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Background: How the yeast proteins Nrd1 and Nab3 provoke transcription termination is poorly understood.

Results: An essential part of Nab3 contains a self-assembly domain that appears unstructured. Nrd1/Nab3 double mutants
disrupt the function of this higher order complex, causing lethality.

Conclusion: A large network of molecular interactions is needed for termination.

Significance: A new essential function of Nab3 has been identified.

Nab3 and Nrdl1 are yeast heterogeneous nuclear ribonucleo-
protein (hnRNP)-like proteins that heterodimerize and bind
RNA. Genetic and biochemical evidence reveals that they are
integral to the termination of transcription of short non-coding
RNAs by RNA polymerase II. Here we define a Nab3 mutation
(nab3A134) that removes an essential part of the protein’s C
terminus but nevertheless can rescue, in traus, the phenotype
resulting from a mutation in the RNA recognition motif of
Nab3. This low complexity region of Nab3 appears intrinsically
unstructured and can form a hydrogel in vitro. These data sup-
port a model in which multiple Nrd1-Nab3 heterodimers
polymerize onto substrate RNA to effect termination, allowing
complementation of one mutant Nab3 molecule by another
lacking a different function. The self-association property of
Nab3 adds to the previously documented interactions between
these hnRNP-like proteins, RNA polymerase II, and the nascent
transcript, leading to a network of nucleoprotein interactions
that define a higher order Nrd1-Nab3 complex. This was under-
scored from the synthetic phenotypes of yeast strains with pair-
wise combinations of Nrd1 and Nab3 mutations known to affect
their distinct biochemical activities. The mutations included a
Nab3 self-association defect, a Nab3-Nrd1 heterodimerization
defect, a Nrd1-polymerase II binding defect, and an Nab3-RNA
recognition motif mutation. Although no single mutation was
lethal, cells with any two mutations were not viable for four such
pairings, and a fifth displayed a synthetic growth defect. These
data strengthen the idea that a multiplicity of interactions is
needed to assemble a higher order Nrd1-Nab3 complex that
coats specific nascent RNAs in preparation for termination.

The Nrdl and Nab3 proteins of Saccharomyces cerevisiae
heterodimerize, bind RNA, and are important for transcription
termination during the synthesis of small RNAs, such as
snRNAs, small nucleolar RNAs, and cryptic unstable RNAs
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(1-3, 5). Both of these essential proteins possess a conserved
RNA recognition motif (RRM),> a feature that they have in
common with hnRNPs of higher eukaryotes (6). Each protein
has a preferred RNA recognition sequence, and, when paired as
a heterodimer, the two RRMs interact with their corresponding
Nrdl and Nab3 target sites simultaneously and more tightly
than either subunit alone (Fig. 14, circled number 1) (1, 7-11).
A Nab3 interaction site has been mapped on Nrdl (Fig. 14,
circled number 2) (12, 13). Nrd1 also binds the Ser®-phosphor-
ylated form of the repeated C-terminal domain of the large
subunit of RNA polymerase I, and this interaction is important
for the function of the Nrd1-Nab3 complex (Fig. 1A, circled
number 3) (13).

Aside from the well studied RRM (11, 14), relatively little is
known about the structure or function of the large Nab3 pro-
tein, which is proteolytically labile and has proven difficult to
produce in recombinant form. It contains a non-essential,
highly acidic N-terminal domain rich in glutamic and aspartic
acids (Fig. 1B) (1, 6). An essential portion downstream of the
RRM is a proline- and glutamine-rich segment of relatively low
sequence complexity (1). These sequences may be responsible
for the experimental difficulty in producing recombinant full-
length protein. Using a genetic screen, we have recently dis-
cerned a function for the very C-terminal tail of Nab3 (Fig. 1, A
(circled number 4) and B) (15, 16). It contains a stretch of 16
glutamines adjacent to a short peptide that shares structural
homology with an a-helix of the human hnRNP-C protein (15,
16). Both elements of this “tail” region are involved in self-asso-
ciation, similar to the tetramerization helix of human hnRNP-C
(17). Loss of either sequence component reduces the ability of
Nab3 to support transcription termination (16). This newly
described interaction between Nab3 tails could represent a bind-
ing interaction between adjacent Nrd1-Nab3 heterodimers that
helps to assemble multiple copies of these proteins onto substrate
RNAs (Fig. 14, circled number 4).

The complex’s physical contacts (Fig. 1A, circled numbers
1-4) have been shown by in vitro binding assays using recom-

2 The abbreviations used are: RRM, RNA recognition motif; hnRNP, heteroge-
neous nuclear ribonucleoprotein; CTD, C-terminal domain; SC, synthetic
complete; FOA, 5-fluoroorotic acid.
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binant proteins and cell lysates (1, 7, 12, 13, 16, 18, 19). The
physiological significance of each is underscored by mutations
in the relevant domains that affect cell growth and RNA metab-
olism. Corden and co-workers (1) proposed that short, non-
coding, RNAs destined to be terminated by this system, collect
multiple Nrd1-Nab3 dimers to assemble a large nucleoprotein
complex.

This assemblage serves as the core of a machinery that con-
tacts appropriately phosphorylated RNA polymerase II and
recruits termination factor Senl and RNA processing enzymes,
such as the TRAMP complex (19-21). Such a complex may
resemble mammalian hnRNP-C, which packages RNA into a
higher order ribonucleoprotein substrate prior to further pro-
cessing (22-24).

Nab3 carries interest as well because many RNA binding pro-
teins across phyla have unusual sequences similar to the Nab3
aspartate/glutamate- and proline/glutamine-rich regions (25—
27). A variety of yeast proteins contain such low complexity
sequences, some of which are intrinsically unfolded and some
of which form amyloidogenic, detergent-resistant complexes
(25, 28). In mammals, an expansion of polyglutamine tracts due
to mutation is associated with protein aggregation and neuro-
pathology (e.g. in amyotrophic lateral sclerosis and Huntington
disease) (29, 30). The polyglutamine regions appear to be struc-
turally dynamic, having the ability to adopt many types of sec-
ondary structure, including extended conformations, a-helices,
and B-sheets (31). The protein sequence adjacent to polyglu-
tamine stretches also plays a role in conformation because poly-
glutamine tracts tend to be non-randomly distributed and fre-
quently neighbor helical coiled coil elements (32-34). Some
RNA-binding proteins with low complexity sequences form
cytoplasmic foci, such as stress granules that harbor enzymes
and substrates of RNA metabolism. Some of these can revers-
ibly form dynamic fibers, including amyloid-like polymers and
hydrogels (26, 27).

Here we have tested the extent of the many interactions
found in this higher order complex by making compound
mutations affecting more than one function of the network.
Crippling two functions leads to lethality in almost all cases. We
also studied the unusual and undefined structure and function of
the C terminus of Nab3. We found that the last 134 residues were
required for cell viability. Biochemical evidence suggests that it is
intrinsically unstructured up to the a-helical hnRNP-C homology
region at its very end. Although the domain is essential, co-expres-
sion of Nab3 without it rescued the mutant phenotype of another
Nab?3 allele with an RRM mutation, consistent with the model that
multiple copies of this protein function in a single complex. These
results provide new evidence that there is a constellation of pro-
tein-protein and protein-RNA interactions needed to compile a
termination-competent assembly and highlight the function of the
Nab3 C terminus (Fig. 14).

MATERIALS AND METHODS

Plasmid and Strain Construction—Plasmid pET32-Nab3-
134 was constructed by inserting an Xhol- and BgllI-digested
PCR product made from pRS315Nab3FL (16) using 5'-atatag-
atctatctcaaactccaatggaccage-3' and 5'-atatctcgagctatttttgtagtt-
ttgctaaac-3' into similarly cut pET32a. pRS315-Nab3 was made

NOVEMBER 22, 2013 «VOLUME 288-NUMBER 47

Higher Order Nrd1-Nab3 Complex

by inserting an Xhol- and BamHI-cut PCR product (made from
BY4741 genomic DNA using 5'-cacgggatccagtgtaaccctgaattgtg-
aagag-3’' and 5’-atatctcgagcagaggaaacaaatgaagaggtgcg-3') into
similarly cut pRS315. The 34 C-terminal amino acids were
deleted from Nab3 by in vitro replication of pRS315-Nab3 with
Phusion DNA polymerase (New England Biolabs) and the
mutagenic oligonucleotides 5'-aggtggcggaggttggtgtgac-3’ and
5'-tagactcccttttttcaatcttttccatttettg-3'. Replicated DNA was
used to transform Escherichia coli, and the deletion was con-
firmed by sequencing the resulting plasmid pRS315Nab3A34.
Similarly, the 134 C-terminal amino acids of Nab3 were deleted
by in vitro replication of pRS315NAB3 using mutagenic oligo-
nucleotides 5'-aggtggttgaggaggcggacc-3’ and 5'-tagactcccttttt-
tcaatcttttccatttcttg-3’ to yield pRS315Nab3A134.

The LEU2-marked plasmids pRS315 REF GFP, pRS315-
Nab3, pRS315-Nab3A34, and pRS315-Nab3A134 were inde-
pendently introduced into DY30229, a strain that lacks chro-
mosomal NAB3 and contains the plasmid pRS316-nab3-11.
The resulting strains (DY3031, DY3133, DY3131, and DY3130,
respectively) were then tested for growth at 22 or 30 °C on
SCura leu plates and SC-FOA plates. The lithium acetate
method of transformation was used throughout. Diploid strains
were generated by mating the nab3CAI9-containing strain
1A1F (15, 16) or its otherwise isogenic wild type strain BY4742
to the nrd1A151-214-containing strain, YSB2078 (13). These
diploids, DY2098 and DY2097, respectively, were then trans-
formed with pRS316-NRDI and sporulated. Tetrads were dis-
sected, and the resulting spores were grown on SCura™ or
SC-FOA. Similarly, BY4742 or 1A1F were mated to YSB2064,
which bears the nrd1A6-150 allele, and diploids were trans-
formed with pRS316-NRDI to yield strains DY2113 and
DY2114, respectively. Tetrads were dissected, and spores were
grown on selective media as indicated. The nab3-11-containing
strain ACY1224 was mated to YSB2064 and YSB2078 to gener-
ate diploids that were each transformed with pRS316-NRDI to
yield the strains DY1627 and DY1628, respectively. These
diploids were sporulated and dissected to yield haploid spores.
The strains used in this study are shown in Table 1.

Protein Purification and Analysis—Plasmids were intro-
duced into BL21(DE3) E. coli, and expression was induced with
isopropylthiogalactoside for 3 h at 37 °C. Lysozyme-treated
cells were broken by sonication, and the lysate was clarified by
centrifugation for 30 min at 27,000 X g. The resulting His,-
tagged thioredoxin fusion proteins were affinity-purified with
immobilized nickel, dialyzed into 20 mm Tris, pH 7.5, 50 mm
NaCl, 1 mm EDTA, and chromatographed onto QAE-Sepha-
dex. Flow-through protein was collected and concentrated by
centrifugal filtration as needed. The Nab3 134-amino acid poly-
peptide was cleaved from the C terminus of the thioredoxin
fusion protein using thrombin. A second round of nickel chro-
matography was used to isolate the His,-tagged thioredoxin
from the free Nab3 polypeptide.

Purified thioredoxin-Nab3 134-amino acid fusion protein
(0.7 mg in 100 pl) was applied to a Superdex 200 10/300 column
in 20 mm Tris, pH 7.5, 200 mm NaCl, using an AKTA chroma-
tography system at a flow rate of 0.5 ml/min, and 0.5-ml frac-
tions were collected and analyzed by SDS-PAGE. The column
was calibrated with bovine thyroglobulin (670 kDa), bovine
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TABLE 1
Yeast strains used in this study
Strain Description Source

1A1F MATa his3A1 leu2A0 lys2A0 ura3A0 nab3CA19 Loya et al. (15)

ACY1224 MATa ade2 canl-100 his3-11,15 leu2-3,112 trpI-1 ura3-1 nab3-11 A. Corbett (Emory University)

BY4742 MATa his3AI leu2A0 lys2A0 ura3A0 Open Biosystems

DY1627 MATa/o ura3-1/ura3A0; leu2-3,—112/leu2A0 his3-11,15/his3A1 MET15/met15A0 ADE2/ade2 This work
CANI1/canl-100 TRP1/trp1-1 NAB3/nab3-11 NRD1/nrd1A6—-150 [pRS316-NRD1-URA3]

DY1628 MATa/a ura3-1/ura300; leu2-3,—112/leu2A0 his3-11,15/his3A1 MET15/met15A0 ADE2/ade2 This work
CAN1/canl-100 TRP1/trp1-1 NAB3/nab3-11 NRD1/nrd1A151-214 [pRS316-NRDI1 (LURA3)]

DY2097 MATo/a ura3A0/ura3A0 leu2A0/leu2A0 his3A1/his3A1 met1SAO/METIS lys2A0/LYS2 This work
nrd1A151-214/NRDI [pRS316-NRD1 (LIRA3)]

DY2098 MATo/a ura3M0/ura3A0 leu2A0/leu2A0 his3A1/his3A1 met1SAO/METIS lys2A0/LYS2 This work
nrd1A151-214/NRD1 NAB3/nab3CA19 [pRS316-NRD1 (LURA3)]

DY2113 MATo/a ura3A0/ura3A0 leu2A0/leu2A0 his3A1/his3A1 metl1SAO/MET1S5; lys2A0/LYS2 This work
nrdA16-150/NRD1 [pRS316-NRD1 (LURA3)]

DY2114 MATo/a ura3A0/ura3A0 leu2A0/leu2A0 his3A1/his3A1 met1SAO/METIS lys2A0/LYS2 This work
nrd1A6-150/NRD1 NAB3/nab3CA19 [pRS316-NRD1 (LURA3)]

DY3031 MATa ura3A0 his3A1 leu2A0 nab3A0:kanMX [pRS315 REF GFP (LEU2)] [pRS316-Nab3-11 (LURA3)] This work

DY3130 MATo ura3A0 his3A1 leu2A0 nab3A0::kanMX [pRS315 nab3A134 (LEU2)|[pRS316-nab3-11 (URA3)] This work

DY3131 MATo ura3A0 his3A1 leu2A0 nab3A0:kanMX [pRS315 nab3A34 (LEU2)] [pRS316-nab3-11 (URA3)] This work

DY3133 MATa ura3A0 his3A1 leu2A0 nab3A0:kanMX [pRS315Nab3(LEU2)|[pRS316-Nab3-11 (URA3)] This work

DY30229 MATo ura3A0 his3A1 leu2A0 nab3A0::kanMX [pRS316-Nab3-11 (URA3)] Loya et al. (15)

YSB2064 MATa ura3A0 leu2A0 his3A1 met15A0 nrdl1A6—-150 Vasiljeva et al. (13)

YSB2078 MATa ura3A0 leu2A0 his3A1 metl15SA0 nrd1A151-214 Vasiljeva et al. (13)

v-globulin (158 kDa), chicken ovalbumin (44 kDa), horse myo-
globin (17 kDa), and vitamin B,, (1.4 kDa). To test heat stability,
40 pg of protein in 100 ul was incubated at 22 or 100 °C for 45
min. Denatured protein was pelleted for 10 min at 13,000 X g.
Supernatants were removed, concentrated by precipitation
with 10% (v/v) trichloroacetic acid, dissolved in SDS-sample
buffer, and resolved on an 11% polyacrylamide gel. Pellets were
dissolved in SDS-sample buffer and separated by PAGE. For
Western blotting, yeast were lysed in boiling SDS-sample
buffer, and proteins were separated on a 5% polyacrylamide gel.
Gels were electrophoretically transferred to nitrocellulose, which
was blocked with 5% nonfat dry milk (35), probed with 2F12 anti-
Nab3 monoclonal IgG (~1 ug/ml) and horseradish peroxidase-
conjugated goat anti-mouse IgG (Invitrogen; diluted 7000-fold),
developed with chemiluminescent reagents, and exposed to
Kodak X-Omat film.

Protein cross-linking was carried out as described previously
(16). Briefly, protein was mixed with the indicated concentration
of bis(sulfosuccinimidyl) suberate (ThermoFisher Pierce) and
incubated for 30 min at 22 °C. Reactions were terminated with the
addition of glycine to 50 mm, and samples were precipitated with
10% trichloroacetic acid, dissolved in sample load buffer, and neu-
tralized with sodium hydroxide for separation on SDS-PAGE.

Proteolytic digestion experiments employed 20 ug of protein
and bovine a-chymotrypsin (Sigma) mixed in a 400:1 molar ratio.
Following incubation at 22°C, samples were quenched with
phenylmethylsulfonyl fluoride to 1 mm, precipitated with 10% tri-
chloroacetic acid, dissolved in sample load buffer, and neutralized
with sodium hydroxide in preparation for SDS-PAGE.

For hydrogel formation, purified Nab3 134 protein was con-
centrated to 10 mg/ml in 20 mm Tris-HCI, pH 7.5, 0.2 M NaCl
and stored at 4 °C for 6 weeks. The gel was compacted by cen-
trifugation at 15,000 X g for 20 min.

RESULTS

A Conserved Region of Nab3 Is Biologically Essential and Bio-
chemically Intriguing—A spontaneous mutation that removes
19 residues from the S. cerevisiae Nab3 C terminus compro-
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mises termination and self-association of the protein (15, 16).
This region contains a stretch of 16 glutamines adjacent to 18
amino acids with homology to a human hnRNP a-helix respon-
sible for hnRNP-C tetramerization (Fig. 1B). Although cells
grew slowly when the Nab3 hnRNP-C homology region was
removed, they remain viable (15, 16). Prior deletion analysis
indicated that there was an essential region encompassed in the
C-terminal 238 amino acids (1). Here we focused on the C-ter-
minal 134 amino acids of Nab3 that are well conserved across
Saccharomyces species (Fig. 1B). This region contains addi-
tional tracts of polyglutamines, which have been suggested to
be prionogenic based on a bioinformatic analysis of low com-
plexity proline/glutamine-rich domains (Fig. 1) (25). Aside
from the terminal homology to the hnRNP-C a-helix, this
region of Nab3 is predicted to be largely unstructured as scored
by the PONDR VL-XT algorithm (Fig. 1B) (36).

To test the biological role of this region, either a plasmid
encoding Nab3 lacking its terminal 34 residues (the GInl6
stretch and terminal a-helix) or one encoding Nab3 lacking its
terminal 134 residues (A134) was introduced into a yeast strain
in which the chromosomal copy of NAB3 was deleted. Nab3
function was provided via a second plasmid-borne allele called
nab3-11. The nab3-11 allele is a well characterized and exper-
imentally useful pair of point mutations in the RRM domain
that result in temperature-sensitive growth (12). Cells with
both a control plasmid (marked with LEU2) and the nab3-11
plasmid (marked with LIRA3) grew at 22 but not 30 °C, confirm-
ing the conditional phenotype (Fig. 2, left panels). Cells with a
plasmid encoding wild type NAB3 covering the nab3-11 allele
grew at the non-permissive temperature of 30 °C (Fig. 2, bottom
left). Strains with either the nab3A34 or the nab3A134 allele in
addition to the nab3-11 allele also enabled growth at the non-
permissive temperature (Fig. 2, bottom left). Hence, the Nab3
protein lacking its C-terminal tail and polyglutamine stretches
rescued the loss of function of nab3-11. These results suggest
that the shortened Nab3 proteins accumulated and compen-
sated for the biological function defined by the nab3-11 mutation
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FIGURE 1. Nab3 structure and functional domains. A, model of a termination complex extended from Carroll et al. (1). Two copies of the Nrd1-Nab3 dimer are
shown. The interactions of Nrd1 with RNA, Nab3, and the RNA polymerase Il CTD are indicated with circled numbers 1, 2, and 3, respectively. An interaction
between two Nab3 C-terminal tails is indicated by a circled number 4, in which the potentially unstructured region of Nab3 ending in a short cylinder (hnnRNP-C
a-helical structural homology) is shown for two adjacent molecules. B, schematic of the Nab3 polypeptide, highlighting its C-terminal 134 amino acids
(expanded). Boxes indicate the positions (not to scale) of the aspartate/glutamate (D/E)-rich region, the Nrd1-interaction domain, the RRM (with the nab3-11
mutations), and the glutamine/proline (Q/P)-rich region. The expanded sequence is output from a Clustal Omega alignment (4) of six Saccharomyces species’
Nab3 orthologues (S. cerevisiae (cer), S. bayanus (bay), S. paradoxus (par), S. kluyveri (klu), S. kudriavzevii (kud), and S. mikatae (mik)). Symbols below the alignment
indicate residues that are completely conserved (*) or are partially conserved with amino acids whose properties are strongly (:) or more weakly (.) similar. The
previously described (16) structural alignment with hnRNP-C is indicated by a dashed line. The 19-, 34-, and 134-amino acid regions of Nab3 are indicated with
horizontal arrows above the alignment. The regions of the protein predicted to be prion-like (25) or unstructured (PONDR® VL-XT algorithm (36)) are indicated.

(i.e. RNA binding). Western blotting with an anti-Nab3 monoclo-
nal antibody confirmed that both deletion derivatives and the
nab3-11 missense allele generated comparable amounts of Nab3
protein (Fig. 3A).

The development of this strain with both nab3 alleles
allowed us to try to cure the mab3-1I-containing plasmid
marked with L/RA3, by using the counterselection agent 5-fluo-
roorotic acid to ask if yeast with either nab3A34 or nabA134 as
the only version of NAB3 were viable. The strain with nab3A34
as its sole version of NAB3 grew, albeit slowly, at both the per-
missive and non-permissive temperatures, whereas cells with
nab3A134 as their sole source of Nab3 protein could not grow
at either the permissive or the restrictive temperatures (Fig. 2,
right panels). We conclude that the terminal 134 amino acids of
NAB3 are essential for yeast viability. Taken together with the
ability of nab3A134 to rescue the nab3-11 allele, these findings
support the idea that multiple copies of the Nab3 protein coop-
erate to provide a function important for normal yeast physiol-
ogy, presumably by polymerizing on RNAs to be terminated.

To examine if the 134-amino acid peptide from the Nab3 C
terminus was sufficient for self-assembly, it was produced in
E. coli as a recombinant protein fused to the C terminus of
thioredoxin-His,. The 134-amino acid Nab3 peptide (17 kDa)
was proteolytically removed from the fusion protein, purified,
and subjected to gel filtration. Its mobility was calculated to be
52 kDa relative to globular reference proteins. This apparent
hydrodynamic size could be explained if it exists as an anoma-

NOVEMBER 22, 2013 «VOLUME 288-NUMBER 47

lously large dimer resulting from a relatively unfolded pair of
partners (Fig. 3B). Alternatively, the molecules could represent
a trimer.

Chemical cross-linking was previously used to show that a
short coiled-coil segment of hnRNP-C and the homologous
region of Nab3 could multimerize (16, 17). The 134-amino
acid peptide was treated with increasing concentrations of
bis(sulfosuccinimidyl) suberate, an amine-directed, bifunctional
cross-linker, and separated on denaturing SDS-PAGE. Dimers
were readily trapped by cross-linking, and small amounts of
trimer could be observed at higher levels of cross-linking agent
(Fig. 3C).

Perhaps due to its glutamine richness (53%), the C-terminal
34-amino acid peptide of Nab3 demonstrated unusual behav-
iors, such as migrating unusually slowly in SDS-PAGE (16) and
staining poorly with Coomassie Brilliant Blue (data not shown).
Full-length Nab3 in yeast lysates and a number of human
hnRNP proteins also migrate anomalously slowly, which could
be due in part to their low complexity regions, which may be
unstructured and extended (6). Because the essential 134-
amino acid piece of Nab3 contains multiple stretches of con-
secutive glutamines (two Gln, stretches, two Glng stretches,
and the Gln, stretch) and 16 prolines and is poor in aromatic
amino acids (two tyrosines, no phenylalanine or tryptophan),
we pursued the hypothesis that this region is relatively unstruc-
tured. If so, the 134-amino acid Nab3 peptide might remain
soluble following heating (37). The isolated peptide was heated
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FIGURE 2. The C-terminal 134 amino acids of Nab3 are essential. Yeast strains lacking their chromosomal copy of NAB3 and containing the nab3-11% allele
on a URA3 plasmid were transformed with a second LEU2-marked plasmid lacking NAB3 or containing NAB3 or deletion derivatives lacking its C-terminal 134
or 34 amino acids. Cells were grown on solid medium lacking uracil and leucine (left panels) or containing the drug FOA (right panels). Plates were incubated at

22 or 30 °C as indicated.

to 100 °C for 45 min. Soluble protein (S) was separated from
denatured material (P) by centrifugation and analyzed by SDS-
PAGE. The 134-amino acid Nab3 peptide remained entirely
soluble following this treatment (Fig. 44). In contrast, the iden-
tical treatment of a control protein, deoxyribonuclease I, ren-
dered it completely insoluble. This is consistent with the pro-
posal that this part of Nab3 lacks a complex packing of
secondary structural elements.

We also used limited proteolysis to probe the unfolded
nature of this region of Nab3 because unstructured domains
show more susceptibility to hydrolysis than stably folded sec-
ondary structures (28, 38, 39). A recombinant fusion protein
bearing the 134-amino acid Nab3 peptide was expressed and
purified from E. coli, treated with chymotrypsin, and analyzed
by SDS-PAGE. The Nab3 extension was digested off of the thi-
oredoxin tag (~14 kDa) with a half-life of ~5 min, whereas the
thioredoxin tag and a control protein (DNase I) were stable to
digestion for at least 45 min (Fig. 4B) (data not shown). Simi-
larly, the isolated Nab3'** peptide was hydrolyzed to comple-
tion more rapidly than its purified fusion partner thioredoxin
when separately exposed to chymotrypsin (data not shown).

Regions of mammalian RNA binding proteins with low
sequence complexity, such as one found in hnRNPA2, have
been shown to undergo a phase transition at high concentration
to a hydrogel-like state (27). The purified Nab3'>* protein dem-
onstrated this phenomenon when concentrated and incubated
at 4 °C (Fig. 4C). This provided additional evidence for self-
assembly and the hnRNP-like character of Nab3.

New Genetic Evidence for a Network of Interactions between
Nrdl, Nab3, and RNA Polymerase [I—A number of interactions
are important for Nrd1-Nab3-based termination, including the
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interactions between each of their RRM domains and the nas-
cent transcript (Fig. 14, circled number 1), the dimerization of
these two hnRNP-like proteins through mutual contact sur-
faces (Fig. 1A, circled number 2), the interaction of Nrd1 with
the phosphorylated C-terminal domain (CTD) of RNA poly-
merase II (Fig. 1A, circled number 3), and the self-assembly of
Nab3 through its C-terminal tail (Fig. 1A, circled number 4).
Mutations in these functions have been characterized, almost
all of which lead to growth defects on their own (12, 13, 16).
Apparently, the network of interactions needed for termination
is redundant enough to sustain mutagenic insult. We reasoned
that introducing more than one of these mutations in the same
cell would be additive and potentially lethal; thus, we combined
them pairwise via genetic crosses to test for synthetic lethality.
First, a strain that we isolated through a screen for terminator
override was examined. It has a chromosomal NAB3 mutation
that encodes a termination-defective version of Nab3 lacking
its 19 C-terminal amino acids (Nab3CA19), which is part of its
self-association and hnRNP-C-like domain (Fig. 1B). It was
mated to a pair of otherwise isogenic strains containing either
1) asmall deletion of the Nab3-binding domain of Nrd1 (A151—
214) or a small deletion of the RNA polymerase Il CTD-binding
domain of Nrdl (A6-150). Both nrdl mutations result in
defects in the biogenesis of yeast snRNA as described previ-
ously by Buratowski and co-workers (13).

The diploids NAB3/NAB3 NRD1/nrd1A151-214 and NAB3/
nab3CA19 NRDI1/nrdl1A151-214 were sporulated to obtain
haploid cells with either the nrdI deletion alone or both the
nrdl and nab3 mutations. Results from more than 20 tetrads
showed that spores with the nrd1A151-214 allele were unable
to germinate to form colonies even when NAB3 was wild type
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FIGURE 3. A, expression of Nab3, Nab3-11, Nab3A34, and Nab3A134 proteins. Yeasts containing the indicated plasmid-borne versions of NAB3 were resolved
by SDS-PAGE and processed for Western blotting using an anti-Nab3 monoclonal antibody. The migration positions of the respective proteins are indicated to
the right. Note that wild type Nab3 and Nab3-11 proteins co-migrate. As a loading control, the lysate was probed with a monoclonal antibody against yeast
3-phosphoglycerate kinase (Pgk1). B, gel filtration and SDS-PAGE of the Nab3 134-amino acid protein. The recombinant C-terminal 134-amino acid (734aaq)
Nab3 peptide was purified and subjected to gel filtration on an S200 column as described under “Materials and Methods.” Protein fractions were run on an SDS
gel with size markers. Note that a small amount of residual thioredoxin tag forms a small gel filtration peak and a band near the dye front of the SDS gel. C,
cross-linking of the 134-amino acid peptide of Nab3. Purified recombinant peptide was incubated with increasing amounts of bis(sulfosuccinimidyl) suberate,
reactions were quenched and prepared for SDS-PAGE. The following concentrations of bis(sulfosuccinimidyl) suberate (BS®) were used (from left to right after
the reference marker lane): 0,15 um, 31 um, 62 um, 125 um, 250 um, 500 um, T mm, 1.5 mm, 2 mm, 2.5 mm, 3 mm, 4 mm, and 5 mm. Samples were run on two separate

gels of the same composition.

(data not shown). To overcome this technical difficulty,
diploids were transformed with a plasmid-borne copy of NRD1
to cover the nrd1A151-214 defect. Such a strain could yield
spores (Fig. 54, top panels). The resulting haploids were subse-
quently plated on FOA-containing medium that selects for cells
lacking the URA3-marked plasmid containing NRDI used to
rescue germination. In the absence of wild type NRDI, doubly
mutant nrdl~ nab3~ spores were inviable (Fig. 5A, bottom
middle panel), whereas haploid spores with only the nrdl
mutation were able to grow (Fig. 5A, bottom left panel). This
showed that retention of the NRDI-containing plasmid is
essential for these double mutants and that the combination of
these nrdl and nab3 mutations was lethal.

Similarly, when the strain with the deletion that removes the
Nrdl CTD interaction domain (A6-150) was mated to the
nab3CA19 mutant, only the spore that had both mutations
failed to grow without plasmid-borne NRDI (Fig. 5B), whereas
sister spores that were wild type for NRDI and NAB3 or those
with mutations in either NRDI or NAB3 could grow on FOA.
These results suggest that the loss of either of two different
functions of Nrd1, in conjunction with a version of Nab3 lack-
ing its self-association domain, cripples the complex to the
point of inviability.

A similar pair of matings were performed between strains
with the NRD]I alleles above mated to a different nab3 mutant
(i.e. a previously characterized strain (nab3-11) that contains a
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temperature-sensitive mutation in the Nab3 RRM domain
(12)). This resulted in another set of nrdl~ nab3™ strains in
which the nab3 mutation targets a functional region of the
Nab3 protein distinct from the self-assembly domain. Diploids
were again transformed with a plasmid bearing NRD1 in order
to facilitate germination of nrd1A151-214-containing spores.
The resulting haploids were grown at the permissive tempera-
ture of 22 °C, which supports growth of cells with the nab3-11
allele. Spores with either the nrd1 or the nab3 mutation grew on
FOA-containing medium, which selects against plasmid-borne
wild type NRD1, but cells with both nab3-11 and nrd1A151-
214 were inviable (Fig. 6, right). Cells with the nab3-11 and
nrd1A6—150 combination were very sick, taking a number of
days to yield colonies (Fig. 6, left). These synthetic genetic
effects emphasize the importance of both Nab3 and Nrd1 func-
tion for an effective termination complex.

The above genetic analyses tested the viability of doubly
mutant cells when two different genes in the interaction net-
work were defective. We next tested a mutant strain that lost
two different functions in a single gene. It was previously shown
that when two mutations in NRDI (the aforementioned dele-
tion alleles, A6 —150 and A151-214) were present in a single
copy of the gene, the double mutant could not support viability
(13), suggesting that loss of both the CTD interaction and Nab3
interaction activities of Nrd1 was lethal. In this vein, we made a
double mutant of NAB3 from the originally identified nab3
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FIGURE 4. Characterization of the 134-amino acid Nab3 peptide. A, heat stability. Forty ug of isolated Nab3 134-amino acid peptide or deoxyribonuclease
| (Stratagene) were incubated at 22 or 100 °C for 45 min and separated into insoluble (P) and soluble (S) fractions by centrifugation. Samples were resolved on
11% SDS-polyacrylamide gels and stained with Coomassie Blue. B, time course of chymotryptic digestion of the Nab3 134-amino acid peptide fused to
thioredoxin (TRX-Nab3'3%). Chymotrypsin was incubated with the target protein at a molar ratio of 1:400 for the indicated times before reactions were stopped
and resolved on SDS-PAGE. Graphed below is a quantification of the stained bands using ImageJ software, showing loss of the full-length fusion protein
(TRX-Nab3'**) and accumulation of the thioredoxin tag (TRX) over time. C, gel formation. After incubation of purified Nab3'** at 4 °C, a hydrogel could be
detected with the naked eye, and it is shown here after pelleting in a microcentrifuge.
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FIGURE 5. Synthetic lethality of a nab3 tov allele (nab3CA19) and mutant nrd1 alleles. A, a yeast strain with the nrd1A151-214 (Nab3-binding domain)
deletion was mated to the control strain BY4742 or an otherwise isogenic strain with the nab3CA 79 mutation. The resulting diploids were transformed with a
URA3-marked plasmid bearing wild type NRD1, sporulated, and dissected. The resulting four sister spores from a tetrad were genotyped and plated on SCura™
or FOA-containing medium at 30 °C. The result from the NRD1/nrd1A151-214 diploid’s dissection are shown in the leftmost top and bottom panels. The result
from the NRD1/nrd1A151-214 NAB3/nab3CA19 diploid’s dissection are shown in the right top and bottom panels of A. B, a yeast strain with the nrd1A6-150
(polymerase Il CTD-binding domain) deletion was mated to an otherwise isogenic strain with the nab3CA19 mutation. Diploids were transformed with a
URA3-marked plasmid bearing wild type NRD1, sporulated, and dissected. Four sister spores from the NRD1/nrd1A6-150 NAB3/nab3CA19 diploid were
genotyped and plated on FOA-containing medium. A spore with both mutations failed to grow on FOA (top right quadrant). Sister spores with either mutant

allele alone are viable.

allele that lost its self-association domain (nab3CA19) and the URA3-marked plasmid. At the permissive temperature, this
temperature-sensitive RRM mutation (nab3-11). A LEU2- strain’s growth was comparable with that bearing only the
marked plasmid with these changes was transformed into a nab3-11 mutation (data not shown). This was the only double
strain lacking the chromosomal copy of NAB3 but which con- mutant of the set that failed to show a synthetic phenotype. The
tained a plasmid with a rescuing version of the NAB3 on a results of the double mutant crosses are summarized in Table 2.
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TABLE 2
Double mutant combinations
FIRST FUNCTION GROWTH SECOND MUTATION
MUTATION nab3-11 nab3CA19 nrdl A6-150
nab3-11 RRM ts
nab3CA19 self-assembly slow slow
nrdl A6-150 CTD-binding slow very slow lethal
nrdlA151-214 Nab3-binding very slow lethal lethal lethal*

* From Vasiljeva et al. (13).

DISCUSSION

Based upon the cooperative interaction of the Nrd1-Nab3
heterodimer with target RNA as well as the known association
of Nrd1 with RNA polymerase II, Corden and co-workers (1)
postulated that termination involves assembly of a nucleopro-
tein complex on nascent RNA in order to achieve efficiency and
specificity. We previously expanded this set of interactions by
showing the functional importance of a small C-terminal Nab3
domain with self-assembly properties (15, 16). Here we elabo-
rate on the Nab3 self-assembly domain’s biological and physical
functions and test the network of interactions that stabilize the
complex by generating yeast strains with compound pairwise
mutations in the complex’s constellation of linkages.

Our findings emphasize that there are multiple ways in
which the Nrd1-Nab3 dimer can be brought to the elongation
complex in preparation for termination. These include the
independent recognition of RNA by each of the proteins, rec-
ognition of polymerase by Nrdl, association of the proteins
with each other, and self-association of Nab3 through its C-ter-
minal tail (Fig. 1A4). This complex network of interactions could
help explain why the number, spacing, and density of Nab3 or
Nrdl recognition sites on nascent transcripts is variable
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between different substrate RNAs (1). Prior genetic studies
have shown that crippling any one of these steps negatively
impacts cell growth. Three of the nrd1-nab3 double mutant
strains constructed here were not viable, and one yielded viable
but very slow growing cells (Table 2). The one compound
mutant that failed to show a synthetic phenotype was that harbor-
ing a doubly mutant nab3 gene containing the independently iso-
lated RRM and self-assembly region mutations. Because the RRM
mutation (nab3-11) is a tight temperature-sensitive allele, any
synthetic effect could only be observed at the permissive tem-
perature. Failure to find an exacerbation of this phenotype in
the double mutant could be due to the mild impact of the
nab3-11 mutation at the permissive temperature. Nevertheless,
other mutations paired with nab3-11 did reveal synthetic
effects, indicating that the simultaneous loss of the self-assem-
bly and RNA binding capabilities of Nab3 has a reduced conse-
quence in the spectrum of paired defects made to the Nrdl-
Nab3 system. A more quantitative dissection of the interaction
network’s function must await a biochemical reconstitution of a
nucleoprotein complex with full-length proteins and target
RNA. It should be noted that the mutations studied here did not
result in substantial losses in steady state levels of either the
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Nrd1 or Nab3 proteins, excluding the possibility that their cel-
lular concentrations were impaired by these mutations.

Loss of the Nrd1 domain that interacts with Nab3 (A151-
214; generated by Buratowski and co-workers (13)) resulted in a
particularly severe phenotype. Cells with the mutation grew
slowly, and pairing it with the RRM mutation or self-assembly
mutation of Nab3 was lethal. In the strain used here, diploids
bearing the mutation could form an ascus, but the resulting
spores that received this allele failed to germinate (data not
shown). This is notable because cells lacking TRF4, which encodes
a component of the TRAMP complex involved in termination and
degradation of the IMD2 cryptic unstable RNA as well as other
cryptic unstable RNAs (15), are also defective in spore germination
(40), suggesting a role for the Nab3-Nrd1 interaction in the emer-
gence from meiosis. High copy suppression of a nrdI allele by
NAB3 provided early genetic evidence in support of the biological
importance of the Nrd1-Nab3 interaction (12).

Both mutations in NRD1 studied here were lethal when com-
bined with the nab3CA19 allele that removes the Nab3 self-
assembly domain, adding to the evidence that this part of Nab3
is important. Interestingly, Nrd1 also contains a polyglutamine
stretch (Glng) at its C terminus (residues 567—574 of the 575-
amino acid protein), and it is predicted to lie within an aggre-
gation-prone region, similar to the Gln, stretch of Nab3 stud-
ied previously and in this report (15, 16, 25). Loss of the
terminal 60 amino acids of Nrd1, including this Glng tract, how-
ever, did not reveal a termination defect at the JMD2 cryptic
unstable RNA, so this polyglutamine stretch does not appear to
play a significant role in termination at this locus (data not
shown). It is worth noting that appending a TAP tag to the C
terminus of Nrd1 or Nab3 partially compromised the termina-
tion activity of each, suggesting that the addition of this rela-
tively large extension to either protein results in steric interfer-
ence that compromises their function (data not shown).

The important biological role of the curious low complexity
sequences found in many RNA-binding proteins, including
Nab3, has gained recent recognition (26, 27). One function of
the low complexity regions is their potential to form higher
order self-assemblies while escorting RNA around the cell.
Indeed, low complexity sequences are associated with intrinsi-
cally disordered regions that have the propensity to form amy-
loid-like aggregates, including those with the potential to cause
disease (25, 29). Polyglutamine stretches are often found adja-
cent to a-helices in domains that can multimerize, and this
juxtaposition is associated with the protein’s solubility, aggre-
gation, and function (32) We found that such a region of Nab3
has properties of a class of domains/proteins categorized as
intrinsically disordered, including 1) protease sensitivity, 2) sol-
ubility after heating, 3) anomalous hydrodynamic mobility, 4)
anomalous migration on denaturing gels, and 5) a high score
when analyzed by an algorithm trained to distinguish order
from disorder in polypeptides. Intrinsically disordered proteins
can undergo a transition to an ordered state upon binding to
other subunits of a complex (41). Thus, we propose that this
region of Nab3 in isolation is significantly unstructured, with
the notable exception of the last 18 residues, which bear struc-
tural homology to a coiled coil-forming a-helix of hnRNP-C
(Fig. 1, circled number 4), but it has the potential to become
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structured. The ability of this domain to form a hydrogel, as
seen for a number of other unstructured low complexity
domains, is thought to reflect such a potential to acquire struc-
ture. In this case, it would be in the context of Nrdl, RNA
polymerase II, and nascent transcript in preparation for termi-
nation. This essential segment of Nab3 looks to be important
for the protein’s ability to achieve an assembly state with a spe-
cific three-dimensional configuration. Such a geometry appears
important for termination and downstream RNA processing
steps, including the recruitment of the Senl helicase, the
TRAMP complex, and the nuclear exosome.
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