mM IPTG (Sigma-Aldrich) at 25°C (or 16°C)
for 12 h (or 20 h) and then harvested and frozen at −20°C until
further use. For selective 13C-methyl labelling, cultures were grown
in 15N-KMOPS minimal media until OD600 = 0.3–0.4 and then sup-
plemented with α-ketobutyric acid (13C-methyl) (120 mg/l) and
α-ketoisovaleric acid (13C-methyl) (70 mg/l) (Cambridge Isotope
Laboratories) adapting previously reported protocols (Goto et al,
1999).

Resuspended cell pellets (in buffer A: 25 mM potassium phos-
phate pH 8.0, 300 mM NaCl, 10 mM imidazole, 5 mM β-mercap-
toethanol, and 1 tablet/50 ml of EDTA-free protease inhibitors
[Roche]) were sonicated, centrifuged and the supernatant filtered
through a 0.22-μm filter prior loading into a HisTrap 5ml column (GE
Healthcare). The IMAC (immobilized metal affinity chromatography)
column was washed with buffer B (25 mM potassium phosphate, pH
8.0, 500 mM NaCl, 30 mM imidazole, and 5 mM β-mercaptoethanol)
and eluted with buffer C (25 mM potassium phosphate, pH 8.0, 300
mM NaCl, 300 mM imidazole, and 5 mM β-mercaptoethanol). The
samples were exchanged to buffer A by desalting chromatography
(G-25 resin) or dialysis and 100 μg/ml of homemade TEV protease
were added prior overnight digestion at 16°C. Undigested fusion
protein, cleaved tag, TEV, and some other impurities were removed
by a second IMAC chromatography, using the same buffers as before,
and the target protein was collected in the flow-through (buffer A) or
buffer B fractions (depending on the protein construct). Next, the
protein samples were concentrated by ultrafiltration (Vivaspin 10 kD
cut off membrane), followed by gel filtration with a Superdex 200 10/
300 GL column (GE Healthcare). Finally, samples were exchanged to
their final buffer, depending on the subsequent experiments, and
their purity checked by PAGE–SDS.

NMR

The concentration of the different protein constructs was deter-
mined from the aromatic contribution to the UV spectrum at 280
nm, with the exception of Nrd1147-222 that lacks this type of residues
and absorbance measurements at 205 nm were used to estimate
the concentration (Anthis & Clore, 2013). NMR samples were pre-
pared at concentrations ranging 100–1,000 μM in buffer containing
25mM potassium phosphate, pH 6.6, 25 mMNaCl, 1 mM DTT, and 10%
D2O. NMR assignments of Nrd1147-222, Nab3191-261 in their free and
bound forms were obtained from triple-resonance backbone ex-
periments 3D HNCA, HNCO, CBCA(CO)NH, and HNCACB (Sattler et al,
1999) recorded at 25°C on Bruker AV800 and AV600 spectrometers,
both with triple-resonance cryoprobes. For the structure calcula-
tion of Nab3191-261, two 2D NOESY spectra (in 10% and 100% D2O)
were acquired in a Bruker AV800 spectrometer with 480 μM samples
and 80 ms mixing time.

For the Nrd1–Nab3 chimera, we first obtained the assign-
ments of the Nrd1147-222-Nab3202-261 construct using 3D HNCA, HNCO,

CBCA(CO)NH, and HNCACB triple-resonance backbone experiments,
and also 3D HcCH-TOCSY, hCCH-TOCSY experiments (Sattler et
al, 1999) recorded on a Bruker AV600. The 1H, 15N, and 13C assignments
of the optimized chimera, Nrd1158-222-Nab3202-261, were easily trans-
ferred from the previous set of data and confirmed with 3D HNCA,
HNCO, CBCA(CO)NH, HcCH-TOCSY, and hCCH-TOCSY spectra. NMR ex-
periments of that optimal chimeric construct were recorded in 10 mM
sodium acetate (D3, 99%), pH 5.1, 25 mM NaCl, and 1 mM DTT buffer.
NOE-derived distance restraints were obtained from five different
NOESY-type experiments: 2D NOESY (H2O/D2O 9:1), 2D NOESY (D2O), 3D
1H-15N-HSQC-NOESY, 1H-13C-HSQC-NOESY, and 1H-13C-HSQC-NOESY-
1H-13C-HSQC (Sattler et al, 1999). The last two spectra were recorded on
13C-methyl selectively labelled Leu, Val and Ile (δ1) samples. All
these spectra were recorded at 25°C on a Bruker AV800 spec-
trometer, with ~1 mM protein concentration and 60msmixing time.
Backbone angle restraints were obtained from 13C and 1H chemical
shifts with TALOS+ (Shen et al, 2009). Structures were calculated with
CYANA 3.0 (Güntert & Buchner, 2015) by a standard simulated annealing
protocol starting from 50 random conformers (statistics in Table
S1). The 20 lowest target function conformers were selected as
representative of the NMR structure. NMR data were handled and
analyzed with Topspin (Bruker), and ccpnNMR Analysis (v2)
software (Vranken et al, 2005), and the structures were visualized
with Pymol (DeLano Scientific LLC).

ITC

Experiments were carried out on a MicroCAl iTC200 (Malvern In-
struments) at 15°C in 20 mM potassium phosphate (pH 7.0), 150 mM
NaCl, and 1 mM β-mercaptoethanol. In all cases concentrated
Nab3191-261 (198 μM) in the syringe, was titrated into Nrd1 variants:
Nrd1147-222/290-489 (19 μM), Nrd11-222 (28 μM), and txAHTEV-Nrd1147-222
(54 μM). Experiments were performed in duplicate with injections of
2 μl (0.4 μl for first point) separated by 150 s delays to recover
thermal power baseline and continuous stirring in the cell (1,000
rpm) for correct mixing. The reference cell was filled with water in
all the experiments. Data were processed by removing the blank
experiment (dilution of Nab3191-261 in buffer) and adjusted to one-
site binding model with Origin 7.0 (OriginLab).

S. cerevisiae strains and mutants

NRD1mutations were introduced in a centromeric LEU pRS415-NRD1
plasmid by QuickChange mutagenesis (Agilent) using specific DNA
oligonucleotides (Macrogen). The corresponding yeast strains
were constructed following the procedures reported in our pre-
vious work (Franco-Echevarrı́a et al, 2017). Wild-type and mutant
plasmids were used to transform EJS101-9d strain (Mat a, ura3-52,
leu2-3,112, trp1-1, his3-11,15, ade2-1, met2Δ1, lys2Δ2, can1-100, and
nrd1::HIS3 [pRS316-NRD1] [Steinmetz & Brow, 1996]) that lacks the
genomic NRD1 gene and expresses it from a centromeric URA
pRS316-NRD1 plasmid (NRD1 is required for S. cerevisiae viability).
Transformants were selected in URA-LEU medium and then grown
in 5-FOA containing medium to enable the selective loss of pRS316-
NRD1 and expression of NRD1 (wt and mutant genes) from the LEU
plasmids. None of the obtained mutant strains were lethal, and
therefore we grew them at different temperatures to evaluate
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potential growth defects. For that purpose, we performed serial
dilution assays (1:10) of the corresponding yeast strains on selective
medium plates and grown them for 2–3 d at the indicated tem-
peratures. Prof S Buratowski kindly provided the original yeast
strain (EJS101-9d) and the pRS415-NRD1 plasmid.

Data Availability

Atomic coordinates have been deposited in the Protein Data Bank
(PDB) under the accession codes 7PRE (Nab3191-261) and 7PRD
(Nrd1158-222-Nab3202-261), and 1H/15N and 13C chemical shifts under
the Biological Magnetic Resonance Data Bank (BMRB) accession
numbers 34669 (Nab3191-261) and 34668 (Nrd1158-222-Nab3202-261).

Supplementary Information

Supplementary Information is available at https://doi.org/10.26508/lsa.
202101252.
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