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ABSTRACT

In eukaryotic cells, intron lariats produced by the spliccosome contain a 2’5’ phosphodiester linkage. The RNA lariat
debranching enzyme, Dbr1, is the only enzyme known to hydrolyze this bond. Dbr1 is a member of the metallophosphoes-
terase (MPE) family of enzymes, and recent X-ray crystal structures and biochemistry data demonstrate that Dbr1 from
Entamoeba histolytica uses combinations of Mn?*, Zn?*, and Fe?* as enzymatic cofactors. Here, we examine the kinetic
properties and metal dependence of the Dbr1 homolog from Saccharomyces cerevisiae (yDbr1). Elemental analysis mea-
sured stoichiometric quantities of Fe and Zn in yDbr1 purified following heterologous expression E. coli. We analyzed the
ability of Fe?*, Zn?*, and Mn?* to reconstitute activity in metal-free apoenzyme. Purified yDbr1 was highly active, turning
over substrate at 5.6 sec™", and apo-yDbr1 reconstituted with Fe?* was the most active species, turning over at 9.2 sec™".
We treated human lymphoblastoid cells with the iron-chelator deferoxamine and measured a twofold increase in cellular
lariats. These data suggest that Fe is an important biological cofactor for Dbr1 enzymes.
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INTRODUCTION used to maintain and transcribe intronic sequences, yet
the products are largely degraded following splicing.

Recently, hints as to the roles introns play in biology have
come from systems where lariat metabolism is defective
due to the loss of Dbr1. When humans are homozygous
forloss-of-function mutations in the DBR1 loci, they are sus-
ceptible to severe juvenile brainstem encephalitis from vi-
ruses that are normally benign (Zhang et al. 2018). These
mutations reduce Dbr1 protein levels and enzymatic activ-
ity, while increasing the levels of lariat RNA. However, the
specific molecular interactions that link Dbr1, lariats, and in-
nate immunity remain unknown.

Intron lariats modulate the proteotoxicity of TDP-43 pro-
tein aggregates in a yeast model of amyotrophic lateral scle-
rosis (ALS) (Armakola et al. 2012). TDP-43 aggregates are

The presence of noncoding introns in protein coding genes
is a hallmark of eukaryotic cells. These introns are removed
by the spliceosome, a large riboprotein complex that rec-
ognizes the splice-sites and the branchpoint sequence.
The 2’-OH of the branchpoint nucleotide nucleophilically
attacks the first 5'-3' phosphodiester bond of the intron
leaving a “lariat” topology where the 3’ end of the intron
is the “tail” and the 5" end forms the loop at the branch-
point. After a second nucleophilic attack, the excised lariat
is liberated (Wilkinson et al. 2020). Although one-third of
the human genome “codes” for these introns, their specific
biological roles remain unclear beyond the observation
that some snoRNA and miRNA are located within introns
(Ooi et al. 1998; Ladewig et al. 2012). Thus, the utility of in-
trons remains a mystery. Significant cellular resources are
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found in the spinal cords of the majority of nonfamilial amyo-
trophic lateral sclerosis patients (Neumann et al. 2006), as
well as in frontotemporal dementia (Goossens et al. 2015),
and chronic traumatic encephalopathy (McKee et al. 2010).
This result suggests that Dbr1 inhibition, with concomitant
increase in lariat RNA, may protect from TDP-43 toxicity.
Also, a recent study showed that down-regulation of Dbr1
can induce oncogenesis in cellular models by disrupting
splicing and impacting snRNP recycling (Han et al. 2017).

Debranching activity was first isolated and characterized
from Hela cells in 1985 (Ruskin and Green 1985). The Dbr1
gene was identified in yeast in 1991 as a factor required for
the retrovirus-like Ty-1 retrotransposon (Chapman and
Boeke 1991), and several groups have explored potential
mechanisms of how Dbr1 affects Ty-1 retrotransposition
(Cheng and Menees 2004, 2011; Pratico and Silverman
2007). Dbr1 knockdown also impairs replication of the
HIV retrovirus (Ye et al. 2005; Galvis et al. 2017) and is re-
quired for class-switch recombination of antibodies (Zheng
et al. 2015).

The metals Mn?", Fe?*, and Zn** support Dbr1 catalysis
in biochemical assays (Khalid et al. 2005; Clark et al.
2016). The first X-ray crystal structure of Dbr1, from the
amoeba Entamoeba histolytica (EhDbr1), contained
Mn?*, and only asingle metal ion was bound in the B-pocket
of the active site. Thiswas a surprising result, because all re-
lated MPEs have two metal ion cofactors (Matange et al.
2015), and Dbr1 was predicted to have a di-Mn active site
(Khalid et al. 2005; Schwer et al. 2016). Subsequent struc-
tures from two different groups resolved this issue by ob-
serving a second metal, a Zn ion, bound in the a-pocket
where it was coordinated by a cysteine (Cys) residue that
is unique to Dbr1 enzymes (Clark et al. 2016; Ransey et al.
2017). This residue is an aspartic acid (Asp) in other MPEs.
Therefore, itappearsthat the Cysin Dbr1 enzymes provides
forstable Zn binding. EnDbr1 is the only Dbr1 protein witha
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reported crystal structure, and based on the 33% sequence
identity between E. histolytica and yeast Saccharomyces
cerevisiae Dbr1 (yDbr1), we hypothesized thatyDbr1 would
also use a hetero-metal active site with Zn and either Mn or
Fe. To test this hypothesis, we measured the metal content
and kinetic properties of purified yDbr1, and performed
metal reconstitution assays with metal-free apo yDbr1.
We also found that the iron chelator deferoximine (DFO)
can increase lariat levels in a human cell line, suggesting
that Fe is an important cofactor for yDbr1.

RESULTS AND DISCUSSION

Homology modeling of yDbr1

A homology model of yDbr1 was calculated based on the
structure of EnDbr1 with Fe/Zn metals and no active site li-
gands (PDB 5k73) using SWISS-MODEL (Waterhouse et al.
2018). yDbr1 is 33% identical to EhDbr1. The seven metal-
ligating residues and the catalytic acid (histidine [His] 86) are
all identical between EhDbr1 and yDbr1 (Fig. 1A). Of the
nine Dbr1 structures in the protein data bank, the beta
site is occupied by a Mn, Fe, or Ni. The alpha site is either
populated with a Zn, or it can be unoccupied (Fig. 1B).
Only in the apo structure (PDB 5k71) are both sites
unoccupied.

Elemental analysis of purified yeast Dbr1

The yeast Dbr1 gene was expressed in BL 21 E. coli in
Terrific Broth media made with distilled water. No metals
were added at any point in the culture or purification.
The purification scheme consisted of initial purification
with a Ni-affinity column, overnight dialysis with TEV prote-
ase to remove the His-tag, followed by purification on a
Heparin-SO4 column. For three independent experiments,

PDB ID ligand a B
4PEF SO, - Mn?*
4PEG 5'GMP Mn?2*
4PEH 7-mer RNA Mn2*
4PEI 7-mer pt-bRNA Ni2*
5K71 -
5K73 - Zn2* Fe2
5K77 7-mer bRNA Zn2* Fe?*
5K78 16-mer bRNA Zn? Fe?*
5UKI Zn2* Mn2*

bRNA= branched RNA; pt= phosphorothioate; GMP=
guanosine monophosphate

FIGURE 1. Homology model of yeast Dbr1. (A) The yDbr1 homology model was calculated from EhDbr1 PDB 5k73. The o-pocket contains a Zn?*
ion, and the B-pocket contains an Fe?* ion. All seven metal ligands are identical between EhDbr1(gray backbone) and yDbr1 (tan backbone). The
OH™ nucleophile is the red sphere. (B) Summary of the metal content of all EhDbr1 structures in the PDB. The metals found in the o and p pockets
are indicated, along with PDB ID, and a description of the unique ligand if present.
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Metal content and kinetic properties of yeast Dbr1

the metal content of the purified proteins was analyzed
with inductively coupled plasma mass spectrometry
(ICP-MS). We observed a mean of 2.7 equivalents of Zn,
and 0.8 equivalents of Fe per yDbr1 monomer (Fig. 2A,
blue points). Ni and Cu were present at ~0.02 equivalents,
and Mn and Co were <0.001 equivalents. In comparison,
EhDbr1 purified with 0.7 equivalents of Zn and 0.7 equiv-
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FIGURE 2. Metal content and steady state kinetics of recombinant
yDbr1. (A) Molar equivalents of metals ions for recombinant and apo
yDbr1 measured with ICP-MS. Zn and Fe were present at 2.7 and 0.7
molar equivalents, while Ni, Cu, Mn, and Co are <0.02 equivalents.
Apo-yDbr1 has <0.02 equivalents of all metals. (B) Schematic of the
fluorescent AK88 bRNA substrate. When intact, the “black-hole”
quencher DABCYL prevents the fluorescein (FAM) from emitting light
at 488 nm. Following Dbr1 cleavage, the quencher is no longer prox-
imal to the FAM which becomes highly fluorescent. (C) Steady-state ki-
netic analysis of recombinant yDbr1. The AK88 bRNA was prepared at
concentrations from 0.08-5 pM and initial rates of product formation
were measured. The resulting data were fit with the Michaelis—
Menten equation to obtain estimates of ke,t=5.6 sec”!, K,=0.7
pM. No metal ions were added to any component of these reactions;
the only metal ions present are those that copurified with the enzyme
or those present as trace metal contaminants.

alents of Fe (Clark et al. 2016). This additional Zn binding
we observed for yDbr1 could represent adventitious sur-
face binding, or structural Zn binding sites that are present
in yDbr1 but not EhDbr1. Without a crystal structure of
yDbr1, we cannot distinguish between these possibilities
or hypothesize what, if any, role these additional Zn ions
may have. We also prepared and analyzed a sample of
apo-yDbr1, and this contained <0.02 eq. Fe, Ni, and Cu,
and <0.00001 eqg. Zn, Mn, Co (Fig. 2A, red points).

To understand the relation between the metal content of
the purified enzyme and the growth media and water used
to prepare it, we measured the metal content of deionized
(Dl)water, ultrapure water, TB media, and insect culture me-
dia by ICP-MS. Both DI and ultrapure water had 0.01 uM
Mn, and <0.01 uM Fe, Cu, Co, Ni, Zn. Terrific Broth had
24 uM Fe, 56 uM Zn, 1 uM Mn, 2 uM Co, 1.3 uM Cu, and
0.1 uM Ni (Supplemental Table 1). We analyzed a eukaryot-
ic growth media, serum-free insect media, and found simi-
lar proportions of metals at reduced concentrations; 8 pM
Fe, 11 mM Zn, and 0.3 uM Mn; 0.6 uM Co, 1.1 uM Cu,
and 0.1 uM Ni. We previously observed that adding 1-10
mM MnSQO, into the culture media was ineffective at in-
creasing the Mn content of purified EhDbr1 (Clark et al.
2016). In human tissue, Zn and Fe are present at ~300
puM, and Mn is ~6 pM (cervix, Supplemental Table 1;
Cunzhi et al. 2003).

Kinetic analysis of recombinant yDbr1

To analyze the steady-state kinetic parameters of recombi-
nant yDbr1 (which copurified with Fe and Zn), we used a
fluorogenic branched RNA (bRNA) substrate (Katolik
etal. 2017). This bRNA substrate increases in fluorescence
after Dbr1-hydrolysis, enabling real-time kinetic measure-
ments of Dbr1 enzymes (Fig. 2B). We assayed this sub-
strate at seven concentrations between 0.08-5 pM, and
fit the resulting data with the Michaelis—-Menten equation
(Fig. 2C). No exogenous metal ions were added to any
of the buffers or growth media used to produce the
yDbr1 sample, or to any component of the kinetic assay.
We measured a kea: of 5.6 sec™" and K;,, of 0.7 uM for re-
combinant yDbr1 (Fig. 2C). We ascribe this activity to the
Fe and Zn cofactors which purified with yDbr1, as no met-
als were added at any point. In comparison, when EhDbr1
protein was prepared with similar methods, a k., of 2.0
sec™!, and K., of 0.2 pM were reported (Clark et al.
2016). Based on this turnover rate, we concluded that
yDbr1 is highly active when purified from E. coli with Zn
and Fe and requires no exogenous metals for catalysis.

Metal reconstitution assay

To determine how the activity of recombinant yDbr1 with
Fe*/Zn%* compares to Fe2*, Mn?", or Zn** reconstituted
yDbr1, we prepared metal-free apoenzyme by stripping
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bound metal ions with high concentrations of metal chela-
tors. We verified that the apoenzyme was metal free with
ICP-MS (Fig. 2A), and inactive (Fig. 3A, metal =0 data-
point). Trace metal ions are present in water (and buffers)
in the low nanomolar range (Supplemental Table 1). We
used a high concentration of apoenzyme (1 pM) in our met-
al-dependence assays to prevent trace ion interference. To
prevent oxidation of the Fe*, the experiments were per-
formed in an anaerobic chamber equipped with a fluores-
cent plate reader. Metals (0.1-100 uM) and apoenzyme
(1 uM) were combined in the anaerobic environment and
incubated for 10 min in a multiwell plate. An equal volume
of substrate (20 pM) was injected to initiate the reaction,
and product development was followed using the rapid-ki-
netic settings. Fe?" reconstitution produced the highest
rates: 9.2 sec”'. Mn?" reconstitution gave a rate of
1.1 sec™!, and Zn*" gave a rate 0.2 sec™' (Fig. 3A,B).
Unlike Fe** and Mn?*, the velocity of Zn®* reconstitutions
decreased at higher concentrations. Zn may be ineffective
in these reconstitutions because it may be unable to occu-
py the B-pocket of yDbr1 and occupies only the a-pocket.
Alternatively, it is possible that a di-Zn** enzyme cannot
support catalysis. The latter explanation would be consis-
tent with the finding that Zn?* is inhibitory in the presence
of Mn?* (Khalid et al. 2005; Clark et al. 2016).

Compared to Dbr1 with Fe?*/Zn?* (as-purified Dbr1) or
Fe?*/Fe?* (Fe® reconstituted Dbr1), other metalation
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FIGURE 3. Reconstitution of apo-yDbr1 with Fe?*, Zn®*, and Mn?".
(A) Apo-yDbr1 (1 uM) was reconstituted with 0-100 pM of the indicat-
ed metals under anaerobic conditions. Apo-yDbr1, black diamonds at
metal =0, had no detectable activity without exogenous metals.
(B) Results of curve fitting to obtain estimates of ke, and Kietal-
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states result in bRNA turnover rates that are orders of mag-
nitudes slower. For example, a preparation of EhDbr1 was
exposedto 1 mM MnSQ, during cell resuspension and lysis
(Ransey etal. 2017). The authors measured 1.25eqZn, 0.75
eq Mn, and 0.21 eq Fe in the final purified protein using
ICP-AES. This Mn?*/Zn** containing sample debranched
a synthetic fluorescent 19-mer branched RNA at a rate of
0.040 sec™". -Adding 1 mM MnSQ, to the debranching re-
action increased the rate to 0.044 sec™". In a 2005 study, af-
ter purifying yDbr1 in the presence of EDTA to remove any
metal cofactors, the authors added 2.5 mM MnSO, to
debranching reactions with a *P-labeled 18-mer synthetic
branched RNAs (Khalid et al. 2005). The authors did not re-
portturnover rates, but based on the concentrations and in-
cubation times reported, we estimated a turnover rate of
approximately 0.004 sec™".

Steady-state turnover rates are determined by combina-
tions of enzyme, cofactors, and substrates. When assayed
against a bis-p-nitrophenylphosphate substrate (15 mM),
yDbr1 with 5 mM MnCl, turned over substrate at 4.2
sec”! (Schwer et al. 2016). The authors point out that the
pKa of the nitrophenylphospate leaving group is 5-6 pH
units lower than the pKa of a 2’-OH of a branched RNA leav-
ing group, and the hydrolysis of bis-p-nitrophenylphos-
phate does not require the catalytic acid H86 to
protonate the 2'-OH leaving group of bRNA. yDbr1 prepa-
rations with the substitutions H86A, H86N, and H86Q
retained 20%-40% activity against bis-p-nitrophenylphos-
phate (Schwer et al. 2016), but substitution of this histidine
residue completely abolishes bRNA hydrolysis (Khalid et al.
2005; Clark etal. 2016; Schweretal. 2016). The large differ-
ence in the size of the products of bis-p-nitrophenylphos-
phate and AK88 bRNA hydrolysis (122 Da vs. 2070 Da,
respectively) could also affect the rate of product release.
Therefore, in addition to metal cofactor identity, substrate
chemistry affects Dbr1 kinetics.

Iron chelation of lymphoblastoid cells

To determine if the dependence on Fe?* for efficient
debranching is observed in vivo, we incubated a human
lymphoblastoid cell line with the iron-chelator deferox-
amine (DFO) at 200 puM for 60 h. DFO is used to treat iron
overdose and iron accumulation disorders, and aluminum
toxicity in dialysis patients (Yawalkar 1993). We hypothe-
sized that if Dbr1 depends on Fe forin vivo lariat debranch-
ing, treating cells with an iron-specific chelator may elevate
cellular lariat levels. RNA was extracted from duplicates of
DFO and untreated cells, and total RNA-sequencing was
performed. The data are available in GEO (GSE199077)
and are also available as UCSC Genome Browser tracks:
https://genome.ucsc.edu/s/allisontaggart/DFO. An exam-
ple of an elevated lariat, intron é from the SUDS3 gene, is
shown in Figure 4A. The intron has approximately fivefold
more raw counts in the DFO-treated samples, and has the
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FIGURE 4. The iron-chelator DFO increases lariat levels in lymphoblastoid cells. (A) Genome browser screen capture showing raw read counts for
the SUDS3 intron 6, an example of a lariat that is elevated in DFO-treated cells. The read density fall-off at the 3’ and 5’ splice sites is characteristic
of intron lariats. (B) Lariat enrichment, calculated from branchpoint-traversing reads, is shown for duplicate samples of DFO-treated lymphoblas-
toid cells and controls. DFO treatment elevates lariats approximately twofold. (C) Plot of log, fold change in lariat abundance of DFO-treated
versus untreated controls cells. (D) DFO treatment does not significantly change DBR1 expression level, FDR-adjusted P-value =0.18. (E) DFO
and EDTA inhibit Dbr1 in a time-dependent manner, with 67% and 38% inhibition, respectively, after 3 h.

characteristic read density profile of a lariat, with a dip in in-
tensity at the 5 and 3’ ends of the intron (Taggart and
Fairbrother 2018). Three additional examples of elevated
introns are presented in Supplemental Figure 1. If the in-
tron reads were from pre-mRNA, splicing intermediates,
or retained introns, these dips in read density would not
be present (Fig. 4A; Supplemental Fig. 1). DFO does not
appear to increase the transcription rates of the genes
with elevated lariats, as read counts for the neighboring
exons are identical in DFO-treated versus control cells
(Fig. 4A; Supplemental Fig. 1)

We quantified lariats in DFO-treated cells using two dif-
ferent computational approaches. The lariat read method
(Fig. 4B) searches for gapped, inverted reads that link a 5’
splice site with a downstream intronic branchpoint
(Taggart et al. 2012, 2017; Taggart and Fairbrother
2018). However, reverse transcriptase (RT) reads through
the 2’5’ linkage with very low frequency, in a context-de-
pendent manner. Many introns are measured only once,
making relative quantification difficult using this method.
The ShapeShifter (Fig. 4C) method is more quantitative
as it uses the characteristic shape of read density profiles
to differentiate lariats from linear introns and partially pro-
cessed pre-mRNA (Taggart and Fairbrother 2018), and is
not dependent on the infrequent RT branchpoint read-
through. In both cases, lariat levels are normalized to total
reads to control for possible changes in transcription lev-
els. Intron lariats are rapidly degraded by Dbr1 under nor-
mal conditions, thus the pool of lariats in untreated control
cells is very sparsely populated and the same lariats are not

recovered in control vs. DFO-treated cells. Both approach-
es (Fig. 4B,C) find elevated lariats in DFO-treated samples.
We observed an approximately twofold increase in
branchpoint-traversing reads following DFO treatment
(Fig. 4B). A log, fold change plot of lariat abundance
(Fig. 4C, calculated with ShapeShifter) shows that ~150 in-
trons are elevated twofold or greater with DFO treatment.

To examine if the increase in lariats was due to a DFO-
mediated decrease in DBR1 expression, we compared
the normalized DBRT1 read counts for control and DFO
samples (Fig. 4D). We did not observe a significant
decrease in DBR1T expression (FDR-adjusted P-value of
0.18). Prior works suggest that an 85% decrease in Dbr1
is necessary to result in a twofold increase in lariats
(Zhang et al. 2018). Therefore, we concluded that DFO
mediated depletion of Fe?* was responsible for the loss
of activity. We combined recombinant yDbr1 with 100
UM DFO, or 100 uM EDTA (as a control), incubated the
mixtures for 30 min or 3 h at room temperature, and mea-
sured the debranching activity (Fig. 4E). Both chelators
showed a time-dependent inhibition of debranching activ-
ity. DFO inhibited 67%, and EDTA inhibited 39% after 3 h
of coincubation.

In light of these observations (Fig. 4A-E), we propose
that the increase in lariat levels following DFO treatment
is due to inhibition of Dbr1. DFO might directly strip Fe
from Dbr1 as we observed in vitro (Fig. 4E), or DFO could
chelate cellular stores and reduce Fe available for loading
into enzymes such as Dbr1 (Dayani et al. 2004; Umemura
et al. 2017).
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Conclusions

Here we demonstrate that yDbr1 contains Fe and Zn when
purified following recombinant expression in E. coli. This
enzyme preparation has a relatively high ke, of 5.6 sec .
In comparison, EhDbr1 has a ket of 2.0 sec”' against the
same bRNA substrate. We report that apo-yDbr1 reconsti-
tuted with Fe?* debranches at 9.2 sec™, and 1.1 sec™’
when reconstituted with Mn?*. Working with redox-sensi-
tive Fe?* under anaerobic conditions is technically difficult
and requires specialized equipment. Mn?" can be substi-
tuted for Fe®" in the B-pocket of Dbr1 (Figs. 1A,B; 3A)
when anaerobic experiments are not feasible or justified.
In general, Mn?* is a good analog for Fe?* as it can accom-
modate similar coordination states and metal-ligand dis-
tances (Kuppuraj et al. 2009). Considering how similar
the two metal ions are, it is surprising that the catalytic ac-
tivity is approximately ninefold higher with Fe** compared
to Mn?*. While we did not examine combinations of Fe?*
and Zn?* in this study, we previously showed that combina-
tions of Fe?" and Zn?* reconstituted full activity to apo-
EhDbr1 (Clark et al. 2016).

We believe that the difficulty of working with ferrous iron
in vitro formed a barrier to recognizing the ability of Fe?* to
support debranching by Dbr1. In vivo, cells are able to
maintain a reducing environment and actively manage
the pools of Fe?* (Andrews and Schmidt 2007). When cells
are lysed in a normal laboratory environment, oxygen can
diffuse into the buffers and oxidize Fe?* to the insoluble
ferric form (Fe®*). To minimize oxidation, we de-gas our
buffers, use reducing agents (TCEP and DTT), and snap-
freeze our enzyme preparations.

One of the earliest yeast Dbr1 publications assayed the
enzyme without the addition of any exogenous metal ions
and found a robust activity (Nam et al. 1994). We also ob-
serve no requirement of exogenous metal ions for robust
activity if the purification scheme does not include EDTA
or other metal chelators, and some care is taken to mini-
mize oxidation. The Cys residue that distinguishes Dbr1
from other MPEs binds a Zn ion (Fig. 1A; Clark et al.
2016; Ransey et al. 2017). We propose that the Zn-Cys
bond stabilizes the o-pocket Zn and protects the B-pocket
Fe?* from oxidation. This enables purification of highly ac-
tive Fe**/Zn** recombinant yDbr1 and EnDbr1 under nor-
mal aerobic laboratory conditions (Clark et al. 2016).

Fe and Zn are the most abundant metals in culture me-
dia and human tissue (Supplemental Table 1). Highly ac-
tive yDbr1 retains stoichiometric levels of Fe and Zn
throughout a 72 h purification scheme consisting of two af-
finity columns and overnight dialysis, suggesting that the
Fe and Zn ions are tightly bound and slow to exchange.
We hypothesize that Fe and Zn are the biologically rele-
vant metals for Dbr1. This hypothesis is supported by our
observation that the iron chelator DFO raises the lariat lev-
els in a human cell line. In light of this apparent Fe-depen-
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dence, we believe that future studies could link oxidative
stress to Dbr1 activity and lariat levels. Such studies could
provide further insights into the roles of lariat RNA in viral
immunity, antibody generation, neurodegeneration, and
retrovirus replication (Ye et al. 2005; Armakola et al.
2012; Zheng et al. 2015; Galvis et al. 2017; Zhang et al.
2018).

MATERIALS AND METHODS

Homology modeling

The yDbr1 homology model was generated with SWISS-MODEL
(Waterhouse et al. 2018), aligned with EhDbr1 PDB 5k73 in Coot
(Emsley et al. 2010) using the SSM function, and the figure was
prepared in PyMol (Schrodinger). yDbr1 is 33% identical to
EhDbr1, and the average model confidence (QMEANDIsCo) is
0.63 +=0.05 (Benkert et al. 2011).

Protein expression and purification

The yeast Dbr1 gene was PCR amplified from S. cerevisiae geno-
mic DNA, cloned into a modified pET 32 vector, and sequenced
to confirm integrity of the open reading frame. The sequence ver-
ified expression vector was transformed into BL21 cells, and 6 L of
transformed cells were cultured in Terrific Broth with ampicillin at
37°C. When the culture reached an absorbance of 3 OD (A = 600
nm), the temperature was reduced to 18°C, 1 mM IPTG was add-
ed, and the cells were cultured overight. The following day, cells
were harvested by centrifugation, resuspended in 300 mL of Ni-A
buffer (500 mM NaCl, 50 mM Tris pH 8, 20 mM imidazole, 1 mM
TCEP, and 1 mM DTT) supplemented with protease inhibitor
cocktail (Sigma P8849). All buffers were treated with Chelex 100
resin (Bio-Rad) to minimize trace metal contamination. Cells
were lysed with a high intensity 1" sonicator horn (Qsonica) with
cooling provided by an ice water bath, then clarified by centrifu-
gation at 15,000g for 30 min at 4°C. Clarified lysate was filtered
with a 0.45 pm filter, and then loaded onto a 20 mL Ni column
(Ni-Sepharose FF, GE Healthcare), and eluted with a shallow gra-
dient of Ni-A supplemented with 400 mM imidazole. Fractions
containing yDbr1 were pooled in a dialysis bag with TEV protease
ata 1:50 ratio, and dialyzed overnight in Heparin-A buffer (50 mM
HEPES pH 7, 50 mM NaCl, 1 mM TCEP, and 1 mM DTT). Dialyzed
fractions were applied to a 5 mL HiTrap Heparin column (GE
Healthcare), washed, and eluted with a shallow gradient of
Heparin-A buffer supplemented with 1 M NaCl. The major
yDbr1 peak eluted at ~45 mS/cm conductivity.

Preparation of apo-yDbr1

To prepare metal-free apo-enzyme, heparin-column fractions of
yDbr1 were pooled and diluted in stripping buffer to a volume
of 14 mL (10 mM EDTA, 10 mM NTA, 50 mM HEPES pH 7, 100
mM NaCl, 1 mM TCEP, 1 mM DTT). The protein was concentrated
in an Amicon 30,000 mwco spin concentrator (Millipore) to a vol-
ume of 1 mL, then diluted again to 14 mL with stripping buffer,
and this was repeated a total of six times with stripping buffer,
followed by four cycles of dilution and concentration with
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Chelex-treated assay buffer (100 mM NaCl, 50 mM HEPES pH 7, 1
mM TCEP, 1 mM DTT). The concentrated protein (~1 mL) was
then dialyzed against 4 L of assay buffer for 24 h at 4°C to remove
any remaining metal chelators.

Inductively coupled plasma mass spectrometry

Protein samples of recombinant and apo yDbr1 at 10 mg/mL were
diluted 50-fold in 5 mL of 2% nitric acid. Ultrapure water was from
a Milli-Q Academic system (Millipore), and deionized water was
from a lab faucet. Terrific Broth was from RPI, made according
to manufacturer’s protocols with deionized water. Insect media
was serum-free SFX media from Expression Systems.

The concentrations of Mn, Fe, Co, Ni, Cu, and Zn were mea-
sured with an Agilent 7500ce ICP-MS at the University of Texas
at Austin (Dept. of Geological Sciences). The instrument was op-
timized for sensitivity across the AMU range, while minimizing ox-
ide production (<1.5%). The analytical method employed an
octopole reaction system (ORS) operated in hydrogen (reaction-
mode) for removal of polyatomic interferences, and no gas
mode for interference-free analytes. Internal standards, mixed
into unknowns via in-run pumping, were used to compensate
for instrumental drift and internal standard intensity variations
were well within QA tolerances (£50%). Limits of detection, based
upon the population of blank (2% HNO3) analyses interspersed
throughout the analytical sequence, were below 0.2 ppb.
Analyte recoveries obtained for 2—4 replicates of two indepen-
dent quality control standards were typically within 5% of certified
values. Relative precisions obtained for these quality control stan-
dards were typically within 0.8 to 1.6% of replicate averages.
Analyte concentrations in diluted sample fractions were typically
10x higher than detection limits for Fe, Ni, Cu, and Zn, 1-5x high-
er for Mn, and <1 for Co. ICP-MS analytical parameters and qual-
ity control metrics are shown in Supplemental Tables 1, 2. Molar
equivalents of transition and alkali metals were calculated by di-
viding the metal concentration measured with ICP-MS by the pro-
tein concentration measured with UV280 absorbance.

Kinetic analysis of recombinant yDbr1

To determine the K, and k. of recombinant yDbr1, we mea-
sured the hydrolysis rate of the synthetic branched RNA substrate
AKB88 at different concentrations. AK88 was prepared at 10, 5, 2.5,
1.25,0.63, 0.31, and 0.16 uM. Recombinant yDbr1 was prepared
at 5 nM. Protein and substrate were prepared in assay buffer (100
mM NaCl, 50 mM HEPES pH 7, 1 mM TCEP, 1 mM DTT). No ex-
ogenous metal ions were added to any component of the reac-
tion. 20 pL of substrate was dispensed into a multiwell plate
(Costar 3694, 2 area black 96-well plate), then 20 pL of enzyme
was dispensed immediately before reading in a BioTek Synergy
H1 plate reader. Each substrate concentration was assayed in trip-
licate. Product development was measured by exciting at 485 nM,
and measuring emission at 528 nm with 20 nm bandwidth filters.
The maximum velocity of the reactions (in RFU/sec) was calculat-
ed using the BioTek Gen5 software (Version 3.08.01). To convert
from RFU/sec to uM/sec, the difference between fluorescence of
substrate-only and completed reactions was divided by the sub-
strate concentrations, and the puM/sec rates were then divided
by the enzyme concentration (2.5 nM final) to obtain initial turn-

over rates (sec™"). The resulting curves were fit to the Michaelis—
Menten equation in Prism (GraphPad) to obtain estimates of K,
and keat.

Metal-dependence assays

To measure the ability of Zn?*, Mn?*, and Fe?* to reconstitute
debranching activity to metal-free apo-yDbr1, we utilized a BMG
Omega plate reader (BMG Labtech) housed in an anaerobic cham-
ber (Coy labs) maintained with a mixture of 10% hydrogen/90% ni-
trogen. 1 M solutions of Zn?*SO,, Mn?*SO,, and Fe?*
(NH4)2(SO4), were prepared fresh in 2 mM HCI (inside the cham-
ber) prior to the assays. Buffers were sparged with nitrogen prior
to entrance into the anaerobic chamber, and all solutions (metals,
apo-enzyme) were subjected to five vacuum/nitrogen purge cy-
cles in the chamber interlock prior to entry into the chamber.
Inside the chamber, 9 uL of 1.1 uM apo-yDbr1 (in assay buffer)
was mixed with 1 uL of metal stocks in black nonbinding 384-
well plates (Corning 4514). The final concentrations were 0.5-
100 pM metals, and 1 pM apo-yDbr1. To ensure that apo-yDbr1
was devoid of activity, mock reconstitutions with 2 mM HCL
were performed in parallel. Apoenzyme and metals were equili-
brated for 10 min prior to substrate addition. The reactions were
initiated by injecting 10 uL of 20 uM AK88 bRNA substrate in assay
buffer using the on-board reagent injectors. Final concentrations
were 10 uM AK88 bRNA, and 0.5 uM yDbr1. Fluorescence inten-
sity (488 ex/520 em) was measured every 0.08 sec for 20 sec using
“well-mode” for rapid-kinetics. The slope of the linear portion of
the reactions (RFU/sec) was calculated in Excel, and otherwise
data analysis was explained in the previous section.

Lymphoblastoid culture, DFO treatment,
and sequencing

Lymphoblast cells were cultured in RPMI 1640 with 15% fetal bo-
vine serum and 1% penicillin/streptomycin. 200 pM DFO was
added to two wells of a six-well plate, and two control wells
were maintained in parallel. After 60 h, RNA was extracted with
TRIzol, and libraries were prepared with a TruSeq Stranded
Total RNA Human/Mouse/Rat kit (lllumina). Sequencing libraries
(25 pM) were chemically denatured and applied to an lllumina
HiSeq v4 paired-end flow cell using an lllumina cBot.
Hybridized molecules were clonally amplified and annealed to se-
quencing primers with reagents from an lllumina HiSeq PE Cluster
Kit v4-cBot (PE-401-4001). Following transfer of the flow cell to an
lllumina HiSeq 2500 instrument (HCS v2.2.38 and RTA v1.18.61),
a 125 cycle paired-end sequence run was performed using HiSeq
SBS Kit v4 sequencing reagents (FC-401-4003). Following se-
quencing, lariats were counted using gapped, inverted branch-
point alignments (Taggart et al. 2017) and the ShapeShifter
method (Taggart and Fairbrother 2018). To calculate gene ex-
pression changes, transcripts were quantified with Salmon
(Patro et al. 2017), and differential expression was analyzed with
DESeq?2 (Love et al. 2014), and adjusted P-values used the false
discovery rate correction (Benjamini and Hochberg 1995). The
RNA-seq data are available as UCSC Genome Brower tracks:
https://genome.ucsc.edu/s/allisontaggart/DFO and in GEO un-
der accession numbers (GSE199077).
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DFO and EDTA inhibition assay

Recombinant yDbr1 was diluted to 50 nM in assay buffer (100 mM
NaCl, 50 mM HEPES pH 7, 1 mM TCEP, 1 mM DTT). 3 x 100 pL
aliquots were mixed with either 1 pL of water, 10 mM EDTA, or
10 mM DFO at time =0, and the mixtures were incubated at
room temperature. Final concentrations were 100 uM EDTA or
DFO. At 30 min and 3 h, 20 pL of the enzyme-chelator samples
were mixed with 20 pL of 5 uM AK88 substrate and activity was
measured as described in “Kinetic analysis of recombinant
yDbr1.” Duplicate reactions were measured for each sample at
each timepoint. The debranching rates (RFU/sec) were calculated
using Genb software (BioTek), normalized to the mean of water-
only control reactions with Excel, and plotted with GraphPad
(Prism).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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iats. The gene for yeast Dbr1 was isolated in 1991, but the enzyme
has resisted crystallization, and there is a lack of consensus in the
field as to which metal ions yeast Dbr1 requires. Through elemen-
tal analysis of yeast Dbr1 protein samples, enzyme kinetics, and re-
constitution of metal-free Dbr1 under anaerobic conditions, we
discovered that Dbr1 has a strong preference for iron. This implies
that lariat metabolism is dependent on iron availability. Because
iron is a redox-sensitive metal, the ability of yeast cells (and other
cells) to metabolize intron lariats may be linked to the redox status
of the cell, and Dbr1 may shut down with oxidative stress. This find-
ing offers some clues to the unresolved question of why cells
devote significant resources to maintaining and transcribing
intronic sequences when the products (intron lariats) are rapidly
degraded and to date, have few well-defined biological roles.

What led you to study RNA or this aspect of RNA science?

I began to study RNA as a postdoc, when | started to work on struc-
tural biology and enzymology of Dbr1 enzymes. Dbr1 enzymes are
fascinating, and Dbr1 is implicated in human diseases such as
amyotrophic lateral sclerosis, HIV, and innate immunity to viruses.
However, many of the mechanistic details as to precisely how Dbr1
activity affects these processes remain obscure, and there are
many open questions in the field.

During the course of these experiments, were there any
surprising results or particular difficulties that altered your
thinking and subsequent focus?

When | started working on the Dbr1 enzyme, the consensus in
the field was that the enzyme required manganese. Through a
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collaboration with Drs. Masad J. Damha and Adam Katolik, we ac-
quired a truly novel reagent—a fluorogenic Dbr1 substrate amena-
ble to real-time kinetics. All prior Dbr1 enzymology relied on gel-
based autoradiographic assays. As | began to work out assay con-
ditions, | was surprised to find that the Dbr1 enzymes were highly
active without added metals, and this observation lead to an unex-
pected new focus for my research. Initially, | analyzed the metal
dependence of E. histolytica Dbr1 (a Dbr1 homolog for which
we determined the crystal structure) and found that the enzyme
was iron-dependent. In this manuscript, we extend our analysis
and demonstrate that yeast Dbr1 is an iron-dependent enzyme.
This surprising result suggests that lariat metabolism is intrinsically
linked to iron homeostasis and redox state (ferrous/2 + vs ferric/3 +
oxidation states).
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What are some of the landmark moments that provoked your
interest in science or your development as a scientist?

Solving my first crystal structure as a graduate student was an im-
portant moment in my development as a scientist. It was a long
battle to crystallize this human glycoprotein (human a-NAGAL),
and | had to develop an insect-cell expression system, purify the
protein from buckets of spent culture media, and then mutate spe-
cific glycosylation sites to obtain high quality crystals. Another
landmark moment was determining the metal dependence of
Dbr1, because everyone (including my advisor, Dr. P. John Hart)
thought | was wrong (and possibly crazy) when | floated the idea
that Dbr1 required iron (and not manganese). In the end, they
were convinced by the data | obtained with the help of excellent
collaborators and colleagues.



