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Abstract

Proteins that bind the nascent transcript exiting RNA polymerase Il can regulate transcription elongation. The essential Saccharomyces
cerevisiae hnRNP protein Hrp1 is one such protein and participates in both cleavage and polyadenylation-coupled and Nrd1-Nab3-
Sen1-dependent RNA polymerase Il termination. Prior evidence that Hrp1 is a positive RNA polymerase Il elongation factor suggests
that its release from the elongation complex promotes termination. Here we report the effects of deletions and substitutions in Hrp1
on its autoregulation via an Nrd1-Nab3-Sen1-dependent transcription attenuator in the 5’-UTR of its mRNA and on the function of an
Hrp1-dependent Nrd1-Nab3-Sen1 terminator in the SNR82 snoRNA gene. Deletion of either of two central RNA recognition motifs
or either of the flanking low-sequence complexity domains is lethal. Smaller, viable deletions in the amino-terminal low-sequence com-
plexity domain cause readthrough of both the HRP1 attenuator and SNR82 terminator. Substitutions that cause readthrough localized
mostly to the RNA recognition motifs, although not always to the RNA-binding face. We found that autoregulation of HrpT mRNA syn-
thesis is surprisingly robust, overcoming the expected lethal effects of the start codon and frameshift mutations via overexpression of the
mRNA up to 40-fold. Our results suggest a model in which binding of attenuator or terminator elements in the nascent transcript by RNA
recognition motifs 1 and 2 disrupts interactions between RNA recognition motif 2 and the RNA polymerase Il elongation complex, in-

creasing its susceptibility to termination.
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Introduction

Accurate termination of RNA polymerase II (RNAP II) transcrip-
tion is important for producing functional RNAs, recycling RNAP
II, and preventing transcriptional interference between adjacent
genes. The budding yeast Saccharomyces cerevisiae has two major
termination pathways for RNAP II: cleavage and polyadenylation
(CPA), which acts on most mRNAs, and Nrd1-Nab3-Senl (NNS)
termination, which acts primarily on short, noncoding RNAs, in-
cluding small nuclear RNAs (snRNAs), small nucleolar RNAs
(snoRNAs), and cryptic unstable transcripts (Kuehner et al. 2011;
Arndt and Reines 2015). The NNS pathway also regulates the syn-
thesis of some mRNAs by attenuation of transcription via “leaky”
NNS terminators in their 5'-untranslated regions. The NNS ter-
mination pathway is functionally analogous to the metazoan
integrator-dependent termination pathway, although their fac-
tors and mechanisms are distinct (Wagner et al. 2023). The
RNA-binding proteins Nrd1 and Nab3 and the RNA and DNA heli-
case Senl are the most well-characterized factors in the NNS
pathway. Other proteins, including the RNA-binding protein
Hrp1l and the phosphatase Ssu72, have been implicated in both
the CPA and NNS pathways (Kessler et al. 1997; Dichtl et al. 2002;
Ganem et al. 2003; He et al. 2003; Nedea et al. 2003; Steinmetz
and Brow 2003; Kuehner and Brow 2008; Chen et al. 2017).

Termination of transcription requires slowing or pausing of
elongation by RNAP II followed by its disengagement from the
transcript and DNA template. Two general mechanisms have
been proposed for the termination of RNAP II transcription
(Rodriguez-Molina et al. 2023). The first, called the torpedo model,
requires endonucleolytic cleavage of the nascent transcript to
permit entry of a 5’-exonuclease that degrades the RNA emerging
from RNAP II (Connelly and Manley 1988; Proudfoot 1989). Upon
colliding with RNAP II the exonuclease induces termination by
backtracking of RNAP II to release the transcript and/or altering
RNAP II conformation. In a variant of the torpedo model a
5’-to-3’ translocase, analogous to the bacterial Rho termination
factor, replaces the 5’-exonuclease, thus removing the require-
ment for transcript cleavage (Ray-Soni et al. 2016). Since there is
no evidence of transcript cleavage in the NNS termination path-
way, a torpedo mechanism would require a 5’-translocase. The
helicase domain of Sen1 has 5’-to-3’ translocase activity on RNA
and DNA and has previously been proposed to function by a
mechanism analogous to Rho (Steinmetz and Brow 1996; Porrua
and Libri 2013; Martin-Tumasz and Brow 2015; Han et al. 2017).
The second mechanism, called the allosteric model, posits a
change in transcription elongation complex (EC) conformation
and/or composition upon encountering a terminator sequence
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in the nascent transcript, which elicits termination (Logan et al.
1987). Current evidence suggests that torpedo and allosteric me-
chanisms may both contribute to termination by RNAP II (Luo
et al. 2006; Rodriguez-Molina et al. 2023).

Hrpl, also called Nab4, is a candidate for directing allosteric
termination of RNAP II. Hrp1 contains two adjacent RNA recogni-
tion motifs (RRMs) flanked by amino- and carboxyl-terminal low-
sequence complexity domains (LCDs) (Fig. 1a). It was first identi-
fied as cleavage factor IB (Kessler et al. 1997), which is a component
of the CPA termination complex and has been shown to be import-
ant for cleavage site selection in vitro (Minvielle-Sebastia et al.
1998). Later, Hrpl was implicated in NNS termination by the
discovery of negative autoregulation of synthesis of its mRNA
via a leaky NNS terminator in the 5’-untranslated region
(Steinmetz et al. 2006b; Kuehner and Brow 2008). This mechanism
of autoregulation was first identified for Nrd1l (Steinmetz et al.
2001; Arigo et al. 2006). In addition to recognizing the NNS
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Fig. 1. Strong attenuator readthrough by hrpl-7 requires more than one
substitution. a) Domain structure of S. cerevisiae Hrp1l. The N-terminal
region contains an acidic sequence (TLM) that is highly conserved across
fungi, a potential NES, and Asn/Ser-rich (N/S) and Gln-rich (Q) LCDs. The
RRMs are shown in green and blue. The C-terminal region contains Met/
Gln- (M/Q) and Asp/Asn/Ser-rich (D/N/S) LCDs, two Arg-Gly-Gly repeats
(RGG,), and a PY-type NLS. The hrp1-7 substitutions are shown below.

A horizontal black line marks the RT-qPCR amplicon. b) (top) Schematic
diagram of the HRP1-CUP1 reporter. +1 indicates the most upstream
transcription start site. (bottom) Serial dilutions of haploid strains
containing the indicated alleles of HRP1 and the HRP1-CUP1 reporter were
spotted on medium containing the indicated concentration of copper
sulfate. A biological replicate is shown in Supplementary Fig. 5a. c)
RT-gPCR of total RNA from the indicated strains to produce the HRP1
amplicon indicated in panel A. Values were normalized to a CDC19
amplicon. Error bars represent the standard error of the mean (SEM) for
3 biological replicates. Significance between each mutant and wild-type
was calculated by a 2-tailed Student’s t-test indicated with P-value < 0.05
(), <0.01 (™), or <0.001 (***).

terminator in its own 5’-UTR, transcriptome analysis of an hrpl
mutant strain revealed that Hrpl promotes the NNS termination
of several snoRNAs (Chen et al. 2017). A surprising additional find-
ing from this study is that Hrp1 appears to act as a positive elong-
ation factor for many mRNAs, as evidenced by a gradual decrease
in RNA levels along the length of mRNAs in a metagene plot from
an hrpl mutant strain. Given that Hrp1 crosslinks most efficiently
to the 5’-end of mRNAs (Tuck and Tollervey 2013) and has been
shown to ChIP to the gene body of several protein-coding genes
(Licatalosi et al. 2002; Kim et al. 2006), we hypothesize that Hrpl
functions as an antitermination factor for RNAP II (Logan et al.
1987) and thatits displacement from the EC in response to termin-
ator elements in the nascent transcript promotes both CPA and
NNS termination.

To better understand the mechanism of Hrp1 function in NNS
termination, we performed a mutational analysis of the protein to
identify domains and residues required for this pathway. Because
Hrpl autoregulates synthesis of its mRNA via an NNS attenuator,
decreased termination activity could be assessed both with re-
porter genes and by measuring levels of Hrpl mRNA and protein.
Using a reporter containing the terminator of the snoRNA gene
SNR82, which is dependent on Hrpl for efficient termination
(Chen et al. 2017), we screened and selected for mutations in
HRP1 that cause readthrough. Most of these mutations fall into
the tandem RRMs of Hrp1. Deletions, swaps, and duplications of
the RRMs indicate that they have distinct and nonredundant es-
sential functions. Terminator readthrough substitutions selected
in a merodiploid strain, which must be dominant, were obtained
primarily in the RNA-binding face of RRM1, while substitutions se-
lected in a haploid strain, which must be viable, were obtained in
both RRMs and, in RRM2, lie both within and outside the
RNA-binding face. We found that Hrpl autoregulation provides
resilience to potentially lethal mutations, including substitutions
in the start codon and a frameshift mutation, which result in
strong upregulation of Hrpl mRNA and near-normal expression
of full-length (FL) Hrp1 protein. Our results are consistent with a
model wherein Hrpl acts as an antiterminator for the RNAP II
EC thatis anchored by RRM2 but releases upon binding to termin-
ator elements in the nascent transcript.

Materials and methods
Plasmid construction

Supplementary Table 1 lists the plasmids used in this study. HRP1 al-
leles were made in pRS313-HRP1(RI) containing —610 to +2,106 rela-
tive to the +1 ATG cloned into the BamHI and Xhol sites of pRS313
after PCR amplification with Hrpl upstream and Hrpl downstream
with an EcoRI site added at position +1,649 downstream of the
HRP1 ORF by QuikChange with the primers pRS313-HRP1-EcoRI-F
and pRS313-HRP1-EcoRI-R (Supplementary Table 3). pRS313-hrpl-7
was made by digesting pRS315-hrp1-7 (Kessler et al. 1997) with Sacl
and Avrll and ligation into Sacl/Avrll digested pRS313-HRP1.
Individual hrpl-7 mutations A195P, N354D, and Y383H were made
by QuikChange mutagenesis of pRS313-HRP1 (see Supplementary
Table 3 for primers used). M191T was made by multiple fragment li-
gation followed by PCR as described in (An et al. 2010). A gene frag-
ment (Azenta Life Sciences) containing HRP1 sequence from +449 to
+706 with the M191T substitution (T+572C) was digested with BstBI
and Avrll, gel purified using the GeneJET Gel Extraction Kit (Thermo
Scientific), and ligated with the following digested and gel purified
fragments: Sacl/EcoRI pRS313-HRP1, Sacl/BstBI pRS313-hrpl-
ARRM1, and AvrIl/EcoRI pRS313-hrp1-ARRM1. The ligation products
were PCR amplified with flanking primers and the correct-sized
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product was gel purified, digested with Sacl and EcoRI, and ligated
into Sacl/EcoRI pRS313-HRP1.

pGAC24-SNR82 was made by PCR amplification of +269 to +469
relative to the SNR82 start site with primers SNR82-downstream
+269-F and SNR82-downstream +469-R containing Xhol sites
and ligated into the Xhol site of the ACT1-CUP1 intron in
PGAC24 (Lesser and Guthrie 1993).

The Hrpl domain deletion constructs were made by inverse
PCR of pRS313-HRP1 with primers that flanked the region to be de-
leted (Supplementary Table 3) followed by Dpnl digestion, and
self-ligation.

The pRS313-hrp1-RRM1dup, RRM2dup, and RRMswap strains
were made by the same method as described for pRS313-
hrp1-M191T. pRS313-hrp1l-RRM1dup was made by ligating the fol-
lowing fragments: Sacl/EcoRI ~ pRS313-HRP1,  Sacl/Agel
PRS313-hrp1-ARRM2, Ndel/EcoRI pRS313-hrp1-ARRM2, and Agel/
Ndel RRM1dup gene fragment (containing RRM1 +478 to +702 in
place of RRM2 +733 to +957). pRS313-hrpl-RRM2dup used the
following fragments: Sacl/EcoRI pRS313-HRP1, Sacl/BstBI pRS313-
hrp1-ARRM1, Avrll/EcoRI pRS313-hrp1-ARRM1, and BstBI/Avrll
RRM2dup gene fragment (containing RRM2 +733 to +957 in place
of RRM1 +478 to +702). pRS313-hrp1-RRMswap used the following
fragments: Sacl/EcoRlI pRS313-HRP1, Sacl/Avrll pRS313-hrpl-
RRM2dup, Ndel/EcoRI pRS313-hrpl-RRM2dup, and Avrll/Ndel
RRM1dup gene fragment.

PRS313-GFP-HRP1 was made by replacing the HRP1 start codon
in pRS313-HRP1 with the GFP (S65T) coding sequence using the
NEB HiFi Assembly Master Mix according to the manufacturers
guidelines. Primers GFP-HRP1-Fragment-F, GFP-HRP1-Fragment-R,
GFP-HRP1-Vector-F, and GFP-HRP1-Vector-R were designed using
SnapGene (Supplementary Table 3).

Yeast strains

See Supplementary Table 2 for yeast strains used in this study.
Plasmids were transformed into S. cerevisiae by the lithium acetate
procedure (Schiestl and Gietz 1989). ECG004 is derived from 46a
(Lesser and Guthrie 1993). The hrpl:KanMX4 disruption was
made by PCR-amplification from the genomic DNA of BY4743 het-
erozygous diploid HRP1/hrpl:KanMX4 (Dharmacon, clone Id
26273) with HRP1-ORF-F and HRP1-ORF-R primers (Supplementary
Table 3 followed by digestion with Ndel to cut only HRP1, and gel
extraction of hrpl:KanMX4 using the GeneJet Gel extraction kit
(Thermo Scientific). 46a containing pRS316-HRP1 was trans-
formed with the hrpl:KanMX4 fragment and plated to yeast
extract/peptone/dextrose (YEPD) media containing 0.5 mg/mL
G418 disulfate (Alfa Aesar). Disruption of the chromosomal
HRP1 allele was confirmed by PCR and sequencing. pRS316-HRP1
was replaced with pRS313-bourne HRP1 alleles by standard plas-
mid shuffle techniques (Boeke et al. 1987).

The viability of mutant alleles was determined by plating mer-
odiploid strains onto synthetic complete media containing 5-FOA
in biological triplicate. Alleles were considered inviable if all 3 bio-
logical replicates failed to grow on 5-FOA plates. If one replicate
grew, plasmids were rescued from the 5-FOA viable strain and se-
quenced. In all cases, wild-type HRP1 was detected either from a
retained URA3-marked shuffle plasmid containing wild-type
HRP1 or loss of the mutation from the pRS313-HRP1 plasmid.

Genetic selections

The HRP1 ORF was randomly mutagenized by error-prone PCR
with HRP1-ORF-F and HRP1-ORF-R primers and Taq polymerase
(Thermo Scientific) using the Taq Buffer containing KCI provided
by the manufacturer, followed by PCR clean-up using the

GeneJet Gel extraction kit. pRS313-HRP1 was digested with Sacl
and EcoRI by sequential digest and the vector backbone was gel
purified using the GeneJET Gel Extraction Kit. The PCR product
and Sacl/EcoRI digested pRS313-HRP1-vector were cotransformed
into ECG004 containing pGAC24-SNR82 and plated to a synthetic
complete medium lacking histidine and leucine. The pRS316-HRP1
shuffle plasmid was removed by replica plating onto synthetic com-
plete media containing 5-FOA. Colonies were subsequently replica
plated onto SC media lacking leucine (Sunrise Scientific) and con-
taining 0.15 mM CuSO,. Plasmids were rescued from copper-
resistant yeast colonies using the GeneJET Plasmid Miniprep Kit
(Thermo Scientific) following cell lysis by vortexing with glass beads
(425-600 pm diameter acid washed, Sigma-Aldrich) in kit Lysis
Buffer for 2 minutes and a 5-minute incubation at 4°C. The plasmid
mixture was then digested with Narl to cut only pGAC24-SNR82 and
not mutagenized pRS313-hrpl, transformed into DH5a competent
cells by standard heat shock transformation, and pRS313-hrpl
plasmids were purified using the GeneJET Plasmid Miniprep Kit.
The entire HRP1 ORF of the pRS313-hrp1 plasmids from the copper-
resistant strains was sequenced to identify the mutations present.

The dominant selection was conducted as described above ex-
cept the mutagenized HRP1 PCR product and Sacl/EcoRI digested
PRS313-HRP1-vector were cotransformed into 46a containing
PGAC24-SNR82. These transformants were then replica plated
onto synthetic complete media lacking leucine and containing
0.15 mM CuSO,. The pRS313-hrpl plasmids were rescued from
copper-resistant strains as described above and were retrans-
formed into nalve 46a strains containing pGAC24-SNR8&2.
Eight-fold serial dilutions were conducted with 2 biological repli-
cates on media lacking leucine and containing increasing concen-
trations of CuSO4. The pRS313-hrpl plasmids were sequenced
from strains where at least 1 biological replicate was copper
resistant.

Protein analysis

For Hrpl immunoblots, 10 OD units of yeast cells in log phase
growth (ODgoo of 0.5-1.0) at 30°C in YEPD or synthetic complete
media lacking histidine were pelleted by centrifugation and lysed
by vortexing with glass beads (425-600uM diameter;
Sigma-Aldrich) in 100ul phosphate-buffered saline (PBS)
(137 mM Nacl, 2.7 mM KCl, 10 mM Na,HPO,, 1.8 mM KH,PO,4, pH
7.4) with Protease Inhibitor Cocktail V (Calbiochem). Then
100 uL 2x SDS-PAGE loading buffer (100 mM Tris-Cl, pH 6.8, 4%
(w/v) SDS, 0.2% (w/v) bromophenol blue, 20% (v/v) glycerol,
200 mM 2-mercaptoethanol) was added, and the mixture was
heated at 100°C for 5 minutes. Samples were electrophoresed
using 4-15% Mini-PROTEAN TGX Precast Gels (Bio-Rad) at 100 V
for 90 minutes and electroblotted onto PVDF membranes
(Millipore) at 100V, 4°C for 1 hour in 20% (v/v) methanol in
Towbin buffer (25 mM Tris base, 192 mM glycine, pH 8.3). Blots
were blocked with 5% dried milk in PBS buffer with 0.1% Triton
X-100 at 23°C for 1 hour, incubated with affinity-purified Hrpl
antibody (1:5,000 dilution, Henry et al. 2003) for 1 hour at 23°C,
and then with HRP-conjugated goat antirabbit IgG (Pierce
Scientific) (1:20,000 dilution) for 1 hour. Blots were developed
with Immobilon Western Chemiluminescent HRP substrate
(Milipore Sigma) and were imaged using the Azure c600 imaging
system. Band intensity was quantified using ImageJ (National
Institutes of Health) and normalized to the total protein loaded.
Total protein was measured by loading equal volumes of cell lys-
ate onto 4-15% Mini-PROTEAN TGX Precast Gels (Bio-Rad), stained
with Coomassie (45% (v/v) methanol, 10% (v/v) acetic acid, 3 g/L
Coomassie brilliant blue R-250) for 1 hour, and destained in 50%
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(v/v) methanol and 10% (v/v) acetic acid. The gel was imaged using
the Azure c600 imaging system and the net absorbance of each
lane with background subtracted was measured using ImageJ.

RNA analysis

Yeast cells were grown in YEPD at 30°C to an ODggo of 0.6-1.0 and
pelleted by centrifugation. Total cellular RNA was prepared using
the GeneJET RNA Purification Kit (Thermo Scientific) following cell
lysis by vortexing with glass beads (200-325um diameter,
Sigma-Aldrich) in kit Lysis Buffer supplemented with DTT as di-
rected by the manufacturer. Total RNA was treated with
RNase-free DNase I (NEB) followed by purification with the
GeneJET RNA Purification Kit according to the RNA clean-up
protocol. RT-gPCR was conducted using the gScript One-Step
SYBR Green gRT-PCR Kit (Quantabio) with 5 ng RNA in a 10 uL re-
action volume (see Supplementary Table 3 for primers used). RNA
concentration was measured on a Nanodrop One spectrophotom-
eter (Thermo Scientific). RT-qPCRs were performed in technical
triplicate using a Bio-Rad CFX384 Real-Time PCR detection system
following the one-step gScript cycling protocol with the anneal-
ing/amplification temperature of 60°C. Data were analyzed using
Bio-Rad’s CFX Maestro program following the standard AACq
method. To validate that each primer set amplified the correct
gene, RT-PCR products were run on a 2% agarose gel, gel ex-
tracted, and sequenced (see Supplementary Table 3 for primers
used). A No reverse transcriptase (No RT) control reaction was
conducted with each primer set for each RNA sample. Each ex-
periment containing 3 biological replicates and 3 technical repli-
cates was conducted twice. Normalized fold change values
between each mutant and wild-type were calculated for each ex-
periment. The normalized values were then averaged together to
calculate statistical significance. Significance was calculated by a
2-tailed unpaired Student’s t-test.

Oligonucleotides
See Supplementary Table 3.

Results

The HRP1 attenuator readthrough phenotype of
hrp1-7 is due to multiple substitutions

The primary structure of Hrp1 (Fig. 1a and Supplementary Fig. 1) is
similar to that of human hnRNPD and DL, also called AUF1 and
AUF1-like, respectively. The RRMs of the 3 proteins are most simi-
lar in sequence and share similarity with the tandem RRMs of the
human Musashi-like proteins, Msil and Msi2, and DAZAP1
(Supplementary Fig. 2). Furthermore, the Hrpl RRMs are highly
similar to each other (38% identical and 55% similar;
Supplementary Fig. 3b) and have previously been shown to bind
the yeast polyadenylation efficiency element (UAUAUA) that is
important for positioning the CPA machinery (Kessler et al. 1997;
Chen and Hyman 1998).

Previous genetic studies of Hrpl have primarily used a small
number of heat-sensitive alleles (Kessler et al. 1997; Minvielle-
Sebastia et al. 1998). We reported a transcriptome analysis using
one of these alleles, hrp1-7, and found that it causes readthrough
of some snoRNA terminators in addition to its own attenuator
(Chen et al. 2017). The allele used in this study was previously
thought to be hrp1-5 but subsequent sequencing identified 4 mis-
sense mutations: M191T and A195P in RRM1, and N345D and
Y383H in a Met/Gln-rich low complexity region C-terminal to
RRM2 (Fig. 1la and Supplementary Fig. 1; Kuehner and Brow
2019), which most closely matches the allele reported as hrpl-7

(Kessler et al. 1997). When mapped on an NMR structure of the
Hrpl RRMs bound to (UA), (Pérez-Catiadillas 2006), M191T is on
the RNA binding face of RRM1, suggesting it disrupts RNA recogni-
tion, while A195P is in a loop and does not appear to make any
RNA contacts (Supplementary Fig. 3a). To determine the contribu-
tion of each of the 4 substitutions to the heat-sensitive and read-
through phenotypes of this allele, we made each individual
substitution and shuffled them into an hrpl disruption strain.
We found that none is heat-sensitive on its own (Supplementary
Fig. 4), indicating that a combination of at least two of the substi-
tutions is required for this phenotype.

To determine which of these substitutions cause readthrough
of NNS terminators, we used a reporter that contains the HRP1
promoter and 5 UTR fused to the CUP1 protein-coding region
and 3’ UTR, which confers copper resistance proportional toits ex-
pression level (Kuehner and Brow 2008). We transformed this re-
porter plasmid into an hrpl disruption strain containing hrpl-7
or the individual mutations on low copy plasmids and spotted ser-
ial dilutions on plates containing increasing concentrations of
copper sulfate (Fig. 1b and Supplementary Fig. 5a). Consistent
with previous results (Kuehner and Brow 2008), the hrpl1-7 allele
conferred copper resistance up to 0.5 mM indicating that it causes
strong readthrough of the HRP1 attenuator. Of the individual sub-
stitutions, hrp1-M191T confers the most copper resistance and ap-
pears to be largely responsible for the readthrough phenotype of
the quadruple mutant. Both hrp1-N345D and hrpl-Y383H cause
weak readthrough. Interestingly, hrpl-A195P caused a decrease
in copper resistance compared to wild-type HRP1 in both biologic-
al replicates tested, suggesting that this substitution decreases
the expression of the reporter, possibly by decreasing the positive
elongation function of Hrpl.

To quantify changes in HRP1 expression caused by the substitu-
tions, we used RT-qPCR to measure HRP1 mRNA levels from the
plasmid-borne wild-type or mutant alleles (Fig. 1c). hrpl-7 strains
have 8-fold more HRP1 mRNA than strains with wild-type HRP1
(Fig. 1c), similar to the 4- to 5-fold increase in Hrpl mRNA ob-
served previously by Northern blot (Kuehner and Brow 2008).
Consistent with the HRP1-CUP1 reporter results, hrp1-M191T pro-
duced the largest increase in HRP1 mRNA levels of any single sub-
stitution, but substantially less than hrp1-7. hrp1-N345D was the
only other single substitution that produced a significant, albeit
small, increase in HRP1 mRNA. Interestingly, this substitution is
adjacent to an RGG motif that is conserved in human hnRNPD
and DL (Supplementary Fig. 2). The A195P substitution did not
cause a significant decrease in HRP1 mRNA levels, possibly be-
cause the elongation defect inferred from the HRP1-CUP1 reporter
assay is offset by increased readthrough of the HRP1 attenuator
due to lowered Hrp1 levels. Our results suggest that RRM1 RNA
binding is important for Hrpl termination activity and that at
least the N345D substitution in the carboxyl-terminal low com-
plexity domain enhances the readthrough phenotype.

The SNR82 terminator is stronger than the HRP1
attenuator but responds similarly to hrp1-7
substitutions

Our previous transcriptome analysis showed that the hrp1-7 allele
causes readthrough of several snoRNA gene terminators (Chen
etal. 2017), including the SNR82 gene (Fig. 2a). To assess the effects
of individual hrp1-7 substitutions, we used RT-qPCR with primer
pairs that amplify a region within the SNR82 gene (5’ amplicon)
and a region between SNR82 and USE1 (3’ amplicon). The 3’ ampli-
con is expected to detect the primary SNR82 transcript that has
not yet been 3'-trimmed by the exosome as well as the
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Fig. 2. Confirmation of SNR82 terminator readthrough in the presence of hrp1-7. a) Transcriptome data of NNS mutants including hrp1-7 from (Chen et al.
2017). The y-axis is a log2 scale with wild-type RNA levels in black and fold change in transcript levels for the mutants in blue. Annotated genes and
mapped poly(A) 3’ ends (Ozsolak et al. 2010) in the top (w) strand are shown in red. The SNR82 terminator region is indicated by a white box and RT-gPCR
amplicons by black lines. b) SNR82 terminator readthrough in strains containing the indicated HRP1 alleles calculated as the ratio of 3’ to 5’ RT-qgPCR
amplicons, normalized to wild-type HRP1. Error bars represent the SEM for 3 biological replicates. Significance between each mutant and wild-type was
calculated by a 2-tailed Student’s t-test indicated with P-value < 0.05 (), <0.01 (™), or <0.001 (). c) Schematic of the ACT1-CUP1 reporter construct
containing the SNR82 terminator region (white box in panel a). d) Serial dilutions of haploid strains containing the indicated alleles of HRP1 and the SNR82
ACT1-CUP1 reporter on separate plasmids were spotted on medium containing the indicated concentration of copper sulfate. Biological replicate shown

in Supplementary Fig. 5b.

SNR82-USE1 readthrough product. Readthrough of the SNR82 ter-
minator was measured as the ratio of 3’ amplicon/5" amplicon for
the mutant divided by the same value for wild-type HRPI.
Consistent with the transcriptome data, hrpl-7 has a 6-fold in-
crease in readthrough compared to wild-type HRP1 (Fig. 2b).
hrp1-M191T was the only single substitution that exhibited signifi-
cant readthrough and contributed a nearly identical fraction of
the readthrough activity of hrpl-7 as for the HRP1 attenuator
(39% vs 37%). Thus, for both NNS terminators one or more of
the other substitutions in hrpl-7 increases readthrough more
than 2-fold. Unlike the HRP1 attenuator, the N345D substitution
has no measurable effect on the SNR82 readthrough on its own.
Having confirmed that the SNR82 terminator is
Hrpl-dependent, we incorporated the terminator in a reporter
construct for further studies. We cloned a 200 base pair DNA frag-
ment immediately downstream of the mature RNA-coding region
of the SNR82 gene into the intron of the ACT1-CUP1 reporter
(Lesser and Guthrie 1993) that we used previously to characterize
other NNS terminators (Steinmetz and Brow 1996, 2003;
Steinmetz et al. 2006a) (Fig. 2a and ¢, and Supplementary Fig. 6).
Readthrough of the SNR82 terminator in the ACT1 intron leads
to expression of CUP1 and allows the cells to grow on media con-
taining copper sulfate. We conducted serial dilutions with hrp1-7
and the individual substitution strains on media containing in-
creasing concentrations of copper sulfate and found that these re-
sults correlate well with RT-gPCR of the endogenous SNR82 gene,
indicating that the region we cloned into the reporter acts as a
strong terminator and is Hrpl-dependent (Fig. 2d and
Supplementary Fig. 5b). The wild-type HRPI strain containing
the SNR82 reporter was unable to grow on even the lowest copper
concentration tested (0.075 mM), indicating that the SNR82 ter-
minator is much stronger than the HRP1 attenuator (Fig. 1b and
Supplementary Fig. 5). In contrast, in the presence of hrp1-7 the re-
porter conferred resistance to the highest copper concentration

tested (0.3mM). hrpl-M191T was the only single substitution
that conferred copper resistance, which, as expected, was not as
strong as for hrpl-7.

The amino- and carboxyl-terminal low
complexity domains of Hrp1 are essential

Little is known about the contribution of domains outside the
RRMs to Hrpl function. As a first step in characterizing the func-
tional domains of Hrpl we used amino acid composition, se-
quence conservation, and secondary structure prediction to
delineate regions of interest (Fig. 3a and Supplementary Fig. 1).
We then deleted each region individually and assessed the reces-
sive viability of each allele. We found that deletion of the entire re-
gion amino-terminal to the RRMs (AN-term) is recessive lethal
(Supplementary Fig. 7a). Based on the AlphaFold prediction this
region is largely unstructured (Jumper et al. 2021; Varadi et al.
2022), but we divided it into 4 regions based on amino acid com-
position and conservation among the Saccharomycetaceae yeasts
(Supplementary Figs. 1 and 8). The first 15 amino acids are highly
acidic and well-conserved across fungi (Supplementary Fig. 9),
and resemble the TFIIS N-terminal domain interacting motif
(TIM) found in many RNAP II elongation factors (Cermakova
et al. 2021). We, therefore, named it the TIM-like motif (TLM).
We found that the TLM is dispensable for viability, though it
causes mild heat sensitivity at 37°C (Supplementary Figs. 7 and
10). Likewise, individual deletion of a predicted a-helical region
we called nuclear export signal (NES) because it contains a puta-
tive nuclear export sequence (Henry et al. 2003) as well as the
asparagine-serine (N/S)- and glutamine (Q)-rich amino terminal
low complexity domains (LCDs) were viable (Supplementary Fig.
7b and c). A previous study showed that deletion of a region that
spanned the N/S and Q LCDs caused cytoplasmic aggregates of
Hrp1l to form when overexpressed (Newby et al. 2017). Thus, the
amino-terminal LCDs increase the solubility of Hrpl. In contrast,
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Fig. 3. Effects of Hrp1 domain deletions on cell viability, protein level, and readthrough. a) Schematic of Hrp1 primary structure and alleles tested in this
study. Abbreviations are as in Fig. 1a. Viability in a haploid strain after 5 days of growth at 30° on medium containing 5-FOA is indicated at right (see
Supplementary Fig. 7). Amplicon for RT-gPCR shown with a black line. b) Anti-Hrp1 Western blot of cell extracts from merodiploid strains containing
chromosomal wild-type HRP1 and the indicated HRP1 alleles on a low copy number plasmid. A duplicate Coomassie blue stained gel, part of which is
shown below, was used to normalize for total protein loaded. The average protein levels normalized to endogenous Hrp1 (lane 1) from 2 biological
replicates (see Supplementary Fig. 11a) are shown in the graph below the gel with the FL Hrp1 shown in black and the domain deletions shown in gray for
each strain. Error bars represent the SEM and significance between each mutant and wild-type was calculated by a 2-tailed Student’s t-test indicated with
P-value <0.05 (), <0.01 (™), or <0.001 (**). c) Anti-Hrp1 Western blot of cell extracts as in Panel B except from haploid strains containing the indicated
viable HRP1 alleles. d, e) RT-qPCR of total RNA from the indicated haploid strains to produce d) the HRP1 amplicon indicated in panel a normalized to a
CDC19 amplicon or e) the SNR82 5" and 3’ amplicons indicated in Fig. 2a. Error bars represent the SEM for 3 biological replicates for ATLM and ANES and 2
biological replicates for AN/S and AQ. Significance between each mutant and wild-type was determined as in panel b.

deletion of the carboxyl-terminal LCDs prevents aggregation of
Hrpl when overexpressed (Newby et al. 2017), indicating that
this region promotes aggregation.

We divided the carboxyl-terminal low complexity region into
two segments, a methionine and glutamine (M/Q)-rich region
and an aspartate, asparagine, and serine (D/N/S)-rich region
(Fig. 3a and Supplementary Fig. 1). The Reines lab showed previ-
ously that deletion of a region of Hrpl corresponding closely to
the M/Q LCD is recessive lethal (Loya et al. 2017) and we confirmed
their finding (Supplementary Fig. 7c). We also found that the D/N/
SLCDisrequired for viability (Supplementary Fig. 7g). Not surpris-
ingly, deletion of the entire region carboxyl-terminal to the M/Q
LCD (AC-term), which includes the Arg-Gly-Gly (RGG) repeats
and essential nuclear localization signal (NLS) (Lange et al. 2008)
is lethal (Supplementary Fig. 7h). Thus, both the amino- and
carboxyl-terminal LCDs of Hrpl are required for its essential
function(s).

Hrp1l RRMs 1 and 2 have distinct essential
functions

Given the high degree of similarity between RRM1 and RRM2
(Supplementary Fig. 3b), we tested if they function in a redundant
manner. Deletion of either RRM alone was lethal (Fig. 3a and
Supplementary Fig. 7d), indicating either that the 2 RRMs have

distinct functions or that they have identical functions, but 2 cop-
ies must be present. To test the latter possibility, we replaced
RRM2 with RRM1, creating a version of Hrpl with 2 RRMls
(RRM1dup), and vice versa (Fig. 3a). Neither the RRM1dup nor
RRM2dup version of Hrp1 is viable (Supplementary Fig. 7e and f),
indicating the 2 RRMs have distinct molecular functions. To test
if the functions are position-dependent, we constructed an “RRM
swap” allele, in which RRM1 and RRM2 trade positions. Yeast con-
taining only this allele of Hrp1 is also inviable (Supplementary Fig.
7). We therefore conclude that RRM1 and RRM2 of Hrp1 mediate
distinct, essential interactions that are position-dependent. These
interactions could be intramolecular, intermolecular, or both.

Deletion of some domains of Hrp1 alter its level
in cells

The inviability of Hrp1 lacking different domains could be due to
decreased accumulation of mutant protein. Conversely, a mutant
Hrp1 that has a dominant negative effect on attenuator function
could be overexpressed. To assess the steady-state level of in-
viable deletion proteins, we conducted Western blots with
anti-Hrpl polyclonal antibody (Henry et al. 2003) on extracts
from merodiploid strains containing chromosomal wild-type
HRP1 and each of the recessive lethal deletions on a low copy
(centromere) plasmid (Fig. 3b and Supplementary Fig. 11a).
When an additional copy of wild-type HRP1 is introduced on a


https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad134#supplementary-data
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad134#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad134#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad134#supplementary-data
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad134#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad134#supplementary-data
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad134#supplementary-data
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad134#supplementary-data
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad134#supplementary-data
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad134#supplementary-data
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad134#supplementary-data
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
http://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyad134#supplementary-data
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
https://identifiers.org/bioentitylink/SGD:S000005483?doi=10.1093/genetics/iyad134
https://identifiers.org/bioentitylink/SGD:S000028467?doi=10.1093/genetics/iyad134

E. C. Goguen and D. A. Brow | 7

plasmid, no significant increase in total Hrp1 protein is observed
compared to the empty plasmid control (Fig. 3b, cf. lanes 1 and
2). This is as expected since autoregulation via Hrpl-dependent
NNS attenuation should compensate for the increased gene dos-
age. The signal for AN-term Hrp1 (Fig. 3b, lane 3) is about 10% of
wild-type, which could be due either to a low level of protein or
to the absence of a major epitope for the polyclonal Hrpl anti-
bodies. In contrast, the individual RRM deletions and the M/Q
LCD and C-term deletions results in at least as much mutant pro-
tein as wild-type Hrp1 (Fig. 3b, lanes 4-6 and 8). This finding im-
plies that the inviability of these deletions is not due to loss of
protein.

Unexpectedly, the D/N/S LCD deletion (Fig. 3b, lane 7) results in
reduced amounts of both mutant and wild-type protein. It is pos-
sible that the absence of the D/N/S LCD results in a dominant
gain-of-function thatincreases recognition of the HRP1 attenuator
on both the mutant and wild-type alleles by shifting the balance
between elongation and termination (see Discussion). The domin-
ant effect of the D/N/S allele appears to require Hrp1 nuclear lo-
calization as the C-term deletion that is lacking the NLS and the
D/N/S LCD does not cause reduced Hrpl protein level (Fig. 3b,
lanes 7 and 8).

The steady-state levels of the recessive viable forms of Hrpl
were determined by shuffling plasmid-borne alleles into an hrpl
disruption strain (Fig. 3c and Supplementary Fig. 11a). The ATLM
strain appears to have much lower levels of Hrp1 protein but, as
for AN-term Hrp1, this could be because either less protein accu-
mulates or, more likely, this region contains an important epitope
for the antibody. ANES was the only recessive viable deletion that
caused a significant increase in Hrpl expression compared to
wild-type.

For the recessive viable deletions, a defect in function or stabil-
ity may be masked by increased expression due to the read-
through of the HRP1 attenuator. To determine if these alleles
produce increased levels of Hrpl mRNA, we conducted RT-qPCR
with HRP1 primers as described above. We did not test AN/S or
AQ as the primers anneal within these deletions (Fig. 3a). We
found that the ATLM and ANES alleles produce 4- to 6-fold more
mRNA than wild-type HRP1, consistent with these deletions caus-
ing increased readthrough of the HRP1 attenuator (Fig. 3d).
Whether this effect is due to decreased protein function or disrup-
tion of the HRP1 attenuator by the deletions, or both, is not clear.
The NRD1 attenuator is known to extend into the 5’ end of its cod-
ingregion (Arigo et al. 2006) and this could be true for HRP1 as well.
Therefore, we also determined the effects of these deletions on
readthrough of the endogenous SNR82 terminator (Fig. 3e).
ATLM and ANES caused 2- to 3-fold readthrough of the SNR82 ter-
minator, indicating that these regions of the protein are important
for Hrp1 function at another terminator. Although the magnitude
of their effectsis less on a strong terminator than the HRP1 attenu-
ator, in both cases ANES causes more readthrough than ATLM.
AN/S and AQ had a smaller, but significant effect on SNR82 termin-
ator readthrough (Fig. 3e). These results show that the amino-
terminal region of Hrpl encompassing the TLM and NES regions
is important for its function at 2 NNS terminators.

Readthrough substitutions in the Hrpl RRMs
imply both shared and unique functions

Our deletion analysis showed that many Hrpl domains are essen-
tial for viability and that the deletion of nonessential domains can
cause a readthrough of two NNS terminators. We next sought to
identify important residues for Hrp1 function at NNS terminators.
We, therefore, conducted a genetic selection for viable mutations

in HRP1 that cause readthrough of the SNR82 terminator. The en-
tire HRP1 ORF was randomly mutagenized by error prone PCR and
the amplicon pool and a gapped HRP1 plasmid lacking the ORF
were cotransformed into a strain that has the genomic HRP1
ORF replaced with an antibiotic resistance gene, wild-type HRP1
on a URA3-marked plasmid, the CUP1 locus deleted, and the
ACT1-CUP1 reporter containing the SNR82 terminator on a
LEU2-marked plasmid. After the selection for repair of the gapped
plasmid with the amplicon pool, loss of the wild-type copy of HRP1
was selected by replica plating onto media containing 5-FOA,
which required the transformed HRPI alleles to be viable. We
then selected for readthrough of the SNR82 terminator by replica
plating onto -Leu medium that contained 0.15 mM CuSO,. The
HRP1 plasmids were extracted from copper-resistant strains and
the ORF was sequenced to identify any mutations present.

Based on our antiterminator model of the Hrp1l function, the
selected mutations could disrupt terminator recognition and/or
prevent the subsequent release of Hrp1 from the EC. We obtained
29 alleles from this selection. Two had no mutations in the HRP1 5’
UTR, ORF, or 3’ UTR and 1 (hrp1-130, Table 1) had no mutations in
the HRP1 ORF but contained 2 single-nucleotide substitutions in
the 5" UTR and a single-nucleotide deletion in the 3" UTR. These
3 strains were not further studied. The remaining 26 alleles con-
tained from 1 to 3 nonsynonymous substitutions or, in 2 cases,
the same single-nucleotide deletion in the HRP1 ORF (hrp1-125
and -127, Table 1). Most of the substitutions are in the RRM do-
mains and most of the mutations in the amino- or carboxyl-
terminal domains are in alleles that also contain a substitution
in either of the RRMs. The exceptions are 2 strains with substitu-
tions in the start codon and the 2 strains with the frameshift mu-
tation in the C-terminal domain (see next section).

We mapped the 13 single amino acid substitutions in RRM1 or
RRM2 onto an NMR structure of the Hrpl RRMs with (UA)4
RNA-bound (Pérez-Cafiadillas 2006) (Fig. 4a and b). The substitu-
tions in RRM1 are either in residues that appear to contact the
RNA or are buried in the core of RRM1 and would likely destabilize
the domain. Tryptophanl68 stacks on an adenine nucleobase
(Fig. 4b, 1). We obtained the W168R mutation both in combination
with the E21K substitution between the TLM and NES, and on its
own (Table 1). Other substitutions in this residue, W168F and
W168A, were previously shown to decrease the binding affinity
of Hrp1 to UAUAUA RNA in vitro (Pérez-Caniadillas 2006). A recent
study found that the W168F substitution reduces expression of
lacz fused downstream of the HRP1 attenuator about 2-fold, sug-
gesting decreased readthrough of the attenuator (Amodeo et al.
2023). However, this effect could be due to decreased positive
elongation activity on the bacterial gene rather than increased
terminator recognition. The same study showed that the
Hrpl-W168A substitution is recessive lethal.

Notably, we obtained in the selection the M191T substitution
from the hrpl-7 allele that causes readthrough of both the HRP1
attenuator and SNR82 terminator (Figs. 1 and 2). The sulfur
atom of M191 forms an apparent n-z* contact with a uracil base,
as observed in another ribonucleoprotein (Nomura et al. 2018).
M191 appears to be part of a “3-bridge cluster” (Gibbs et al. 2021)
with F162 in beta-strand 1 and F202 and F204 in beta-strand 3,
which also contact US, A6, and U7 (Fig. 4b, ii). An F204L substitu-
tion was obtained in combination with another substitution
(hrp-116), supporting the importance of this aromatic cluster.

The backbone carboxyl of R232 forms hydrogen bonds with the
A6 base and the R232G substitution would likely alter the con-
formation of the carboxyl-terminal end of RRM1 and disrupt this
interaction and a salt bridge with A233 (Fig. 4b, iii). R236 in the
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Table 1. HRP1 alleles selected in the absence of wild-type HRP1 for readthrough of the SNR82 terminator.

hrp1 Amino acid substitution (nucleotide substitution)
allele
5" UTR: N-term: RRM1: RRM2: C-term: 3'UTR:
110 E21K (G61A) W168R (T502C)
111 V247A (T740C, T741G),
C301R (T901C)
112 G180G (T540C) L274P (T821C) P336L (C1097T)
113 W168R (T502A) R506R (T1518C)
114 K244N (A732C)
115 P230S (C688T)
116 D173G (A518C), F204L
(T610C)
117 1163T (T488C)
118 L274P (T821C)
119 (T-86C) D271G (A812G)
120 M275V (A823G)
121 F262S (T785C) E382G (A1145G)
122 M1T (T20)
123 T186A (A566G) Q282L (A845T), V289A
(T866C)
124 G86G G267S (G799A)
(T258C)
125 N418 frameshift
(AA1252)
126 1270T (T809C) (AA+1612)
127 N418 frameshift
(AA1252)
128 T280I (C839T)
129 N69S 1234V (A700G)
(A206G)
130 (A-109G, (AA +1612)
T-420Q)
131 R232G (A694G)
132 M1V (A1G)
133 E261G (A782G), R321G N423S (A1268G)
(A961G)
134 R236G (A706G) S328S(A984G)
135 R200G (A598G) K309K (A927G) N510D (A1528G) (C+16777T)
136 M191T (T572C) (A +1806G)

Each row represents an allele with the protein and DNA substitutions listed by domain. “A” indicates a deletion. Alleles with a single amino acid substitution are

shown in bold.

linker region may form a salt bridge with a backbone phosphate,
which would be abolished by the R236G substitution (Fig. 4b, iii).
1163 and P230 are adjacent to one another on the internal surface
of beta-sheet strands 1 and 4 (Fig. 4b). Substitutions to Thr or Ser
respectively would likely disrupt the fold of the RRM and the con-
formation of the RNA binding face of the beta-sheet. The 1163T
substitution is also present, along with additional substitutions
in the N- and C-terminal LCDs, in 2 of 3 heat-sensitive alleles of
HRP1 isolated in a previous study (nab4-4 and nab4-7;
Minvielle-Sebastia et al. 1998).

In RRM2 several of the readthrough substitutions are on the ex-
ternal surface of the RRM, away from the RNA-binding face. An
exception is the M275V substitution. M275 is analogous to M191
in RRM1 and appears to make an equivalent 3-bridge cluster
with F246, F286, and F288, which interacts with the bases of A2
and U3 (Fig. 4b, iv). Leucine274 buttresses M275 and is substituted
with proline in 2 alleles (Table 1 and Fig. 4b, iv). These substitu-
tions are likely to affect RNA binding. K244N in beta-strand 1
could disrupt an internal H-bond with T290 in beta-strand 3
(Fig. 4b). D271G would disrupt a potential interdomain salt bridge
with K2311in RRM1 (Fig. 4b, v), which may be important for the cor-
rect positioning of the RRMs relative to each other when binding
RNA. 1270T is adjacent to D271 and could also affect this interdo-
main interaction. However, G267S and notably T280I are not near
the RNA and are surface exposed, indicating that they could cause

readthrough by disrupting protein—protein interactions with other
termination factors or the RNAP II EC.

Readthrough can be elicited by start codon or
frameshift mutations in Hrp1l

The only alleles from the recessive readthrough selection that
contain substitutions within the ORF but not in either RRM alter
Hrplexpression. We obtained 2 different single-nucleotide substi-
tutions in the AUG start codon: M1T (ACG) and M1V (GUG)
(Table 1). In these strains, if translation does not initiate at the
Met1 position there are multiple out-of-frame AUG codons before
the next in-frame AUG at M126 (Fig. 5a). Furthermore, we deleted
amino acids 1-125 and found that this allele is recessive lethal, so
translation starting at M126 does not produce functional Hrpl.
Since hrp1-M1T and hrp1-M1V are viable alleles, translation is like-
ly starting at the +1 codon. Both ACG and GUG codons have been
shown to be used as start codons in yeast (reviewed in Kearse and
Wilusz 2017).

To determine if these alleles express FL Hrp1 protein, we trans-
formed plasmids containing either HRP1, hrpl-M1T, or hrpl-M1V
into an hrpl disruption strain that contained a URA3 plasmid
with amino-terminally tagged GFP-HRP1. The GFP-HRP1 plasmid
was then selected against by plating onto media containing
5-FOA. This allowed us to visually confirm on a Western blot
thatany FL Hrp1 protein in these strains is from the mutated allele
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W168R M191T P2308|
1163T R232G
(b) R236G

Fig. 4. Viable terminator readthrough substitutions in RRMs 1 and 2 are mostly in the RNA-binding surface. a) Individual substitutions in Hrpl RRMs 1 and
2 obtained in a selection for viable mutations causing readthrough of the SNR82 terminator. Secondary structure elements are labeled. b) Viable
readthrough mutations shown in magenta on structure of Hrpl RRM1 (green), linker helix (gray), and RRM2 (blue) bound to (UA)4 RNA (gold) (PDB: 2cjk,
Pérez-Canadillas 2006). Panels i-v show interactions that may be disrupted by substitutions from the selection (labeled in bold). Other relevant residues
are labeled in gray. Nucleotides are numbered from 5’ to 3". (*) indicates substitutions from alleles with multiple mutations (see Table 1). i) Stacking
interaction between A4 and W168 and a salt bridge between RRM1 and RRM?2. ii) Apparent “three-bridge cluster” around M191 involving F162, F202, and
F204 that interacts with U5, A6, and U7. iii) Potential hydrogen bonds between A6 and R232 backbone carbonyl, and R236 and RNA backbone. iv)
“Three-bridge cluster” in RRM2 around M275 involving F246, F286, and F288 that appears to interact with A2 and U3. v) Substitutions in residues
participating in or near the potential salt bridge between K231 (RRM1) and D271 (RRM2).

and not from the GFP-HRP1 plasmid with an inactivated URA3
gene (Fig. 5b). As predicted, hrpl-M1T and hrp1-M1V express FL
Hrpl protein, though at slightly lower levels than wild-type
HRP1. None of these strains had a band at the expected size for
GFP-Hrp1 and there was no evidence of the GFP tag being cleaved
off (Fig. 5b, lane 1), indicating that the Hrp1 protein in the M1T and
M1V lanes is from the mutated allele. We conducted Western
blots on two biological replicates for each strain and found that
hrp1-M1T and hrpl- M1V produce approximately 80 and 60% of
the wild-type level of Hrp1l protein, respectively, though the re-
duction from wild-type was not statistically significant (Fig. Sb
and Supplementary Fig. 11b). Initiation of translation at noncano-
nical start codons typically results in incorporation of methionine
as the first amino acid (Kearse and Wilusz 2017). If that is the case
for these alleles, the Hrp1 protein made from them has the wild-
type sequence. We hypothesize the hrpl-M1T and -M1V alleles
were obtained in the selection because they reduce the cellular
concentration of Hrp1l, causing readthrough of the SNR82 termin-
ator. However, since the amino-terminus of Hrp1 appears to be an
important epitope for the Hrpl antibody, we cannot exclude the
possibility that translation initiation occurring at M126 produces
an in-frame, amino-terminally truncated Hrp1 that has a domin-
ant negative effect at the SNR82 terminator but is not detected on
our Western blots.

Since translation initiation on the hrpl-M1T and hrpl-M1V
mRNAs is likely much less efficient than with AUG, we predicted
that these substitutions compensate for the reduced translation
by overexpressing HRP1 mRNA through increased readthrough

of the HRP1 attenuator. We measured HRP1I mRNA level by
RT-gPCR and found that hrpl-M1T causes a 43-fold increase in
HRP1 mRNA, while hrp1-M1V causes a 25-fold increase (Fig. 5c).
These results suggest that translation initiation is less efficient
from the ACG (Thr) codon in this sequence context than GUG
(Val) and that neither is very efficient. The HRP1 attenuator ap-
pears to play a significant role in modulating HRP1 mRNA levels
in the cell, though it should be noted that these alleles are
plasmid-borne so increased plasmid copy number could account
for some of the increase we observed. Also, some of the increased
mRNA level could be due to stabilization in the absence of efficient
translation.

We also obtained 2 alleles that contain a single-nucleotide de-
letion in the Asn418 codon that causes a frameshift and prema-
ture stop codon 2 amino acids downstream at position 420
(Table 1, Fig. 5a). These alleles are viable even though termination
at the premature stop codon at 420 would delete the essential
C-terminal region, including the NLS (Fig. 3a). We predicted that
these alleles are viable because the ribosome frameshifts back
into the correct reading frame at some frequency to produce FL
Hrp1 protein. Indeed, Western blots reveal that both of the N418
frameshift alleles overexpress truncated Hrp1l that has an appar-
ent molecular mass consistent with recognition of the premature
stop codon (A420-534), but both strains also express FL Hrp1 that
must derive from frameshifting (Fig. 5b and Supplementary Fig.
11b). This site may be more permissive to frameshifting because
the deletion is immediately downstream of a proline-proline di-
peptide. Proline codons have been implicated in slowing the
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Fig. 5. Potentially lethal mutations in Hrp1 are rescued by autoregulation. a) Start codon substitutions and the N418 frameshift mutation mapped onto
Hrpl. Out of frame ATGs before the first in frame ATG downstream of the start codon are indicated with red dots. The predicted effect of the frameshift
mutation is shown with red indicating the new reading frame and (*) indicating a premature stop codon. b) Anti-Hrp1 Western blot of cell extracts from
haploid strains containing the indicated HRP1 alleles on low copy plasmids. N418 fs (1) and (2) indicate selection alleles hrp1-125 and 127, respectively (see
Table 1). Coomassie blue stained gel shown below was used to normalize for total protein loaded. The average, relative protein levels normalized to HRP1
(lane 2) from 2 biological replicates (see Supplementary Fig. 11b) are shown in black for FL Hrp1 and gray for truncated Hrp1 in the graph below the gel.
Error bars represent the SEM and significance between each mutant and wild-type was calculated by a 2-tailed Student’s t-test indicated with P-value <
0.05 (*), <0.01 (**), or <0.001 (**). c) RT-qPCR of total RNA from the indicated haploid strains to produce the HRP1 amplicon indicated in panel A. Values
were normalized to a CDC19 amplicon. Error bars represent the SEM for 3 biological replicates.

Table 2. Alleles selected for dominant readthrough of the SNR82
terminator.

Group: hrp1 Substitution:
allele:
N-term: RRM1: RRM2: C-term:
1 101 G201R
(G601A),
S211S
(T633A)
106 F202L
(T604C)
107 K54K L175P
(A162G) (T524C)
2 102 S155P G165D 12451
(T463C) (G494A) (C7357T)
103 N53D K231R
(A157G, (A692G)
C1597)
109 F179S Q405R
(T536C) (A1214G)
104 (cs) G165S (cs) N338S
(G493A) (A1013G)
3 105 W168R* R317G*
(T502C), (A949G)
T219A
(A655G)
108 E28G A233T* A272V*
(A83G) (G697A) (cs)
(C815T)

Each row represents an allele with the substitutions separated by domain.
Recessive lethal alleles, as determined by 5-FOA inviability, are shown in bold.
Synthetic lethal double mutations are indicated with (*). (cs), cold sensitive (see
Supplementary Fig. 12a).

ribosome elongation rate due to inefficient peptidyl transfer
(Pavlovetal. 2009; Artieri and Fraser 2014) and proline-proline mo-
tifs have been shown in E. coli to promote ribosome stalling
(Tanner et al. 2009; Krafczyk et al. 2021). This frameshifting must
be inefficient given the large amount of truncated protein that ac-
cumulates, so we surmised that the N418 fs alleles cause read-
through of the HRPI attenuator to increase HRP1 mRNA
expression. RT-qPCR on total RNA from these strains confirmed
that expectation. N418 fs (1) shows a 7-fold increase in HRP1
mRNA while N418 fs (2) shows a 12-fold increase (Fig. 5¢). The ba-
sis for this modest but statistically significant difference is un-
known. Together the Metl substitutions and N418 frameshift
alleles indicate that HRP1 autoregulation provides resilience to
potentially lethal mutations.

The paucity of dominant readthrough mutations
in RRM2 suggests a role in protein-protein
interactions

The results of the Hrp1 domain deletions and recessive viable mu-
tant selection suggest that RNA binding by both RRMs is import-
ant for the recognition of the SNR82 terminator and that there
may be an additional function for RRM2 in complex assembly.
We also conducted a selection for dominant readthrough muta-
tions, which requires that the mutated Hrp1 maintains the ability
to compete with wild-type Hrp1 at the SNR82 terminator butis un-
able to elicit efficient termination. If, for example, a preformed
termination complex recognizes the terminator in the nascent
transcript, a dominant selection should yield mutations in the
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RRM-RNA interface but not in residues required for stable com-
plex formation.

The dominant selection used the same procedure as the reces-
sive selection except the recipient strain contained an intact
chromosomal HRP1 gene and we maintained selection for the
HIS3 marker on the mutated HRP1 plasmid throughout. HRP1 plas-
mids were extracted from the copper-resistant colonies and
retransformed into a naive cupl4 strain containing the SNR82 re-
porter plasmid. Plasmids that conferred copper resistance in at
least 1 of 2 biological replicates were sequenced to determine
the location of the mutation (Table 2). All the dominant alleles
had at least one substitution in RRM1 and fit into 3 groups.
Group 1 alleles have only a single substitution in RRM1. Group 2
alleles have an additional substitution in the amino- or carboxyl-
terminal domain. Group 3 alleles have 3 substitutions, including
at least one each in RRM1 and RRM2.

To determine if the dominant alleles are recessive viable, we
transformed plasmids containing each allele into an hrp1 disrup-
tion strain bearing a URA3-marked HRP1 plasmid and plated cells
onto media containing 5-FOA to select for loss of the wild-type
plasmid. We found that all alleles are recessive lethal except for
hrp1-104, which is cold-sensitive (Table 2 and Supplementary
Fig. 12a). For Group 1 alleles, this result indicates that G201R,
F202L, and L175P are lethal substitutions. G201 and F202 are on
the RNA binding face of RRM1 and the substitutions in these resi-
dues would likely disrupt RRM1's interaction with the (UA), RNA
(Pérez-Canadillas 2006) (Fig. 6b). F202 is part of the apparent
3-bridge cluster with M191, F162, and F204 (Fig. 6b, ii). L175P would
likely disrupt the fold of RRM1.

For the alleles that contain multiple substitutions, we made each
substitution individually and determined their recessive viability
at 30° and growth at different temperatures (Table 2 and
Supplementary Fig. 12a). For the three lethal Group 2 alleles, the le-
thality was completely attributable to the substitutions in RRM1:
G165D, K231R, and F179S. The substitutions in these alleles that
are outside of RRM1 supported normal growth at all temperatures
tested (Table 2 and Supplementary Fig. 12a). G165 is near the RNA
backbone and introduction of an aspartate sidechain at this pos-
ition would likely cause a steric and charge clash as well as disrupt
the potential inter-RRM salt bridge between K226 and D277 (Fig. 6b,
i). K231 forms an inter-RRM salt bridge with D271, in which we ob-
tained a substitution to glycine in the recessive readthrough selec-
tion (Fig. 6b, iii). Although the K231R substitution would maintain
the positive charge, the geometry of the side chain would be signifi-
cantly altered and the arginine guanidinium group could stack on
or between nearby nucleobases, potentially competing with the for-
mation of the salt bridge. The F179S substitution is internal in RRM1
(Fig. 6b) and a less disruptive tyrosine substitution at this position is
present in the nab4-1 allele of HRP1, which is heat-sensitive rather
than lethal (Minvielle-Sebastia et al. 1998).

The remaining Group 2 allele, hrp1-104, is viable but cold-
sensitive and this phenotype tracks to the RRM1 substitution
G165S and not a substitution in the carboxyl-terminal domain,
N338S (Supplementary Fig. 12a). We obtained 2 different substitu-
tions in G165, G165S is viable while the more severe G165D is lethal.
Thus, all the growth defects of the Group 1 and 2 dominant read-
through mutants can be attributed to substitutions in RRM1.

Interestingly, while both Group 3 alleles are lethal, in each case
the 3 constituent amino acid substitutions are viable (Table 2). For
allele 105, W168R confers a severe growth phenotype, while
T219A and R317G exhibit normal growth (Supplementary Fig. 12a).
Thus, lethality is due mostly to W168R but also requires one or
both of the other substitutions. W168R is the only substitution

that we obtained in both the recessive viable and dominant selec-
tions (Supplementary Fig. 13). For allele 108, the A272V substitution
in RRM2 confers strong cold-sensitivity, the A233T allele in RRM1
confers weak cold-sensitivity, and E28G exhibits normal growth
(Supplementary Fig. 12a). A272 is near several of the recessive selec-
tion substitution alleles including D271, which forms an inter-RRM
salt bridge with K231 (Fig. 6b, ili and Supplementary Fig. 13). The lar-
ger valine side chain at this position might disrupt the salt bridge.
The backbone of A233 appears to participate in a salt bridge with
R232 that forms an H-bond with A6 and substitution to Thr would
likely disrupt this interaction (Fig. 6b, iv).

To determine which of the viable substitutions contribute to
readthrough of the SNR82 terminator, we transformed the
ACT1-CUP1 reporter containing this terminator into strains con-
taining each substitution. The mutations S155P, N53D, and
Q405R, which are all outside of the RRMs and have no growth phe-
notypes, did not cause readthrough of the SNR82 terminatorin our
copper resistance assay (Fig. 6¢c and Supplementary Fig. 12b). This
result is consistent with the lethal RRM1 substitution in each of
these Group 2 strains being responsible for the dominant read-
through phenotype. As predicted by the growth phenotype,
G165S phenocopies the readthrough effect of its parent allele,
hrp1-104, while the other substitution, N338S, elicits no detectable
readthrough (Fig. 6¢c and Supplementary Fig. 12b).

For the Group 3 allele 105, W168R causes a strong readthrough
of the SNR82 terminator as well as the slow growth observed on
YEPD plates. T219A exhibited no readthrough and R317G caused
weak readthrough of the SNR82 terminator (Fig. 6c and
Supplementary Fig. 12b). The location of R317 on the surface of
RRM2 far from the RNA-binding region (Fig. 6b) suggests the read-
through phenotype of the R317G substitution could be due to al-
tered interaction with another termination factor or the RNAP II
EC. We, therefore, constructed the W168R/R317G double mutant
and found that it is recessive lethal, indicating that these 2 substi-
tutions have an additive effect and are responsible for the lethality
of the 105 alleles. For hrp1-108, we found that A233T in RRM1
caused strong readthrough despite weak cold-sensitivity and
A272V in RRM2 causes weak readthrough despite strong cold-
sensitivity. The remaining substitution, E28G conferred neither
phenotype. We made the A233T/A272V double mutation and
found that it was recessive lethal. Thus, for both Group 3 alleles
dominantreadthrough and lethality are caused by a viable, strong
readthrough mutation in RRM1 paired with a weaker readthrough
mutation in RRM2. Taken together the dominant selection alleles
highlight the importance of RRM1 for NNS terminator recognition.
The lack of RNA binding mutations in RRM2 suggests that these
mutations do not cause a strong enough readthrough effect with
wild-type Hrpl present or that they prevent mutant hrpl from
competing with wild-type at the SNR82 terminator.

Discussion

Hrplis an essential RNA binding protein that has been implicated
in RNAP II transcription elongation, termination via both the CPA
and NNS-dependent pathways and mRNA export. However, the
Hrp1 function in these processes is poorly understood. We con-
ducted a structure-function analysis and genetic selections to de-
termine domains and residues important for HRP1 autoregulation
and termination at the Hrpl-dependent snoRNA terminator
SNR82. We found that most domains of Hrpl are essential and
that the Hrpl RRMs are not interchangeable. Selections for both
recessive viable and dominant readthrough mutations yielded
mostly mutations in the RRMs that suggested both RRMs contribute
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Fig. 6. Dominant readthrough mutations are largely in RRM1. a) Substitutions in the Hrpl RRMs from the SNR82 dominant readthrough selection.
Recessive lethal substitutions are shown in red above and viable substitutions in black below. (*) indicate that allele contained multiple substitutions and
lines connect substitutions in the same allele when present in the RRMs (see Table 2). b) Substitutions mapped onto Hrpl RRM structure with RRM1
(green), linker helix (gray), and RRM2 (blue) bound to (UA)4 RNA (gold) (PDB: 2cjk, Pérez-Cafadillas 2006). Panels i-iv show interactions that may be
disrupted by substitutions from the dominant selection shown in black (viable) and red (lethal). Other relevant residues are labeled in gray. Nucleotides
are numbered from 5’ to 3'. (*) indicates substitutions from alleles with multiple mutations. i) A4 binding pocket and a salt bridge between RRM1 and
RRM2. ii) Apparent “three-bridge cluster” around M191 involving F162, F202, and F204 that interacts with multiple bases in the RNA. iii) Substitutions in
residues participating in or near the potential salt bridge between K231 (RRM1) and D271 (RRM2). iv) Recognition of A6 by R232 and A233. c) Serial dilutions
of haploid strains containing the indicated alleles of HRP1 and the SNR82 ACT1-CUP1 reporter were spotted on medium containing the indicated
concentration of copper sulfate. Biological replicate shown in Supplementary Fig. 12b.

to RNA binding but RRM2 may also be important for mediatinginter-
actions with the RNAP II EC or other termination factors. Recessive
viable readthrough substitutions in Met1 and C-terminal frameshift
mutations showed that Hrpl autoregulation provides resilience
against potentially lethal defects in Hrp1l expression.

The hrpl-7 allele may contain separation of
function mutations

We found that the previously published NNS attenuator/terminator
readthrough phenotype of the hrp1-7 allele (Kuehner and Brow 2008;
Chen et al. 2017) is largely due to the M191T substitution in RRM1,
but that at least the N345D substitution in the carboxyl-terminal

region exacerbates its phenotype. Furthermore, we found that the
A195P substitution in hrpl-7 does not cause readthrough of the
HRP1 attenuator or SNR82 terminator on its own but appears to re-
sultin defective expression of the HRP1-CUP1 reporter gene (Fig. 1b).
The A195P substitution could be responsible for the apparent pro-
cessivity defect of RNAP II in an hrpl-7 strain (Chen et al. 2017).
A195 is in a loop in RRM1 and appears to be surface exposed and,
therefore, could be involved in the association between Hrpl and
the EC (Supplementary Fig. 3a). While M191 is conserved between
Hrpl and human UA-rich RNA binding Msi1/2 and DAZAP1 A195
is not, suggesting that it may be important for mediating an inter-
action that is specific to Hrpl (Supplementary Fig. 2).
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Transcriptome analysis of the individual hrp1-M191T and
hrp1-A195P substitutions will be required to determine if the read-
through and positive elongation defects observed in hrp1-7 are truly
separable.

The Hrp1l low-sequence complexity domains
contribute to its essential function(s) and NNS
termination

Individual deletions of the TLM and NES regions of the Hrpl
N-terminal domain are recessive viable but caused readthrough of
both the HRPI attenuator and the SNR82 terminator (Fig. 3d and
e). The TLM region is similar to other short linear motifs (SLiMs) in-
cluding “TIMs”, which are present in RNAP II elongation factors and
bound by the “TND” domain of TFIIS and other transcription elong-
ation factors (Cermakova et al. 2021). Thus, the conserved TLM could
be a protein-protein interaction domain that helps localize Hrp1 to
the EC. Of the known TND-containing elongation factors, only Dst1/
TFIIS, Spn1/Iws1, and Elongin A (Ela1l/ELOA1) are conservedin S. cer-
evisiae. Dst1 and Spn1 are both general elongation factors that asso-
ciate with RNAP II. Dstl stimulates RNAP II elongation through
transcriptional blocks (Noe Gonzalez et al. 2021) and Spnl acts as
a histone chaperone (Reim et al. 2020), while Elal is involved in
RNAP II ubiquitination upon encountering DNA damage or other
blocks to elongation (Ribar et al. 2007). A genome-wide genetic inter-
action study identified a negative genetic interaction between hrpl
and spnl alleles (Costanzo et al. 2016). Further studies are required
to determine if the Hrpl TLM interacts with the TND of any of these
proteins.

Aputative NES (aa 42-52, see Supplementary Fig. 1) was proposed
in a previous study showing that Hrp1l is rapidly exported to the
cytoplasm under hyperosmotic stress conditions (Henry et al.
2003). This process was shown to be dependent on the nuclear ex-
port factor Crm1/Xpol and this Hrpl (LAALQALSSSL) sequence is
similar to the binding site for Crm1/Xpo1l. Hrp1 has also been shown
to interact with Crm1/Xpo1 by yeast-2-hybrid assay (Hammell et al.
2002). Itis unclear whether this interaction is generally required for
Hrp1 export or only under stress conditions as Hrp1 is proposed to
exit the nucleus associated with mRNAs (Kessler et al. 1997; Kim
Guisbert et al. 2005). Our finding that the deletion of a region contain-
ing this potential NES (hrp1-4NES) causes readthrough of two NNS
terminators could be due to a defect in Hrp1 nuclear shuttling where
Hrp1 bound to mRNAs accumulates in the nucleus but is unable to
be recycled thus causing a reduced pool of free Hrp1 available to act
at NNS terminators. It is also possible that if there is an mRNA ex-
port defect, the expression of other NNS factors could be altered
causing readthrough of NNS terminators.

The carboxyl-terminal D/N/S LCD is uncharacterized, but we
found that it is required for viability. Interestingly, deletion of
this region appears to cause a dominant decrease in the level of
both mutant and wild-type Hrp1l protein (Fig. 3b). This result sug-
gests the D/N/S LCD normally acts as a negative autoregulatory
domain that reduces Hrp1 activity at the HRP1 attenuator, thus
its deletion increases the attenuation of Hrpl mRNA. A recent
study with the tandem RRM-containing splicing factor U2AF2
showed that an intrinsically disordered linker between its RRMs
acts as an autoinhibitory domain by competing with RNA for bind-
ing to its RRMs to increase binding specificity (Kang et al. 2020).
Perhaps the Hrp1l D/N/S LCD acts in a similar manner.

HRP1 autoregulation confers resilience to defects
in Hrp1 expression

Autoregulation is a common means of controlling the expression
and activity of many types of proteins. The level of Hrp1 appears

to be tightly regulated, as demonstrated by our finding that doub-
ling the gene dosage of HRP1 does not cause a significant increase
in Hrp1l protein (Fig. 3b). Based on previous studies, this regulation
isdue atleastin part to Hrpl autoregulation of the transcription of
its gene via an NNS attenuator at the 5’ ends of its gene (Kuehner
and Brow 2008; Chen et al. 2017). Our analysis of Hrp1 protein and
mRNA levels in Hrpl mutant strains showed that strong autore-
gulation of Hrp1 expression buffered the effects of adverse muta-
tions. The resilience of this feedback regulation was highlighted
by the start codon substitutions (M1T and M1V) and N418 frame-
shift alleles that we obtained in the recessive viable selection for
readthrough of the SNR82 terminator. These strains exhibited in-
creased HRP1 mRNA levels that mostly compensated for strongly
reduced translation efficiency due to the required use of alterna-
tive start codons or frameshifting (Fig. 5).

Many hnRNPs contain LCDs that promote aggregation when
they are overexpressed. Autoregulation may in part be a mechan-
ism to prevent toxic protein aggregation. While both the Met1 sub-
stitution and N418 frameshift strains overexpress HRP1 mRNA,
the N418 frameshift strains produced significantly less HRP1
mRNA (Fig. 5). We hypothesize that this difference is due to the ac-
cumulation of the truncated protein, which is unlikely to enter the
nucleus as it is lacking its NLS but still contains the prion-like M/
Q-rich LCD. Sustained Hrpl overexpression has been shown to
cause the formation of toxic, cytoplasmic aggregates, mediated
by the M/Q LCD, which can sequester wild-type Hrp1 as well as
other proteins (Newby et al. 2017). The hrp1-N418fs strains are like-
ly reaching a steady-state balance between producing enough
Hrp1l to support viability, but also preventing too much produc-
tion of the truncated protein, which may aggregate in the cyto-
plasm if it accumulates to too high of a level. This balance is
similar to what has been observed for TDP-43, another hnRNP pro-
tein that forms cytoplasmic aggregates that cause types of amyo-
trophic lateral sclerosis and frontotemporal dementia (Arai et al.
2006; Neumann et al. 2006). TDP-43 autoregulates its mRNA levels
by regulating alternative splicing of its transcript to maintain the
correct level of protein, which along with its controlled nuclear
and cytoplasmic shuttling prevent the formation of disease-
causing aggregates (Tziortzouda et al. 2021). Interestingly,
hnRNPD and hnRNPDL both autoregulate and cross-regulate their
synthesis by alternative splicing (Kemmerer et al. 2018).

The Hrp1l RRMs have distinct functions in NNS
termination

Based on the potential antiterminator function for Hrp1, our data
are consistent with a model where RRM1 is primarily responsible
for scanning the nascent transcript and recognizing termination
signals, while RRM2 contributes to RNA binding butis also import-
ant for protein-protein interactions with the RNAP II EC and/or
other termination factors (Fig. 7). The prevalence of terminator
readthrough mutations that are likely to disrupt RRM1 RNA bind-
ing and its contacts with more RNA bases than RRM2 when bound
to (UA)4 (Pérez-Catiadillas 2006) suggest that RRM1 could provide
more selectivity for specific terminator sequences. This model is
consistent with previous in vitro studies with a homolog of
Hrpl, Musashi 1 (Msil). Recognition of a core UAG sequence by
RRM1 was responsible for most of the RNA binding affinity and
specificity, while RRM?2 increased the overall affinity (Zearfoss
et al. 2014). Many of the substitutions in Hrpl we obtained in the
SNR82 readthrough selections are in residues that are conserved in
hnRNPs that bind UA-rich sequences, including Msil, Msi2,
hnRNPD, hnRNPDL, and DAZAP1 (Supplementary Fig. 2). NMR struc-
tures of Msil’s individual RRM1 and RRM2 domains bound to their
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Fig. 7. Model for Hrp1 function in RNAP II transcription. Hrp1 is recruited to the RNAP II EC (gray) near the transcription start site, potentially through
interaction with RRM2 (blue). This interaction may promote RNAP II elongation indicated by (>>>) and RRM1 (green) scanning the nascent RNA. Loss of
Hrp1 from the EC by recognition of termination signals in the RNA by both RRMs could promote NNS termination. The Hrpl RRMs could have a similar

function in CPA termination at protein-coding genes.

consensus binding sequences, GUAG and UAG, respectively, have
been solved and superimpose well onto the Hrpl RRM1 bound to
AUAU and RRM2bound to AU (Iwaokaetal. 2017), which is consistent
with similar residues being involved in RNA recognition.

There is no structure of the Hrpl RRMs in the absence of RNA,
but NMR experiments have shown that the relative conformation
of the RRMs is flexible without RNA-bound and that the linker he-
lix between the RRMs becomes structured upon binding
(Pérez-Canadillas 2006). These findings suggest that Hrpl asso-
ciated with the RNAP I1 EC could be in a more open, scanning con-
formation, but that recognition of a high-affinity binding site
would induce a conformational change to a more closed,
RNA-bound state. This structural transition might result in either
the release of Hrpl from the RNAP II EC, slowing elongation, or
transmission of an allosteric signal to the EC that favors termin-
ation. Consistent with this hypothesis, we obtained several substi-
tutions in both terminator readthrough selections that are
expected to weaken interactions between the RRMs. While
G165D is lethal, the G165S substitution is cold-sensitive, indicat-
ing that it could stabilize the scanning conformation of Hrpl
and inhibit a conformational change upon RNA binding. G165 is
near a potential inter-RRM salt bridge between K226 and D277
that forms part of a binding pocket for A4 with W168 (Fig. 6b, i).
The G165S and G165D substitutions could destabilize the
RNA-bound state to different extents, causing different levels of
readthrough. Similarly, we obtained mutations in both residues
that appear to form another inter-RRM salt bridge, K231R, and
D271G, as well as in the adjacent residues, 1270T, and A272V
(Figs. 4b, v and 6b, iii). A272V was the only of these residues tested
for temperature-sensitivity, but we found that it is strongly cold-
sensitive at 16°C (Supplementary Fig. 12a), which suggests that
the bulkier valine sidechain could disrupt the formation of this
salt bridge upon RNA binding.

Arecent UV-crosslinking study that investigated sites of RNA con-
tactin S. cerevisizge nuclear mRNA-binding proteins (Keil et al. 2023)
identified 4 crosslinked peptides in Hrpl: (1) residues 190-198 of
RRM1, which contain M191 and A195, (2) the linker between RRMs 1
and 2, (3) residues immediately C-terminal to RRM2, and (4) residues
within the PY-NLS at the C-terminus. These results suggest that
domains outside of the RRMs may contribute to RNA binding.

Potential for effects on Hrp1 function at CPA
terminators

Although this study focused on two NNS terminators, Hrpl could
also act as an antitermination factor at CPA terminators in
protein-coding genes. In CPA site recognition, Hrpl (CF1B) inter-
acts with CF1A largely through Rnal4, which forms a scaffold be-
tween Hrpl and the other RNA binding protein in CF1, Rnals.
Rnal4 is proposed to bind to the alpha-helical face of the Hrpl
RRMs, opposite the RNA-binding face (Barnwal et al. 2012).

Interestingly, several of the mutations we obtained in the SNR82
readthrough selection showed large chemical shift perturbations
in NMR experiments upon Rnal4/Rnal5 binding to a preformed
Hrp1l/RNA complex (Barnwal et al. 2012). We obtained substitu-
tions L175P, L274P, 1234V (with N69S), V247A (with C301R), and
1270T that could disrupt this interface between Hrpl and Rnal4
(Table 1). We expect these mutations may alter Hrp1 recognition
of CPA sites at protein-coding genes. Prior studies have also shown
that Rnal4 can act at NNS terminators including the
Hrpl-dependent DEF1 attenuator (Whalen et al. 2018). Whether
the effect of these substitutions on recognition of the SNR82 ter-
minator is due to disruption of Hrp1l interaction with Rnal4 or
some other factor that binds the same region of Hrp1 remains to
be determined.

Hrp1 as a general antitermination factor
for RNAP II

Hrpl appears to promote both RNAP II elongation and termin-
ation. These potentially opposing functions are consistent with
Hrplacting as an antitermination factor for RNAP II as initially de-
fined by Logan et al. 1987. We propose that Hrp1 bound to the tran-
scription EC promotes RNAP II processivity and that its
displacement from the complex in response to terminator ele-
ments in the nascent transcript promotes either CPA or NNS ter-
mination (Fig. 7). The nature of this potential interaction
between Hrpl and the RNAP II EC is unknown, but a candidate
is the Rpb3/Rpb11 dimer on the back of RNAP II. Substitutions in
Rpb3 and Rpb11 have been shown to cause dominant readthrough
of some NNS terminators (Steinmetz et al. 2006b) and are a poten-
tial site for Hrp1 to allosterically influence RNAP Il elongation. The
S. pombe homolog of Nrd1, Seb1, binds directly to multiple subu-
nits at the rear of RNAP II via residues in its RNA-binding domain
(Kecman et al. 2018).

Antitermination factors have been well-characterized in bac-
terial systems and recently several eukaryotic proteins have
been proposed to have this function. The yeast hnRNP protein
Npl3 appears to act as an antitermination factor and has been
shown to stimulate RNAP Il elongation in vitro, prevent premature
CPA, and its phosphorylation is proposed to promote its release
from the RNAP II EC to allow for recognition of poly(A) sites
(Bucheli and Buratowski 2005; Dermody et al. 2008). This function
of Npl3 is similar to Ul snRNP telescripting, where the U1 snRNP
binds to cryptic poly(A) sites in mammalian genes to prevent pre-
mature CPA (Kaida et al. 2010; Venters et al. 2019). The human pro-
teins SCAF4 and SCAF8, which have been proposed to be the
human homologs of yeast Nrd1, were also recently shown to pre-
vent the usage of premature poly(A) sites (Gregersen et al. 2019).
We propose that Hrp1 is also a eukaryotic antitermination factor,
though more studies are required to understand the mechanism
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by which it regulates the transition between RNAP II elongation
and termination.
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