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Abstract

Messenger RNA degradation is an important component of overall gene expression. During the
final step of eukaryotic mMRNA degradation, exoribonuclease 1 (Xrn1) carries out 5° — 3’
processive, hydrolytic degradation of RNA molecules using divalent metal ion catalysis. To initiate
studies of the 5° — 3" RNA decay machinery in our lab, we expressed a C-terminally truncated
version of Saccharomyces cerevisiae Xrnl and explored its enzymology using a second-
generation, time-resolved fluorescence RNA degradation assay. Using this system, we
quantitatively explored Xrn1’s preference for 5'-monophosphorylated RNA substrates, its pH
dependence, and the importance of active site mutations in the molecule’s conserved catalytic
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core. Furthermore, we explore Xrn1’s preference for RNAs containing a 5" single-stranded region
both in an intermolecular hairpin structure and in an RNA-DNA hybrid duplex system. These
results both expand and solidify our understanding of XrnZ1, a centrally important enzyme whose
biochemical properties have implications in numerous RNA degradation and processing pathways.

Graphical Abstract

Exoribonuclease 1, Xrn1
from S. cerevisiae

Processive mRNA degradation is critical to the regulation of overall gene expression. In
eukaryotes, this process is carried out by an ancient and conserved set of RNA processing
enzymes.1~* In the predominant 5° — 3 exonucleolytic decay pathway, exoribonuclease 1
(Xrnl) serves as the major cytosolic exoribonuclease responsible for deadenylation-
dependent, decapped mRNA turnover.1:>~7 Xrn1 also plays roles in mRNA processing,
rRNA processing, tRNA quality control, IncRNA decay, No-Go decay, nonsense-mediated
decay, miRNA-mediated decay, siRNA-mediated decay, and innate immunity.18-12 The
ramifications of Xrn1’s varied roles are reflected by its importance in diverse biological
processes, including autophagy,13 apoptosis and cancer,1415 fertility in Drosophila 18 stress
response in Arabidopsis, 1’12 and antiviral defense.29-21 Additionally, a growing number of
studies also point toward a central role for Xrn1 in recently proposed models of “circular”
gene expression.22-26 |n these models, Xrn1 and other decay factors shuttle between the
nucleus and cytoplasm and buffer transcript levels by functioning both as promoter-specific
transcriptional enhancers and as RNA decay factors. The observation that Xrn1l is localized
in diverse locations throughout the cell, including in the nucleus,?” in the cytoplasm,?” in
different types of mRNP assemblies,! and at plasma membrane-associated eisosomes, 28

portrays dynamic spatial regulation of this critical component of cellular RNA metabolism.
29

Xrn1 from Saccharomyces cerevisiae was first isolated by Audrey Stevens in 197830 and
subsequently further biochemically and genetically characterized by her lab and
collaborators.31-34 Cumulatively, these studies revealed that Xrn1 is a processive 5° — 3’
exoribonuclease with high specificity for 5”-monophosphorylated RNA substrates, yielding
5’-nucleotide monophosphate (5" NMP) products. Phylogenetic studies in the late 1990s
revealed a conserved acidic N-terminal region, including a series of conserved Asp, Glu,
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His, and Lys residues that when mutated show a loss of RNA degradation activity in the cell.
35

Two crystal structures of C-terminally truncated forms of Xrn1, one of Drosophila
melanogaster3® and the other of K/uyveromyces lactis;3” have provided insight into the
structural basis for mRNA degradation. Domain analyses and comparisons between the
structures show strong conservation of the N-terminus and a high degree of conservation in
the enzyme’s active site.35-38 The N-terminal region of the enzyme (amino acids 1-773 in
S. cerevisiag) constitutes the conserved catalytic core of the enzyme, harboring seven acidic
residues (D35, D86, E176, E178, D206, D208, and D291) that have been implicated in
binding two catalytic magnesium ions.36-38 Four other basic residues (K93, Q97, R100, and
R101) are proposed to interact with the negatively charged 5’-phosphate of a substrate RNA,
generating electrostatic forces that help drive translocation during each catalytic cycle.36:37
Finally, two aromatic residues, H41 and W638, are oriented coaxially to the RNA
nucleobases in the substrate-bound structure, suggesting an extended r-stacking network
that may contribute to translocation and proper orientation of the scissile phosphate during
hydrolysis.36:37

Within Xrn1’s N-terminal domain is an expansion segment only present in yeast,
encompassing amino acids 352-499 in S. cerevisiae, which has recently been structurally
shown to interact with the 60S subunit of the yeast ribosome during No-Go decay.38
Immediately following the internal expansion are regions with homology to PAZ and Tudor
domains, which have been shown to specifically bind the 40S subunit of the eukaryotic
ribosome.36:38 A winged-helix motif and SH-like motif are present from amino acids
963-1132 and 1132-1240, respectively,38 though the functions of these motifs are currently
poorly characterized. The C-terminal region of Xrn1, consisting roughly of residues 1240
onward, is believed to be poorly structured and serve as a protein scaffold for association of
RNA decay factors such as the decapping complex and other mMRNA decay factors.37:39 The
C-terminal domain (CTD) of Xrnl is known to be less conserved and not essential for
catalysis3® and in developing models serves as a species-specific scaffold for other proteins
involved in mRNA decay.374041 Stryctural studies have demonstrated that C-terminal
truncations up to residue 1245 in K. /actis, homologous to residue 1242 in Drosophila and
residue 1240 in S. cerevisiae, are tolerated and the enzyme retains catalytic activity.35-37
This leads to a general model in which the conserved N-terminal domain of the Xrn1 is
involved in its catalytic function while the C-terminus takes part in diverse, species-specific
regulatory functions.374041

Combined, existing structural data and the high degree of conservation of Xrn1 allowed us
to implement the I-TASSER?2 (lterative Threading ASSEmbly Refinement) tool to generate
the structural model for the C-terminally truncated form of S. cerevisiae Xrnl, ScXrn1AC
shown in Figure 1. Over the aligned regions of the sequence of ScXrn1AC, the K. /actis>’
and Drosophila3® structures demonstrate 56% and 33% sequence identity, respectively, with
a root-mean-square deviation (RMSD) of 3.65 A to the more closely related K. /actis
structure, which like ScXrn1AC includes the expansion segment of residues 352-499 that is
unique to yeast. Here we have used this structural model to guide updated characterization
of the enzymology of this centrally important cellular enzyme, synthesize 50 years of
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biochemical investigations, and address outstanding questions regarding the kinetic behavior
of Xrnl, its substrate specificity, and how structured RNAs can obstruct the progress of its
helicase activity.

MATERIALS AND METHODS

Expression of a S. cerevisiae Xrnl (1-1240), ScXrnl1lAC.

Residues 1-1240 of S. cerevisiae Xrnl (UniProt ID Xrnl_Yeast, P22147) were purchased
subcloned into a pET26b(+) vector (GenScript) containing an in-frame C-terminal
hexahistidine affinity tag. The protein was recombinantly expressed in BL21 (DE3) Rosetta
cells. Cells were grown to an ODgqg of 0.6, and then induction was performed using 0.5 mM
isopropyl B-D-1-thiogalactopyranoside (IPTG) overnight at 18 °C. Pelleted cells were
chemically lysed using 2 mg mL~1 deoxycholic acid for 30 min on ice. The cell lysate was
sonicated for 12 rounds of 15 s at 50 W on ice. The cell lysate was clarified by
centrifugation at 290009 for 75 min. The soluble fraction was purified by nickel affinity
chromatography in a buffer containing 300 mM NaCl, 50 mM Tris (pH 8.0), 250 mM
imidazole, and 10 mM B-mercaptoethanol. Secondary chromatography was performed using
a Superdex 200 gelfiltration column (GE Life Sciences) in 300 mM NaCl, 50 mM Tris (pH
7.5), and 2 mM DTT. Protein was concentrated to 2 mg mL~1 in a buffer containing 150 mM
NaCl, 25 mM Tris (pH 7.5), 1 mM DTT, and 50% (v/v) glycerol and then stored at —80 °C.

Point mutants of Xrnl were generated using the Q5 Site-Directed Mutagenesis Kit
according to the manufacturer’s protocols (New England BioLabs). Constructs were
sequenced to confirm proper incorporation of each mutation. Mutant proteins were purified
as described above.

Expression of Bdellovibrio bacteriovorus RNA Pyro-phosphohydrolase, BARppH.

A plasmid containing BdRppH (Uniprot ID Q6MPX4 BDEBA, Q6MPX4) in frame with a
hexahistidine tag was a kind gift of J. Belasco at New York University. BdARppH was
purified in a manner identical to that of Xrnl as described above. The protein was
concentrated to 12 mg mL~1 in a buffer containing 150 mM NaCl, 25 mM Tris (pH 7.5), 1
mM DTT, and 50% (v/v) glycerol and then stored at —80 °C.

In Vitro RNA Transcription.

DNA templates were ordered as gBlock DNA fragments (IDT) and subcloned into pUC19;
200 i polymerase chain reactions (PCRS) using primers containing an upstream T7
promoter were carried out to generate dsSDNA templates for transcription. Typical PCR
conditions: 100 ng of plasmid DNA, 0.5 ¢M forward and reverse DNA primers, 500 t/M
dNTPs, 25 mM TAPS-HCI (pH 9.3), 50 mM KCI, 2 mM MgCl,, 1 mM g-mercaptoethanol,
and Taq DNA polymerase (New England BioLabs). dsSDNA amplification was confirmed by
1.5% agarose gel electrophoresis. Transcriptions were performed in a 1 mL volume using
200 i of PCR product. Transcription conditions: ~0.1 4M template DNA, 10 mM NTPs, 75
mM MgCl,, 30 mM Tris (pH 8.0), 10 mM DTT, 0.1% spermidine, 0.1% Triton X-100, and
T7 RNA polymerase. Reaction mixtures were incubated for 10 h at 37 °C. After
transcription, inorganic pyrophosphate was removed by centrifugation at 50009 for 5 min.
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RNA was purified by high-pressure liquid chromatography (HPLC). For HPLC purification,
1 mL transcription reaction mixtures were first diluted in 75% ethanol, brought to a final
concentration of 300 mM sodium acetate, then precipitated for >3 h at =80 °C, and
centrifuged to pellet RNA. Pelleted RNA was resuspended in 2 mL of 300 mM EDTA and
100 mM triethylammonium acetate (TEAA) (pH 7.0) immediately before HPLC
purification. RNAs were purified using an Agilent 1260 Infinity Il HPLC instrument using a
1 to 50% acetonitrile gradient in 100 mM TEAA (pH 7.0) with a PLRP-S Varian 8 ym, 150
mm x 7.5 mm column. RNA-containing fractions were collected and verified by 8 M urea,
TBE, and 10% dPAGE and then visualized by methylene blue staining. Homogenous
fractions were pooled and buffer-exchanged into nuclease-free molecular biology grade
water (Applied Biosystems) and then concentrated using spin concentrators (Sartorius).
RNAs were stored at —80 °C with working stocks stored at —20 °C.

In Vitro Exonuclease Activity Assay.

Assays were performed using 2 g of RNA (ranging from ~40 to ~60 pmol depending on the
construct used) in 40 g of EC3K* buffer containing 100 mM KCI, 50 mM Tris (pH 7.9,
unless otherwise indicated), 10 mM MgCl,, and 1 mM DTT. RNAs were heated to and held
at 85 °C for 2 min and then cooled to 4 °C for 2 min. Then, 2 /A of 12 mg mL~! BdRppH
was added (unless indicated for controls). Then, 2 L of 2 mg mL~1 Xrn1 was added.
Reaction mixtures were incubated at 37 °C for 2 h, and then reactions quenched with an
equal volume of dPAGE loading dye containing 8 M urea, 50 mM EDTA, 0.1% (w/v)
bromophenol blue, and 0.1% (w/v) xylene cyanol. Reaction mixtures were electrophoresed
on an 8 M urea, TBE, 10% dPAGE gel and then visualized by methylene blue staining.

Time-Resolved Fluorescence-Based RNA Degradation (TRFRD) Assay.

Assays were performed at 37 °C for 150 min in 100 gL volumes or as indicated. Prior to
each experiment, RNAs (typically 200 pmol) were folded in 50 L of EC3K™* buffer
containing 100 mM KCI, 50 mM Tris (pH 7.9, unless otherwise indicated), 10 mM MgCl,,
and 1 mM DTT. RNAs were heated to and held at 85 °C for 2 min and then cooled to 4 °C
for 2 min. Following reannealing, RNAs were diluted into an additional 50 L of EC3K*
buffer supplemented with 100 M DFHBI. The iSpinach aptamer was allowed to bind the
DFHBI at 37 °C for 25 min. Fluorescence was measured by excitation at 466 nm and
emission at 503 nm at 1 min intervals at 37 °C using a Tecan Infinite M1000 plate reader. To
ensure that substrate RNAs became monophosphorylated, 250 pmol of BdRppH was added
to the reaction mixture and then incubated for 30 min at 37 °C in a plate reader as described
above. To initiate the degradation reaction, 5 pmol of Xrnl was added and the reaction
monitored. Reactions were quenched with an equal volume of dPAGE loading dye
containing 8 M urea, 50 mM EDTA, 0.1% (w/v) bromophenol blue, and 0.1% (w/v) xylene
cyanol. Reaction mixtures were electrophoresed on an 8 M urea, TBE, 10% dPAGE gel and
then visualized by methylene blue staining.

In Vitro RNA Monophosphorylation.

HPLC-purified RNAs were treated with 1/10 of their molar concentration of BdRppH for 3
h at 37 °C in 1x EC3K™* buffer containing 100 mM KCI, 50 mM Tris (pH 7.9), 10 mM
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MgCl,, and 1 mM DTT. Monophosphorylated RNAs were then precipitated and repurified
by HPLC as described above.

Xrnl Kinetics.

Kinetic traces were fit to a single-exponential, three-parameter equation of the form A = Ay
exp(—k? + bin MATLAB version R2018b using a nonlinear regression model, where Ay is
the initial amount of substrate and b is the undegraded population of RNA, typically <25%,
yielding a typical /2 of 20.99. Similarly, for normalized data, the initial concentration of
RNA was defined to be 1 and rates were reported as a percent of the maximum rate in an
experimental group.

Protein Thermal Denaturation Assays.

The stabilities of truncated wild-type and mutated enzymes were analyzed at various pHs
and temperatures to ensure mutagenesis and buffer conditions did not alter enzyme stability
resulting in differential activity. Each protein was prepared as recommended using an
Applied Biosystems Protein Thermal Shift Dye Kit at 0.5 mg mL~1 using an lllumina Eco
Real-Time PCR System in EC3K* buffers at the indicated pHs. The temperature was
linearly increased over 15 min from 30 to 95 °C, while the fluorescence at 608 nm was
recorded. Each protein denaturation experiment was performed at least three times to ensure
reproducibility.

RNA Phosphate Analogue Titration.

To determine the pKj; of methyl/dimethyl phosphate and S-glycerol phosphate, a 10 mM
solution was prepared and degassed. These solutions were then titrated with 100 mM
aqueous phosphoric acid or 100 mM sodium hydroxide. The pH was measured using a
Sartorius PY-P11-2S electrode and a Sartorius pHBasic pH meter at ~293 K. The pK; was
calculated as the zero point of the second derivative of the titration curve.

HPLC Detection of Xrnl Decay Products.

All HPLC experiments were performed using an Agilent 1260 Infinity Il instrument
equipped with an Agilent PLRP-S column (150 mm x 7.5 mm) and a diode array UV-vis
detector calibrated for detection at 254 nm. A typical reverse-phase separation and elution
program involved two solvent lines, 0.1 M TEAA at pH 7.5 on line A and 100% acetonitrile
on line B. The column was kept at 70 °C and equilibrated with a 98:2 A/B mixture for 15
min at a flow rate of 2 mL/min. After injection, the following program was run: 98:2 A/B for
10 min, followed by a ramp over 30 min to 75:25 A/B and then held at a constant
composition. For the ion-exchange reverse-phase (IERP) method, the same column was
treated with 5 mM tetrabutylammonium phosphate (TBAP) at pH 7.5 (line A) and
acetonitrile (line B) at a 98:2 A:B ratio. This same composition was kept for 15 min after
injection, at which point the composition was linearly changed over 25 min to 50:50
acetonitrile:water (no TBAP) and then held constant.
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Quantum Mechanical Electrostatic Potential Surface Calculations.

Calculations were performed using Gaussian 0957 at the B3LYP/6-31+G(d,p) level.
Generated potential files were then superimposed onto isobutyl phosphate in Chimera.

RESULTS
Expression of a S. cerevisiae Xrnl (1-1240), ScXrn1AC.

To initiate biochemical studies of Xrn1, we expressed and purified ScXrn1AC and used the
enzyme to determine the relative rates of degradation for different types of in vitro-
transcribed RNA substrates. First, to express ScXrn1AC, we obtained a commercially
generated expression vector encoding ScXrnl residues 1-1240 in a pET26b+ backbone that
supplies a C-terminal hexahistidine affinity tag. Attachment of the affinity tag in this
location is important as prior structural studies3®:37 have shown Xrn1’s N-terminus forms
part of the molecule’s conserved active site and attachment of fusion peptides or proteins to
this location likely interferes with the enzyme’s function. We expressed C-terminally Hisg-
tagged ScXrn1AC in BL21 E. coliand used standard Ni-NTA affinity purification followed
by size-exclusion chromatography to isolate a monomeric form of the protein (Figure S2).
The enzyme was stored at 2 mg mL~2 in buffered 50% glycerol, aliquoted for use as needed,
and stored at —20 to -80 °C.

Design of RNA Substrates.

To characterize the exoribonucleolytic activity of ScXrn1AC, we implemented a second-
generation time-resolved fluorescence-based RNA degradation (TRFRD) assay.*3 In this
assay, RNA constructs are /in7 vitrotranscribed with a 5" single-stranded region, or “leader”,
followed by a variable structure domain (VSD), and ending with an aptamer structure
capable of binding to a small molecule fluorophore and enhancing its fluorescence (Figure
2A). Most often in this work the VVSD used is a previously reported thermostable hairpin;**
in other experiments, an Xrnl-resistant RNA structure (xrRNA) structure from Dengue virus
that cannot be degraded by Xrnl and produces truncated intermediate RNAs is used (Figure
2C and Figure S$3).4345 Immediately downstream of the VVSD, a poly-U spacer was included
to promote independent folding of the VSD and the 3" fluorescence aptamer, which in these
studies was a recently described iSpinach aptamer.48 Throughout this work, DENVxrRNA1
and 80HP “constructs” and “substrates” refer to the entire leader-VSD-aptamer RNA
construct containing the specified VVSD and the 3 iSpinach aptamer.

In a typical TRFRD experiment, the 3" iSpinach aptamer functions by binding 3,5-
difluoro-4-hydroxybenzylidene imidazolinone (DFHBI), resulting in the emission of green
light (Amax = 503 nm)_Degradation of the iSpinach aptamer results in a loss of fluorescence.
Because Xrn1 degrades RNA processively in the 5 — 3 direction, the fluorescent signal of
the iSpinach aptamer situated at the 3"-end of the RNA can be used to monitor total
degradation of bulk RNA in real time (Figure 2A,B). We typically conduct these types of
experiments in a 96-well plate in 100-200 zL volumes and monitor the reaction using a
standard microplate reader. Here we have used this method to allow for collection of time-
resolved kinetic data for ScXrn1AC and ScXrn1AC mutants acting under different
conditions and on a diverse set of RNA substrates.
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ScXrnl1AC Prefers 5’-Monophosphorylated RNAs.

Xrn1 has been previously shown to be selective for 5" -monophosphorylated RNAs.
30,36,37.43,45 To confirm the specificity of ScXrn1AC for 5’-monophosphorylated RNAs, we
tested the activity of the enzyme versus RNA substrates with two different 5”-end
chemistries, generating transcripts with both 5’ -triphosphorylated and 5’ -
monophosphorylated ends. 5’ -Triphosphate ends are obtained naturally following /i vitro
transcription using T7 bacteriophage RNA polymerase, while 5’-monophosphorylated
RNAs can be generated using the RNA pyrophosphohydrolase from B. bacteriovorus
(BdRppH).4347 Treatment with BARppH was performed by including it in reaction mixtures
with Xrn1 as we have done previously,4348 or in many cases throughout this work allowing
an BdRppH reaction to go to completion and re-HPLC purifying exclusively 5’-
monophosphorylated products. In a typical experiment in which 5’ -monophosphorylated
RNAs are generated /n situ, the fluorescence of a solution containing RNA is monitored
without enzymes, in the presence of BdRppH and ScXrn1AC independently, and in the
presence of both enzymes together (Figure 2B). In the first three cases, the measured
fluorescence remains relatively unchanged over the course of the experiment. Only when
both BdRppH and ScXrn1AC are present together is a substantial loss of fluorescence
observed corresponding to the 5° — 3" degradation of the iSpinach aptamer and upstream
RNA.

To further confirm Xrn1’s selectivity for 5"-monophosphorylated products, single-time point
experiments using both the 80HP and the DENVxrRNAL1 constructs were performed using
denaturing polyacrylamide gel electrophoresis (APAGE) (Figure 2D). These experiments
were performed using both the /n vitro-transcribed 5’ -triphosphorylated and purified 5°-
monophosphorylated versions of substrate RNAs. As expected, treatment with ScXrn1AC
alone resulted in the loss of the band corresponding to the full-length 80HP RNA only when
the 5”-monophosphorylated species is used (Figure 2D). When the DENVxrRNA1 substrate
was used, the resulting gel shifts indicate a similar dependence on 5’-monophosphorylation,
though some degree of degradation can be seen to take place in the ScXrn1AC-only lane
using 5’ -triphosphorylated RNA (Figure 2D, lane 3). This is consistent with prior
observations*345 and reflects slow background hydrolysis of the 5-triphosphate during the
course of the reaction.#%:50 Cumulatively, these results show that ScXrn1AC discriminates
against 5’-triphosphorylated RNAs and efficiently degrades 5’-monophosphorylated RNA
species.

ScXrnlAC Decay Products and Intermediates.

Xrn1 has been shown to produce 5’ -nucleotide monophosphate (5"NMP) products and, in a
growing number of examples, varying degrees of partially degraded intermediates.43:45:51-53
In the TRFRD experiments presented here and in previously examined cases,*348 many
degradation experiments reach a plateau with residual fluorescence remaining even at longer
time points, typically 15-25% of the initial intensity. This feature has been observed using
different fluorescent aptamers, different species of recombinant Xrnl, and different
equipment, 4348 this study included. One explanation for this result could be that an
undegraded population of RNA somehow evades degradation by Xrnl. To test this
hypothesis and determine if the remaining fluorescence signal may be due to an undegraded
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population of RNA, a reaction using the 80HP construct was allowed to plateau and then
was supplemented with the nonspecific endoribonuclease RNase A. Treatment with RNase
A results in a total loss of fluorescence indicating complete degradation of residual 80HP
RNA (Figure 3A). This result is consistent with a control experiment using RNase A alone,
which also results in a total loss of fluorescence (data not shown). These results indicate that
RNase A is capable of degrading the population of RNA that remains once decay by Xrnl
has finished, suggesting a population of RNA that specifically resists Xrnl-catalyzed
degradation.

To detect possible partially degraded RNA products, we analyzed several typical TRFRD
reactions by HPLC. To this end, the 80HP construct was degraded in the absence of DFHBI
and the resulting reaction mixture separated by HPLC using a C18 reverse-phase column
treated with the cationic modifier tetrabutylammonium phosphate (TBAP). This allows
resolution of the reaction’s products in a manner akin to anion-exchange chromatography.
The resulting chromatogram, monitored at 260 nm, reveals all four 5"NMPs present and
resolved early in the elution as well as a major peak at 35 min corresponding to the
undegraded 80HP construct (Figure 3B). To better analyze longer undegraded intermediates,
the 80HP construct was reacted with ScXrn1AC in a TRFRD assay in the presence of
DFHBI and then resolved by HPLC using a higher-resolution polystyrene divinylbenzene
(PLRP-S) column. Under these conditions, the 80HP starting material elutes near 28 min
(Figure 3C). In the plus-DFHBI sample, a population of mixed-length products appears in
the range of 25—-28 min. When compared to three RNAs used as size standards, U24 (24
nucleotides), HP25 (25 nucleotides), and Box B (58 nucleotides), the major intermediate
elutes at nearly the same time as the Box B RNA, suggesting a similar size. When the
intermediate peaks were collected and resolved by dPAGE, the observed band again
corresponds to a product of length similar to that of the 58-nucleotide Box B RNA (Figure
3D). Presuming that this fragment is produced by 5° — 3’ degradation, this product
corresponds to degradation up to the 5”-region of the iSpinach aptamer domain. There are
two major conclusions from our HPLC analyses. (1) ScXrn1AC produces 5"NMP products,
and (2) a number of peaks corresponding to partially degraded intermediates appear in our
HPLC chromatograms in a DFHBI-dependent manner. When integrated, these fragments
correspond to 23.1% of the starting RNA, comparable to the observed residual fluorescence
observed on our TRFRD assays. Cumulatively, these results are consistent with a model in
which ScXrn1AC loads onto seemingly all of the original substrate RNAs but sometimes
stalls within the 5’-region of the iSpinach aptamer leading to the observation of a
distribution of partially degraded RNA species by HPLC. These data help account for the
residual fluorescence at the end point of the TRFRD decay and suggest that to an extent,
Xrnl degradation may stall at specific locations within other structured RNA substrates,
though the low yield of such products and the structural complexity of the RNAs
investigated here deterred us from probing this systematically in this work. Overall, these
results offer a high-resolution portrayal of the dynamics of ScXrn1AC degradation and the
products left after decay.
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Kinetics of ScXrn1lAC-Mediated RNA Degradation.

We next used the TRFRD assay to conduct experiments aimed at determining the kinetic
parameters of ScXrn1AC. By measuring the loss of fluorescence from the RNA constructs
and fitting the data to first-order exponential decay curves, we were able to estimate per
phosphodiester bond hydrolysis rates for wild-type ScXrn1AC. In an attempt to determine
the Viax Of the enzyme, 0.05 M ScXrnlAC was reacted with increasing concentrations of
80HP RNA ranging from 0.05 to 31.75 pM, representing ScXrn1AC:RNA stoichiometries of
1:1 to 1:634. Over the range of RNA concentrations tested here, we fail to observe a plateau
in rates that would indicate saturation of the enzyme and operation in a Michaelis—Menten
regime. At lower concentrations of RNA, an exponential loss of fluorescence is observed,
while at higher RNA concentrations, the decay curve becomes more linear (Figure 4A). This
suggests that ScXrn1AC may be approaching Viayx, though this could not be confirmed due
to inherent limitations of the assay in that higher concentrations of RNA exceed the
fluorescence detection limits of the plate reader used in our experiments. As each molecule
of RNA acts as a single substrate for ScXrn1AC, it was necessary that the number of RNA
molecules be in high excess, rather than the number of phosphodiester bonds that are
formally the substrate of Xrnl (Figure 4). Using the loss of fluorescence as a surrogate for
the total degradation of an RNA molecule, the rate of phosphodiester bond cleavage could
be calculated as the product of the per molecule degradation rate and the 130 phosphodiester
bonds per 80HP molecule. On the basis of these experiments, we are able to provide a lower
boundary of 17.3 + 0.6 s for the Vjnax 0f SCXrn1AC (Figure 4). This finding is consistent
with a recently proposed 7 vivo phosphodiester hydrolysis rate® for Xrn1 of 38-55 s71,
Additionally, due to the low-level presence of the DFHBI-dependent RNA intermediate, this
further suggests the measured rate of phosphodiester bond hydrolysis is a lower estimate of
the true activity of ScXrn1AC.

pH Dependence of ScXrn1lAC.

To examine the pH dependence of ScXrn1AC, we performed standard TRFRD assays using
the 80HP RNA construct at varying pHs ranging from 5.0 to 8.0 in 0.5 pH unit steps. In
these experiments, we observe a fairly broad pH tolerance with the activity of ScXrn1AC
peaking at pH 7.0 (Figure 5A,B). Reactions carried out at pH 6.5 and 7.5 yielded rates of 92
+ 24% and 87 + 25%, respectively, relative to that at pH 7.0. Further changing the pH to 6.0
or 8.0 resulted in measured rates of 50 + 36% or 51 + 15%, respectively, and as the pH was
further decreased to 5.5, the corresponding rate was measured to be 22 + 11% of that at pH
7.0. Finally, at pH 5.0, the measured rate of RNA degradation was not significantly different
from zero. Again, the results of our single-time point dPAGE experiment are in agreement
with these results; at pH 7.0, the full-length DENVxrRNA1 construct is degraded
completely up to the xrRNA structure, and in experiments at pH 6.0 and 8.0, some full-
length RNA remains (Figure 5C). At pH 5.0, very little RNA degradation is apparent.

As a means to test whether the enzyme may be undergoing pH-dependent denaturation,
thermal denaturation experiments were performed under the varying pH conditions using a
commercial protein stability assay in which binding of a hydrophobic dye is used as a
readout for denaturation. The data obtained from these experiments do not depict pH-
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dependent sensitivity in the thermal denaturation of ScXrn1AC, suggesting its stability at all
pHs tested (Figure S4B).

We hypothesized that pH-dependent differences in observed rates may indicate titration of a
functional group important to Xrn1 catalysis. Candidate functional groups include amino
acids within the active site with pKGgs between pH 5 and 7, namely histidine; however, the
divalent metal ion mechanism by which Xrn1 is proposed to operate does not include a
catalytic histidine.?>:56 Our findings therefore suggested that some other functional group
may be a factor in determining ScXrn1AC degradation rates. Correspondingly, we
hypothesized that the observed pH dependence in ScXrn1AC activity may be due to
differences in the protonation state of an RNA substrate’s 5’-monophosphate. The pK;
values of 5”-monophosphate analogues have been reported to lie between pH 6.0 and 7.0,%7
suggesting a transition from a single negatively charged terminal phosphate to a double
negatively charged dianionic species could fall within the tested pH range.

Titration of 5’-Monophosphate Analogues.

To gain experimental insight into the protonation dynamics of several model 5’-phosphate
analogues, pH titrations were performed on two compounds: methyl phosphate and g-
glycerol phosphate. The pK;2 of these two chemicals, corresponding to the transition from a
charged state of —1 to —2 on each phosphate, was determined by acid or base titration to
occur at pH 6.3 (Figure 6B,C). This result is consistent with the decrease in SCXrn1AC
activity observed below pH 6.5 (Figure 5B). The pH of the cytosol is variable though
frequently approximated to be ~7.2,58:59 suggesting that dianionic phosphate species likely
predominate in the cell.

To depict the effect of pH change distributed throughout the resonant 5’-phosphate group,
guantum mechanical calculations were performed on a third chemical analogue of the 5’-
phosphate group, isobutyl phosphate, in the presence and absence of the pK;2 proton.
Intuitively, the presence of this proton significantly decreases the presented negative change
density of the phosphate from —45 to —10 hartree (Figure 6A). Combined, these results
suggest the charged state of the 5’-monophosphate may play an important role in
determining how ScXrn1AC recognizes and distinguishes a dianionic 5’ -monophosphate
from the single negatively charged polyanionic backbone of RNA.

ScXrnlAC Activity Is Dependent on a Set of Conserved Active Site Residues.

To confirm the veracity of the I-TASSER-generated structure of ScXrn1AC, we tested the
importance of several conserved active site residues: K93, E178, D208, and W638. Either
directly or on the basis of primary sequence alignment and structural homology to
Drosophila or Kluyveromyces, Asp35, His41, Lys93, GIn97, Arg100, Arg101, Glul76,
Glul78, Asp206, Asp208, Asp291, and Trp638 mutations have all been previously
tested3>-37 (Figures 1B and 7A). Disruption of several of these residues has been reported to
abolish the activity of Xrn1 in exonuclease assays36-37 and in some cases result in decreased
viability in yeast.35 We sought to determine the importance of several of these residues on
the rate of ScXrn1AC. To test homology-predicted structure—function relationships, we
performed site-directed mutagenesis on ScXrn1AC to generate the constructs listed above
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and submitted the 80HP construct to degradation by the resulting mutants using TRFRD
assays. These experiments revealed that mutating the proposed basic patch Lys93 to either
alanine or glutamate disrupted catalysis with a rate of 8 + 6% or 17 £ 10% of that of the
wild-type enzyme, respectively (Figure 7A,B). Similarly, mutation of acidic residues
implicated in metal ion coordination, Glu178 or Asp208 to alanine, reduced the activity of
the enzyme to 22 + 14% or 21 + 10% of that of the wild-type enzyme, respectively. Finally,
mutation of the “gatekeeping” Trp638 to alanine reduced the activity of the enzyme only
modestly to 75 + 13% of that of the wild-type enzyme.

When the DENVXxrRNA1 RNA was submitted for degradation by these mutated enzymes,
similar trends can also be observed in a single-time point experiment analyzed by dPAGE
(Figure 7C). While the wild-type enzyme totally degrades the substrate RNA up to, but not
beyond, the xrRNA structure, K93A, K93E, E178A, and D208A mutants all show a loss of
activity. These results are in agreement with those of our previous TRFRD assays.
Specifically, K93A appears to be catalytically inactive, while K93E, E178A, and D208A all
appear to “stutter” and produce intermediates in the gel, suggestive of defects in the
processivity of the enzyme. Interestingly, the lane containing the W638A mutant shows a
total loss of the full-length band, similar to the wild-type enzyme, having no obvious effect
on the activity of the enzyme in this experiment. The TRFRD assay portrays decreased the
activity of the W638A mutant, highlighting the utility of the time-resolved assay in these
types of experiments.

To be rigorous, we sought to confirm that the loss of activity due to mutations observed in
TRFRD assays was not due to disruption of the folded structures of the mutated ScXrn1ACs.
This was interrogated by thermal denaturation experiments using the wild-type enzyme and
those five point mutants using the same commercial protein stability assay mentioned above.
Using this method, the 7y, of wild-type ScXrn1AC was observed to be 42 °C (Figure S4A).
The Tns of each of the mutants were measured at 44 °C, corresponding to a slight increase
in observed thermostability. Accordingly, we hypothesize that the changes in activity
associated with active site mutagenesis are not a result of decreased structural stability, but
rather these mutations have deleterious effects most directly related to the chemical
mechanism of ScXrnl1AC.

Xrnl More Effectively Acts on Substrate RNA with Longer Single-Stranded Leaders.

Xrn1 has been proposed to favor RNA substrates with single-stranded 5”-ends, and prior
experiments have shown Xrnl to require a minimum of four single-stranded nucleotides at
the 5"-end of RNA for it to be properly recognized and loaded for decay.38 Given previous
studies implicating sequestration of the 5” single-stranded region of RNA in decreased
processivity, we chose to probe this requirement using our TRFRD assay. To test this
scenario in an intermolecular system, a set of primers were designed to anneal to the 5
single-stranded region of the 80HP construct and were systematically walked back by two-
nucleotide increments, creating RNA-DNA hybrid duplexes with 10 free nucleotides down
to zero free nucleotides (Figure 8B). RNAs with decreasingly exposed 5’-ends were then
subjected to TRFRD analysis. The results of this set of experiments show a trend where the
more exposed nucleotides are present, the greater the rate of degradation by ScXrn1AC

Biochemistry. Author manuscript; available in PMC 2021 April 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Langeberg et al.

Page 13

(Figure 8A,C). Specifically, the determined relative rates in decreasing leader length are as
follows: 70 £ 13% (+10 nucleotides), 100 + 23% (+8 nucleotides), 68 + 14% (+6
nucleotides), 52 + 11% (+4 nucleotides), 38 + 14% (+2 nucleotides), and 19 + 4% (+0
nucleotides) relative to the highest rate of degradation observed in the +8 RNA. The
corresponding experiments, when captured at an intermediate time point and resolved by
dPAGE, reveal similar results for both the 80HP construct and the DENVXxrRNAL construct
(Figure 8D) where RNAs with longer free single-stranded regions are more rapidly degraded
than RNAs with shorter single-stranded regions.

As the experiment described above depends on intermolecular interactions, we also designed
a system that would probe the same phenomenon using strictly intramolecular interactions,
which may be more likely to be encountered /n vivo. We created a set of modified 80HP
constructs, in which an additional hairpin was installed upstream of the 80HP structure. In
this construct, the 5" single-stranded region was systematically truncated in steps of three
nucleotides from +12 bases upstream of the hairpin structure to —12 nucleotides into it in an
attempt to sequester the 5” single-stranded region into a structure (Figure 9B). The -6
nucleotide construct was omitted due to difficulties transcribing the RNA. All buried hairpin
constructs retain a 5’-GGG sequence as an artifact of our transcript design and thus vary
slightly in the number of predicted single-stranded G’s at their 5"-ends. The general trends
observed in the TRFRD assays using these constructs were similar to those observed in the
previous experiment; as single-stranded nucleotides are removed, the observed rates of
degradation decrease. The determined relative rates of the most extended construct to the
shortest are as follows: 100 + 19% (+12 nucleotides), 69 + 30% (+9 nucleotides), 74 + 20%
(+6 nucleotides), 76 + 16% (+3 nucleotides), 51 + 8% (+0 nucleotides), 51 + 9% (-3
nucleotides), 15 + 7% (-9 nucleotides), and 30 + 12% (-12 nucleotides). For the construct
containing a totally buried 5”-region (+0 nucleotides), the relative rate of degradation
measured was 51 + 8% of that of the fully extended +12 species, a less pronounced effect
than observed in the corresponding intermolecular experiment (in Figures 8C and 9C,
compare +0 free nucleotides). As the single-stranded leader becomes more sequestered into
the stem structure, at —9 and —12 nucleotides, the measured rate of degradation continues to
decrease to <30% of that measured for the +12 species. Similar trends were observed in a
single-time point dPAGE experiment in which the shorter leader RNAs showed a decreased
extent of degradation compared to more extended constructs (Figure 9D). Together, these
results demonstrate that RNAs presenting non-base-paired single-stranded 5”-ends are more
quickly degraded by ScXrn1AC /in vitro.

DISCUSSION

Xrn1 is a central component of regulated gene expression.1~* To improve our understanding
of Xrn1 and begin dissection of the yeast 5° — 3" mRNA decay machinery in our lab, we
expressed a C-terminally truncated form of S. cerevisiae Xrnl, ScXrn1AC. We used
ScXrn1AC in conjunction with /n vitro-transcribed RNAS to probe the biochemical
properties of the enzyme using an updated TRFRD assay. Overall, our data reflect known
features of Xrnl enzymology through a trend toward a broader substrate and conditional
tolerance than is commonly cited.36 The sum of our studies serves as a platform for future
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investigations regarding the biophysical characteristics of Xrnl and its applications in
biotechnology.

In the first experiments described here, TRFRD assays and dPAGE analyses were used to
demonstrate ScXrn1AC’s previously established preference for 5’ -monophosphorylated
RNAs. Such substrates can be generated /n situ or purified and used directly. The inability of
ScXrn1AC to load and degrade 5’-triphosphorylated and other RNAs with bulky 5”-ends,
such as capped mRNAs /in vivo, can be rationalized on the basis of the size constraints of the
enzyme’s active site. This feature is critical to Xrn1’s regulation, allowing for mRNA
decapping and other RNA processing events that generate 5’ -monophosphorylated RNA
species to operate in rate-limiting biological steps.59

Implementation of an updated TRFRD assay in this work allowed us to characterize
ScXrn1AC and the decay rates of model substrate RNAs. In this study, we employed highly
structured RNAs containing both a previously characterized thermostable hairpin** and a
fluorescent iSpinach aptamer. To better understand the origin of the remaining fluorescent
signal left following a plateau in ScXrn1AC-mediated degradation, we conducted
experiments demonstrating that the signal is due to an undegraded population of RNAs that
includes the majority of the iSpinach aptamer domain. The observation that the formation of
these products depends on the inclusion of DFHBI in these reactions suggests that binding
of the ligand to the aptamer may rigidify its structure and promote resistance to degradation.
An analogous effect has been observed for riboswitches in which ligand binding has been
shown to enhance their thermostability.61

Though this was not further examined in this work, there is a growing list of RNA structures
and RNA-protein interactions that have been reported to resist degradation by Xrnl. In
some cases, these structures appear to have evolved specifically to resist decay by forming a
complex slip-knot-like structure that Xrnl cannot unwind, therefore acting as a structural
block,4345:51.52 byt in others stalling of Xrn1, while still structure-based, may be more
artifactual. The precision of the point in an RNA at which Xrn1 stops appears to depend on
the inherent structure of the RNA structure being tested, with some RNAs like the
Flaviviridae and Dianthoviridae xrRNAs producing single, discrete stops, while other
structures such as IRESs52 and poly(G) tracks®3:64 producing multiple products are
indicative of a different type of impediment. On the basis of these observations and the data
presented here, we propose that Xrnl’s progress through an RNA is attenuated by local
RNA structure, though higher-resolution experiments are needed to fully probe this effect.

Using the second-generation TRFRD assay, we extrapolated a lower limit for the V5« of
phosphodiester bond cleavage by ScXrn1AC of 17.3 + 0.6 s™L. /n vivo, Xrn1 participates in
several different versions of co-translational MRNA decay, including No-Go decay and
nonsense-mediated decay. A structure of the yeast ribosome in complex with ScXrnl was
recently determined by cryo-EM.38 In this structure, ScXrn1 is positioned at the end of the
mRNA exit tunnel, poised to degrade a mMRNA immediately following translation. The lower
limit for Vinax of SCXr1AC measured here, 17.3 + 0.6 nucleotides s™1, suggests that
degradation is capable of proceeding at least as fast as translation, a result supported by the
observation of three-nucloetide periodicity in mRNAs subject to co-translational decay.55 It
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is interesting to note that like the decoding center, the active site of Xrn1 also specifically
accommodates three nucleotides of RNA.

We next conducted experiments probing the pH dependence of ScXrnl1AC, revealing a broad
pH tolerance that roughly corresponds to the pK; of a 5"-monophosphate as informed by
chemically similar analogues. How Xrn1 specifically selects for the 5'-end of an incoming
RNA substrate is not yet fully understood though likely involves a conformational search
driven by the attraction between a negatively charged RNA species and Xrnl’s
electropositive, Mg2*-containing active site. In this model, the RNA phosphodiester
backbone is uniformly negatively charged, raising the question of how Xrn1 can distinguish
the 5”-end of an incoming RNA. A simple explanation, and one that fits well with our data,
is that a dianionic 5’-monophosphate may provide a discernible chemical beacon and help
facilitate the search process inside the cell.

We then used TRFRD assays to probe the effect of mutations within the conserved active
site of ScXrn1AC. Phosphodiester hydrolysis by Xrn1 is proposed to result from a classic
two-metal ion mechanism®® involving active site chelation of two Mg2* ions that together
activate water and stabilize the phosphorane intermediate involved in hydrolysis. The loss of
catalytic activity observed using the E178A and D208A mutants is consistent with the
requirement for these residues in orchestrating this type of chemistry. In addition to being an
RNA hydrolase, Xrnl is also an RNA helicase that simultaneously translocates along an
RNA that is being degraded. This processivity of Xrnl has been proposed to be the result of
a “Brownian ratchet”-type mechanism that is driven by electrostatic attraction between a
positively charged, basic patch located at the base/end of the enzyme’s active site and the 5’-
monophosphate of a substrate RNA. In addition, a rz-stacking network may be formed
among H41, three RNA nucleobases that can be accommodated in the enzyme’s active site,
and a conserved “gatekeeping” tryptophan (W638 in ScXrn1AC).38 The observation that
both K93A and K93E mutations compromise enzyme activity is consistent with the
hypothesis that electrostatics factor heavily in driving Xrnl processivity, though this
contrasts with previous findings demonstrating tolerance for an analogous mutation in the
Drosophila enzyme.3® The observation that mutation of W638 only slightly impairs
ScXrn1AC activity argues against dependence on the formation of a rz-stacking network for
Xrnl processivity.

Finally, we tested ScXrn1AC’s ability to degrade RNAs with different lengths of exposed
5’-ends. The trends observed in our experiments show that ScCXrn1AC prefers substrates
with longer 5”-ends but can access and degrade most 5'-monophosphorylated substrates
regardless of the structural context of the 5”-end. The ends of even fully base-paired nucleic
acids are known to “fray” or “breathe”,66 and perhaps /n vitro, this accounts for ScXrn1AC’s
ability to access the RNA’s 5”-ends. However, here it may be important to recognize the
simplicity of our experiments compared to the complex, crowded environment of the cell
where biophysical mechanisms governing substrate selection may vary significantly from
observations made using our purified system.
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CONCLUSION

Xrnlis a key player in cellular RNA metabolism. Here we have documented many aspects
of ScXrn1AC enzymology in an effort to provide a foundation for further investigation into
biophysical mechanisms and future technical applications involving Xrnl. Xrnl is an
interesting enzyme given its important biological roles and dual function as both an RNA
hydrolase and an RNA helicase. Further /in vitro characterization in our lab will focus on the
thermodynamic basis for the degradation of structured RNAs and continue to probe the
robust helicase activity of Xrn1, while high-throughput sequencing results from throughout
the community continue to reveal novel aspects of Xrn1’s function and regulation in the cell.
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Figure 1.
Structural model of ScXrn1AC. (A) Structural model of ScXrn1AC generated using the |-

TASSER iterative threading model.*2 Regions are colored to correspond to domain
architecture in panel C; a DNA trinucleotide substrate, dTdTdT, from the Drosophila
structure (PDB entry 2Y35)36 is colored orange. (B) Active site of the I-TASSER-generated
structure of ScXrn1AC with the TTT trinucleotide substrate from the Drosophila structure
(PDB entry 2Y35)36 and metal ions from both Drosophilaand Kluveromyces (PDB entry
3PIF)37 structures modeled in. (C) Domain architecture of ScXrn1. The N-terminal core
(residues 1-773) of the enzyme includes the active site. The following region of residues
774-917 forms a domain recently shown to interact with the 40S subunit of the ribosome.38
Residues 963-1132 and 1133-1240 form motifs most closely resembling winged-helix and
SH3 motifs, respectively. The truncation point of ScXrn1AC is indicated by a red dashed
line at residue 1240.
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Figure 2.
Second-generation time-resolved, fluorescent RNA degradation assay. (A) Diagram of RNA

processing in the TRFRD assays and an inset structure of the DFHBI-bound iSpinach
aptamer (PDB entry 4TS2). DFHBI is colored green, and K* ions are colored purple. (B)
Normalized fluorescence trace of a TRFRD assay using the 80HP construct. The “~/-" trace
shown in red is a no enzyme control. The “+/+” trace shown in green contains both RppH
and ScXrnl1AC. Conditions: 2 ¢M 80HP RNA, 2 xM BdRppH, and 1 1M ScXrn1AC in
1XEC3K™ buffer at pH 7.9 and 37 °C. Error bars represent one standard deviation for nine
replicates. (C) Secondary structures of the two main RNA constructs used in this study,
80HP and DENVxrRNAL. The Xrnl-resistant structure is colored red. The layout of each
construct is described in the text. (D) dPAGE of RNA constructs demonstrating the
phosphorylation state dependency of ScXrn1AC. Conditions: 0.5 M RNA, 0.5 /M
BdRppH, and 0.25 £M ScXrn1AC in 1XEC3K™ buffer at pH 7.9 and 37 °C for 2 h.
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Figure 3.
Interrogation of ScXrn1AC products. (A) Typical TRFRD assay using ScXrn1AC with the

addition of RNase A at 90 min. The “~/=" trace shown in red is a no enzyme control. The
“+/+” trace shown in green contains both RppH and ScXrn1AC. Conditions: 2 ;M 80HP
RNA, 2 £M BdRppH, 0.05 1M ScXr1AC, and 5 units of RNase A in IXEC3K™ buffer at pH
7.9 and 37 °C. (B) HPLC trace of products from bulk reaction of 80HP RNA with
ScXrn1AC (bottom trace). The top trace is the four purified 5"NMPs resolved using TBAP-
modified C-18 chromatography. (C) HPLC analysis of the 80HP RNA with and without
ScXrn1AC in the presence of DFHBI using PLRP-S chromatography overlaid with the trace
of three oligonucleotide-length markers: U24 (24 nucleotides), HP25 (25 nucleotides), and
Box B (58 nucleotides). The inset is a region of the trace where the DFHBI-dependent
resistant RNA population appears during the reaction. We have not yet fully characterized
the intermediate products, but their size roughly corresponds to the size of the iSpinach
aptamer, indicating degradation up to the quadruplex DFHBI binding pocket. (D) dPAGE of
the intermediate compared against the full-length 80HP construct and various RNA
constructs as size markers. The intermediate appears to be approximately the same size as
the 58-nucleotide Box B RNA.
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Figure4.
ScXrn1AC kinetics. (A) Normalized trace of the TRFRD assay obtained during kinetic

experiments varying the concentration of 5"-monophosphorylated RNA as indicated. The
relative stoichiometries of ScXrn1AC molecules to RNA molecules are as follows: 1:1, 1:3,
1:9, 1:27, 1:81, 1:243, and 1:634. Conditions: 0.05 1M ScXrn1AC, 5’-monophosphorylated
80HP RNA concentrations as shown, 1XEC3K™* buffer, pH 7.9, 37 °C. (B) Quantification of
rates of per phosphodiester bond hydrolysis. An enzyme-limited regime, or saturation, was
not achieved using RNA concentrations of <31.7 xM. From the data, a lower bound for
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ScXrn1AC activity can be estimated to be 17.3 + 0.6 s1. Error reported as one standard
deviation for nine replicates excluding 31.7 4M where n= 3.
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ScXrn1AC exhibits pH-dependent activity. (A) Normalized trace of the TRFRD assay
conducted using 80HP RNA and ScXrn1AC at different pHs. Conditions: 2 M purified, 5'-
monophosphorylated 80HP RNAs, and 0.05 M ScXrn1AC in 1IXEC3K™* buffer at the
indicated pH and 37 °C. (B) Relative rates of ScXrn1AC-catalyzed degradation of 80HP
RNA at the indicated pHs. Error reported as one standard deviation for nine replicates. (C)
dPAGE of the DENVxrRNA1 RNA constructs showing the pH dependency of ScXrnl1AC.
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Conditions: 0.5 M RNA, 0.5 xM BdRppH, and 0.25 M ScXrn1AC in 1XEC3K™* buffer at
the indicated pH and 37 °C for 2 h.
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Equivalencies

1 1.5 2
Equivalencies

pH titration of 5”-phosphate analogues, methyl phosphate and B-glycerol phosphate. (A)
Quantum mechanical calculation of the surface potential of isobutyl phosphate showing the
potential difference of the monoanionic (left) and dianionic (right) phosphate groups,
calculated using Gaussian 09%7 at the B3LYP/6-31+G(d,p) level. (B) pH titration of a 10
mM methyl/dimethyl phosphate solution with 100 mM sodium hydroxide. pK32 is indicated
by a dashed line at pH 6.3. The inset scheme shows the relevant protonation/deprotonation
reaction being monitored. (C) pH titration of a 10 mM gB-glycerol phosphate solution with
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100 mM phosphoric acid. pK32 is indicated by a dashed line at pH 6.3. Again, the inset
scheme depicts the relevant equilibrium.
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Figure 7.
ScXrnl1AC activity is dependent on a set of conserved active site residues. (A) Model of the

ScXrn1AC active site generated using the ITASSER iterative threading model. Previously
mutagenized residues implicated in the mechanism of Xrnl are shown: Asp35, His41,
Lys93, GIn97, Arg100, Arg101, Glul76, Glul78, Asp206, Asp208, Asp291, and
Trp638.35-37 Carbon atoms of the corresponding residues tested in this study are colored to
correspond to the plots and bar graphs in this figure. (B) Normalized TRFRD assay traces of
both WT and mutant ScXrn1AC constructs using the 80HP RNA. Conditions: 2 M purified,
5’-monophosphorylated 80HP RNA, and 0.05 xM ScXrn1AC in 1XEC3K+ buffer at pH 7.9
and 37 °C. (C) dPAGE of both the wild type and mutants of ScXrn1AC using the
DENVxrRNAL construct. Conditions: 0.5 M DENVxrRNA1 RNA and 0.25 ¢M ScXrn1AC
in IXEC3K+ buffer at pH 7.9 and 37 °C for 2 h. (D) Relative rates of RNA degradation
carried out by the WT and mutant ScXrn1AC’s K93A, K93E, E178A, D208A, and W638A.
Error reported as one standard deviation for nine replicates.
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Figure8.
ScXrn1AC prefers RNAs with single-stranded ends. (A) Normalized TRFRD traces for

degradation of DNA primer-annealed 80HP constructs by ScXrn1AC. Conditions: 2 /M
purified, 5"-monophosphorylated 80HP RNA annealed to 2 zM indicated primer, and 0.05
M ScXrnlAC in IXEC3K™* buffer at pH 7.9 and 37 °C. (B) Secondary structure of the 80HP
construct used in these experiments showing the indicated primers (blue) used to duplex the
5 single-stranded region. (C) Relative rates of degradation for constructs with the indicated
number of free 5"-nucleotides. Error reported as one standard deviation for nine replicates.
(D) dPAGE of the 80HP and DENVxrRNA1 RNA constructs in panel B showing the single-
stranded leader length dependency of ScXrn1AC. Conditions: 0.5 4M RNA, 0.5 /M
BdRppH, and 0.25 zM ScXrnlAC in IXEC3K™ buffer at pH 7.9 and 37 °C for 30 min.

Biochemistry. Author manuscript; available in PMC 2021 April 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Langeberg et al.

A

4
©
2

0.6 1

0.4

Relative Intensity

0.2+

1J
J iy
i |
/4

—9

— 312 4 =0
—Q  m— 3 —3 ——12

(9]

0.6 1

0.4+

0.2+

Normalized Degradation Rate

0-

$ ®
& & Ry qyx°° ,bo°°

Time (s)

NN - I N

x .

Free Nucleotides

Figure9.

Page 31

B +12 +9 +6 +3
uc uc uc

UUCG ua ua ua
c-G c-a c-a c-a
A-U A-U A-U A-U
c-a c-G c-G c-G
G-C G-C G-C G-C
A-U A-U A-U A-U
U-A U-A U-A U-A
A-U A-U A-U A-U
a-c G-C G-C G-C
c-G c-G c-a c-G
U-A U-A U-A U-A
G-C G-C G-C G-C
A=U A-U A-U A-U
¢-a c-a c-a c-a
a-C G-C G-C a-c
c-a c-G C-G C-G,

5=GGGAAGGCAAAACUA Al 5~GGAACAAAACUA

Variable Hairpin

.
uc
1 u al
c-a |
1 A-U
c-a)
} g-ﬁl
| 48
! a-c | iy
1 ¢-G C
U-A | ]
I G-C G
| A-U | G
c-a A
1 a-cl u
15-G6GAAGGCAAAACUA Cauuaast

T
>CcCO00e”

c

c
L%
a-C
G-¢
A-u
U-A
G-c
&-d
-yua
uG-UUGA
G
& % +0 -3 -9
6 uc uc
$ A V% V% V%
) @ ©¢-6 ‘-6 %6
Sop-aqou® 6.8 44 A9
“Gad - n 2
a-c® G-C G-C G-C
u-u A-U A-U A-U
G-C uU-A -A U-A
a-C A-U A-U GuU
c-a G-c G-¢  G-6
A-U -8 ¢-a aa
U-A U-A U-A S'A
a-c G-C  @-c ¢
A-U A-U A-U u
a-c c-a da a
a-¢ g-c g-¢ ¢
vauuuuuuul®®  s-aae® i &% G

5’ triphosphate

S

-12

:

§=+3
e 40
-2-9

-12

+RppH / +Xrn1

ScXrn1AC prefers RNAs with exposed 5”-ends. (A) Normalized trace of the TRFRD assay
using a buried hairpin RNA and ScXrn1AC. Conditions: 2 4M purified, 5’ -triphosphorylated
buried hairpin RNA as indicated, and 0.05 M ScXrn1AC in 1XEC3K™* buffer at pH 7.9 and
37 °C. (B) Secondary structure of the buried hairpin constructs used in these experiments
showing the indicated truncations made to the 5" single-stranded region. (C) Relative rates
of degradation for the indicated constructs. Error reported as one standard deviation for nine
replicates. (D) Single-time point dPAGE analysis of the RNA constructs in panel B.
Conditions: 0.5 M RNA, 0.5 M BdRppH, and 0.25 1M ScXrnl1AC in IXEC3K™* buffer at
pH 7.9 and 37 °C for 30 min. Top, no ScXrn1AC added (controls). Bottom, reactions with

both BdRppH and ScXrn1AC included.
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