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ABSTRACT

The proteome of the amoebo-flagellate protozoan Naegleria gruberi is rich in candidate RNA repair enzymes, including 15
putative RNA ligases, one of which, NgrRnl, is a eukaryal homolog of Deinococcus radiodurans RNA ligase, DraRnl. Here we
report that purified recombinant NgrRnl seals nicked 3'-OH/5’-PO, duplexes in which the 3'-OH strand is RNA. It does so via
the “classic” ligase pathway, entailing reaction with ATP to form a covalent NgrRnl-AMP intermediate, transfer of AMP to the
nick 5'-PO,, and attack of the RNA 3’-OH on the adenylylated nick to form a 3'-5' phosphodiester. Unlike members of the
four known families of ATP-dependent RNA ligases, NgrRnl lacks a carboxy-terminal appendage to its nucleotidyltransferase
domain. Instead, it contains a defining amino-terminal domain that we show is important for 3'-OH/5'-PO4 nick-sealing and
ligase adenylylation, but dispensable for phosphodiester synthesis at a preadenylylated nick. We propose that NgrRnl, DraRnl,
and their homologs from diverse bacteria, viruses, and unicellular eukarya comprise a new “Rnl5 family” of nick-sealing

ligases with a signature domain organization.
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INTRODUCTION

RNA ligases rectify RNA breaks, either as a means of revers-
ing the effects of RNA damage or in the service of rearranging
RNA primary structure. The classic ATP-dependent RNA li-
gases join 3'-OH and 5'-PO, ends via three sequential nucle-
otidyl transfer steps, similar to those of DNA ligases. First,
RNA ligase reacts with ATP to form a covalent ligase-(lysyl-
N)-AMP intermediate plus pyrophosphate. Second, AMP
is transferred from ligase-adenylate to the 5'-PO4 RNA end
to form an RNA-adenylate intermediate (AppRNA). Third,
ligase catalyzes attack by an RNA 3’-OH on the RNA-adenyl-
ate to seal the two ends via a 3'-5" phosphodiester bond and
release AMP.

The step 1 autoadenylylation reaction of RNA ligases is
performed by a nucleotidyltransferase (NTase) domain that
is conserved in ATP-dependent and NAD-dependent
DNA ligases and GTP-dependent RNA capping enzymes
(Shuman and Lima 2004). The NTase domain includes six
conserved peptide motifs (I, Ia, III, Illa, IV, and V) that
form the nucleotide-binding pocket. Motif I includes the ly-
sine that becomes covalently attached to the NMP. It is pro-
posed that RNA and DNA ligases and RNA capping enzymes
evolved from an ancestral stand-alone NTase domain (Ho
et al. 2004) via clade-specific acquisitions of flanking domain
modules. For most RNA ligases, substrate specificity and ded-
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ication to a particular biological pathway of RNA sealing have
evolved by fusions of the NTase domain to structurally
diverse carboxy-terminal domain modules.

There are presently four structurally characterized RNA li-
gase families, exemplified by the following: bacteriophage T4
RNA ligase 1 (Rnll family) (El Omari et al. 2006); T4 RNA
ligase 2 and Trypanosome REL1 (Rnl2 family) (Nandakumar
et al. 2006); Pyrococccus abyssi RNA ligase (Rnl3 family)
(Brooks et al. 2008); and Clostridium thermocellum RNA li-
gase (Rnl4 family) (Smith et al. 2012; Wang et al. 2012).
The physiology and biochemistry of the Rnl families suggest
a division of labor in RNA repair, whereby Rnll and Rnl4 li-
gases are tailored to seal single-strand breaks in the loop of
RNA stem-loops (Amitsur et al. 1987; Wang et al. 2007; Nan-
dakumar et al. 2008; Zhang et al. 2012), whereas Rnl2 ligases
are designed to seal 3'-OH/5’-PO, nicks in duplex RNAs and/
or RNA:DNA hybrids (Blanc et al. 1999; Nandakumar et al.
2004; Nandakumar and Shuman 2004; Chauleau and Shu-
man 2013).

DraRnl, an ATP-dependent nick-sealing RNA ligase en-
coded by the bacterium Deinococcus radiodurans (Martins
and Shuman 2004), does not belong to any of the established
ligase families. The distinctive features of the DraRnl protein
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Eukaryal nick-sealing RNA ligase

are that it consists of a carboxy-terminal NTase domain fused
to a unique N-terminal module (Fig. 1A). DraRnl has been
characterized biochemically (Martins and Shuman 2004;
Raymond and Shuman 2007; Schmier and Shuman 2014)
but its structure is tabula rasa.

Homologs of DraRnl are encoded by 35 bacterial genera,
representing 10 different phyla (Schmier and Shuman
2014). Bacteriophages that prey on Aeromonas, Caulobacter,
Mpycobacterium, and Sinorhizobium also encode homologs
of DraRnl. An archaeal homolog is present in Methanobrevi-
bacter ruminantium. We are especially intrigued by the pres-
ence of DraRnl homologs in many unicellular eukarya,
including 13 genera of fungi, the amoebae Dictyostelium
and Polysphondylium, and the amoebo-flagellate Naegleria.

Our aim in the present study was to biochemically charac-
terize a eukaryal member of the DraRnl-like clade, specifically
the homolog encoded by Naegleria gruberi. Naegleria are a ge-
nus of free-living fresh-water protozoa that have a complex life
cycle whereby they are able to change rapidly from amoebal to
flagellate morphology. A member of this taxon, N. fowleri (the
“brain-eating amoeba”) is a virulent human pathogen, caus-
ing a devastating brain infection, primary amoebic meningo-
encephalitis. The 41 Mb genome of the avirulent species N.
gruberi embraces 15,727 predicted protein-coding genes
(Fritz-Laylin et al. 2010). To our inspection, the N. gruberi
proteome is unusually rich in candidate RNA repair enzymes,
including 13 putative ATP-dependent RNA ligases, seven of
which belong to the Rnll family and five of which belong to
the Rnl2 family. N. gruberi encodes a single homolog of
DraRnl (Genbank XP_002669268.1), a 339-aa polypeptide
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that we will refer to henceforth as NgrRnl. Alignment of the
NgrRnl and DraRnl polypeptides highlights conservation of
both the clade-defining N domain and the carboxy-terminal
NTase domain, to the extent of 82 positions of amino acid
identity and 46 positions of side chain similarity (Fig. 1A).
The NTase domain of NgrRnl includes readily identifiable
counterparts of motifs I, Ia, III, VI, and V (Fig. 1A).

Here we ask (and answer) the following questions: (i) Is
NgrRnl a bona fide RNA ligase? (Yes); (i) What is its nucleic
acid substrate preference? (Nicked duplex nucleic acid with a
3’-OH RNA strand); and (iii) Is the N-domain functionally
relevant (Yes). Anent the latter issue, we have shown that
the N-domain is important for 3'-OH/5'-PO, nick sealing
and ligase adenylylation, but is dispensable for nick sealing
at a preadenylylated nick. Based on our findings, we propose
that DraRnl, NgrRnl, and their many homologs comprise a
new and widely distributed “Rnl5 family” of nick-sealing
RNA ligases with a signature domain organization.

RESULTS

NgrRnl is a 3’-OH/5’-PO, nick-sealing ligase

We produced recombinant full-length wild-type NgrRnl in
E. coli as a His;(Smt3-NgrRnl fusion and isolated it from
a soluble bacterial extract by Ni-affinity chromatography.
After cleaving the tag during overnight dialysis in the pres-
ence of the Smt3 protease Ulpl, we recovered tag-free
NgrRnl in the flow-through fraction during a second Ni-
affinity step. After subsequent steps of anion-exchange
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FIGURE 1. Recombinant NgrRnl and NgrRnl-AN. (A) The amino acid sequence of NgrRnl (genbank accession XP_002669268.1) is aligned to that
of DraRnl (accession NP_051627.1). Positions of amino acid side chain identity/similarity are denoted by dots above the NgrRnl sequence. Gaps in the
alignment are indicated by dashes. The N domain and the nucleotidyltransferase (NTase) domain are indicated by brackets at left. NTase motifs I, Ia,
IIL, IV, and V are indicated by brackets below the DraRnl sequence. Amino acids identified previously as essential for the nick-sealing activity of DraRnl
are shaded gray. The translation start site of the truncated derivative NgrRnl-AN at position 127 is indicated by the arrowhead above the NgrRnl se-
quence. (B) Aliquots (3 pg) of recombinant wild-type (WT) NgrRnl and NgrRnl-AN were analyzed by SDS PAGE. The Coomassie blue-stained gel is
shown. The positions and sizes (kDa) of marker polypeptide are indicated at left. (C) Nick-sealing reaction mixtures (10 pL) containing 50 mM Tris—
acetate (pH 6.0), 5 mM MnCl,, 0.2 mM ATP, 5 mM DTT, 1 pmol (0.1 uM) of 2p-labeled nicked duplex (shown at the bottom, with the 2P label at the
nick denoted by « and the RNAqy strand depicted in white on a black background), and WT NgrRnl or NgrRnl-AN as specified were incubated for 30
min at 37°C. The products were analyzed by urea-PAGE. The extent of nick sealing, quantified by scanning the gel, is plotted as a function of input
NgrRnl. Each datum is the average of three independent protein titration experiments =SEM.
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chromatography and gel filtration, during which NgrRnl
eluted as a monomer, the preparation comprised a predom-
inant ~38 kDa polypeptide (Fig. 1B). Reaction of NgrRnl
with a nicked duplex substrate, composed of an 18-mer 5’
?p_labeled DNA strand and an unlabeled 18-mer 3'-OH
RNA strand annealed to a 36-mer DNA strand (shown in
Fig. 1C, with the nucleotides of the RNAqy strand lettered
in white against a black background), in the presence of
ATP and Mn** resulted in the formation of a **P-labeled
36-mer RNApDNA strand that was resolved from the input
*?P_labeled 18-mer DNA by urea-PAGE (e.g., see Fig. 2C).
The extent of ligation was proportional to input NgrRnl
and proceeded to >90% vyield at saturating enzyme (Fig.
1C). In parallel, we produced and purified a truncated ver-
sion, NgrRnl-AN, that lacks the amino-terminal 126-aa seg-
ment (Fig. 1B). The specific activity of NgrRnl-AN in nick
sealing was 4% of the full-length wild-type NgrRnl (Fig. 1C).

NgrRnl NTase motif I '"’KLDG embraces the predicted
lysine nucleophile for adenylate transfer (Fig. 1A). We re-
placed Lys170 with alanine, methionine, glutamine, or histi-
dine in the context of the full-length polypeptide (Fig. 2A).
All of the mutants were inert in 3’-OH/5’-PO, nick sealing
(Fig. 2B).

A 3’-OH RNA strand is required for nick sealing

Ligase activity was tested with a series of singly nicked duplex-
es shown in Figure 2C, each 32p_labeled at the nick 5'-PQy, in
which (i) the 3-OH and 5’-PO, strands were both RNA; (ii)
the 3’-OH strand was RNA and the 5'-PO, strand was DNA;
(iii) the 3’-OH strand was DNA and the 5'-PO, strand was
RNA; or (iv) the 3’-OH and 5'-PO, strands were both DNA.
Whereas NgrRnl effected near-quantitative sealing of the
two nicked duplexes in which the 3’-OH strand was RNA, it
was unable to seal either of the two nicked duplexes in which
the 3’-OH strand was DNA (Fig. 2C). The requirement by
NgrRnl for a nicked duplex with a 3’-OH RNA strand, and
its acceptance of either DNA or RNA in the 5'-POj, strand,
echoes the substrate specificities of DraRnl and T4 Rnl2
(Martins and Shuman 2004; Nandakumar et al. 2004).

We then compared variants of the nicked duplex sub-
strate in which the 5-PO, and template strands were DNA
and the 3’-OH strand consisted of 18 ribonucleotides, 15
deoxynucleotides and 3 ribonucleotides, or 16 deoxynucleo-
tides and 2 ribonucleotides (Fig. 2D). Enzyme titration ex-
periments showed that ligase specific activity was reduced
sharply and progressively when the RNA content was limited
to three or two nucleotides at the nick 3’-OH end (Fig. 2D).
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FIGURE 2. NgrRnl is a nick-sealing RNA ligase. (A) Aliquots (10 pg) of purified recombinant wild-type NgrRnl with motif I Lys170, or mutated
versions in which Lys170 was replaced by Ala, Met, Gln, or His, were analyzed by SDS-PAGE. The Coomassie blue-stained gel is shown. The positions
and sizes (kDa) of marker polypeptides are indicated on the left. (B) Nick-sealing activity requires Lys170. Reaction mixtures (10 uL) containing
50 mM Tris—acetate (pH 6.0), 5 mM MnCl,, 0.2 mM ATP, 5 mM DTT, 1 pmol (0.1 uM) of 32p_labeled nicked duplex (shown at the bottom,
with the **P label at the nick denoted by * and the RNAqy; strand depicted in white on a black background), and either no NgrRnl (—) or 5 pmol
of NgrRnl as specified were incubated for 30 min at 37°C. The products were resolved by urea-PAGE and visualized by autoradiography. (C)
Requirement for RNA on the 3'-OH side of the nick. Reaction mixtures (10 puL) containing 50 mM Tris—acetate (pH 6.0), 5 mM MnCl,, 0.2 mM
ATP, 5 mM DTT, 1 pmol (0.1 pM) of 32p_labeled nicked duplex as specified (the structures of the four substrates is illustrated at the bottom, with
the **P label at the nick denoted by * and RNA strands depicted in white on a black background), and either no enzyme (=) or 5 pmol NgrRnl
(+) were incubated for 30 min at 37°C. (D) Reaction mixture containing 50 mM Tris—acetate (pH 6.0), 5 mM MnCl,, 0.2 mM ATP, 5 mM DTT,
1 pmol (0.1 pM) **P-labeled nicked duplex containing 2, 3, or 12 ribonucleotides (in white lettering on a black background), and NgrRnl as specified
were incubated for 30 min at 37°C.
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Whereas a similar trend was noted for DraRnl when RNA
content was reduced (Martins and Shuman 2004), T4 Rnl2
remained fully active when the 3’-OH strand included only
two ribonucleotides at the nick (Nandakumar and Shuman
2004).

All further characterization of the 3’-OH/5-PO; sealing
reaction was performed with the nicked duplex substrate
composed of a 3’-OH RNA strand, a 5-PO, DNA strand
and a DNA template strand. Nick sealing was strictly depen-
dent on a divalent cation cofactor (Fig. 3A, lane —). When
various metals were tested at 5 mM concentration, man-
ganese was the preferred cofactor. Magnesium also supported
nick sealing, albeit with some accumulation of the AppDNA
reaction intermediate, which migrated immediately above
the **P-labeled pDNA strand during urea-PAGE (Fig. 3A).
Cobalt was less effective, while cadmium and nickel were fee-
ble activators of ligation. Calcium permitted AppDNA for-
mation, without subsequent ligation. Copper and zinc were
inert. Divalent cation titrations (Fig. 3B) revealed that where-
as nick sealing was optimal at 2.5 mM Mn** or 5 mM Mg*",
the adenylated nicked intermediate (RNAop/AppDNA) was
virtually the sole species formed at limiting metal concentra-
tions, e.g., 0.31 mM Mn?* and 0.62 mM Mg2+. Based on the
results in Figure 3B, we routinely assayed nick sealing by
NgrRul in the presence of 5 mM manganese. Nick sealing
was found to be optimal at pH 5.5 to 6.5 and declined sharply
at pH >8.5 (Fig. 3C). The adenylylated nicked species accu-
mulated as the sole reaction product at pH 4.5 (Fig. 3C).
Omission of ATP did not efface nick-sealing activity (data
not shown), reflecting the presence of preformed NgrRnl-
AMP in the recombinant protein preparation. By plotting
the extent of ATP-independent nick sealing as a function in
input NgrRnl, we estimated that active NgrRnl-AMP com-
prised 50% of the enzyme preparation (data not shown).

Sealing of single-strand RNA

NgrRnl was comparatively feeble at ligating a 5" **P-labeled
single-strand 18-mer pRNA substrate (the same labeled
pRNA strand that was efficiently ligated when annealed to
form a nicked duplex in Fig. 1). In the presence of ATP
and Mn?", a 10-fold molar excess of NgrRnl over pRNA con-
verted 26% of the input 18-mer to AppRNA intermediate
and 13% of the input 18-mer to an RNA circle (via intramo-
lecular end joining). A trace amount of intermolecular seal-
ing generated a dimer RNA product (Supplemental Fig.
S1). No products were formed in the absence of a divalent
cation. In the presence of Mg>", NgrRnl converted 16% of
the 18-mer pRNA to AppRNA, without subsequent end-
joining (Supplemental Fig. S1). In contrast, virtually all of
the input pRNA single-strand reacted with T4 Rnll in the
presence of Mg>*. NgrRnl was unreactive with a 5" >*P-la-
beled single-strand 18-mer pDNA substrate of identical
nucleobase sequence in the presence of Mn** or Mg*" (Sup-
plemental Fig. S1).
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FIGURE 3. Optimal reaction conditions for nick sealing. (A) Divalent
cation requirement. Reaction mixtures (10 uL) containing 50 mM Tris—
acetate (pH 6.0), 0.2 mM ATP, 1 pmol (0.1 uM) of 32p_labeled nicked
duplex (shown at the bottom, with the 32p label at the nick denoted
by « and the RNAy strand depicted in white on a black background),
1 pmol NgrRnl, and 5 mM of the indicated divalent cation (as the chlo-
ride salt) were incubated for 30 min at 37°C. Divalent cation was omitted
from a control reaction in lane —. The products were resolved by urea-
PAGE and visualized by autoradiography. (B) Divalent cation concen-
tration dependence. Reaction mixtures (10 pL) contamln% 50 mM
Tris—acetate (pH 6.0), 0.2 mM ATP, 1 pmol (0.1 uM) of **P-labeled
nicked duplex, 1 pmol NgrRnl, and increasing concentrations of
MgCl, or MnCl, (0.31, 0.62, 1.25, 2.5, and 5 mM, proceeding from
left to right) were incubated for 30 min at 37°C. Divalent cation was
omitted from a control reaction in lane —. (C) pH profile. Reaction mix-
tures (10 uL) containing 50 mM Tris buffer (either Tris—acetate pH 4.5,
5.0,5.5,6.0,6.5,and 7.0 or Tris-HCl pH 7.5, 8.0 8.5, 9.0, and 9.5), 5 mM
MnCl,, 0.2 mM ATP, 1 pmol (0.1 uM) of 32p_labeled nicked duplex, and
1 pmol NgrRnl, were incubated for 30 min at 37°C. NgRnl was omitted
from a control reaction in lane —.

www.rnajournal.org 827



Unciuleac and Shuman

Ligase adenylylation

Reaction of NgrRnl with [a-**PJATP and 5 mM magnesium
or manganese yielded a covalent enzyme-[**P]JAMP adduct
detectable by SDS-PAGE (Fig. 4A). Calcium, cobalt, copper,
cadmium, nickel, and zinc were ineffective (Fig. 4A).
NgrRnl-AMP formation was ablated by mutating Lys170 to
Ala, Met, Gln, or His (Fig. 4B), consistent with motif I
Lys170 being the active site nucleophile. Ligase adenylylation
was optimal at pH 5.5-6.5 (Fig. 4C). The yield of NgrRnl-
AMP was proportional to input NgrRnl (Fig. 4D). From
the slope of the titration curve, we estimated that 50% of
the NgrRnl protein was labeled in vitro with [**P]AMP.
The extent of ligase adenylylation increased steadily with re-
action time up to 20 min and plateaued thereafter (data not
shown). The slowness of the ligase adenylylation step might
account for the relatively low turnover number in nick seal-
ing in the linear range of the enzyme titration experiments
(e.g., ~3 fmol of nicks sealed per fmol of NgrRnl) (Fig. 1C).

The NgrRnl-AN mutant was inactive in covalent adenyly-
lation in vitro under the reactions conditions that were opti-
mal for full-length NgrRnl. Variations in reaction conditions
showed that subtraction of the N domain caused an alkaline
shift in the pH profile of the NgrRnl-AN adenylylation reac-
tion, which was optimal at pH 9.0 (Supplemental Fig. S2). An
analogous alkaline shift in the adenylyltransferase pH profile
was noted for T4 Rnl2 when its signature carboxy-terminal
domain was deleted (Ho et al. 2004). Note that the extent
of NgrRnl-AN—[**P]AMP formation at its optimum of pH
9.0 was only 4% of the input enzyme, in contrast to 50%
adenylylation of NgrRnl at its optimum of pH 6.0. We con-
clude that removing the N domain of NgrRnl cripples the
composite nick-sealing reaction and, particularly, step 1
lysine adenylylation.

The N domain is dispensable for phosphodiester
synthesis at a preadenylylated nick

The third step of the classic ligation reaction pathway (phos-
phodiester formation) can be studied in isolation by assaying
the sealing of a preadenylylated nicked duplex. The preadeny-
lylated substrate was composed of an unlabeled 18-mer RNA
3/-OH strand and a 5" **P-labeled 18-mer AppDNA strand
annealed to a complementary 36-mer DNA template (Fig.
5C). The AppDNA strand was radiochemically pure and
well resolved from the pDNA species by urea-PAGE (Fig.
5A). Reaction of the preadenylylated nicked duplex with
NgrRnl-AN and manganese in the absence of ATP resulted
in near-quantitative joining of the RNAyy and AppDNA
strands to form an RNApDNA product (Fig. 5A). (There
was no detectable conversion of AppDNA to pDNA, signify-
ing that the forward step 3 phosphodiester synthesis reaction
was strongly favored over the reverse step 2 reaction on this
substrate.) When we compared by enzyme titration the
AppDNA nick-sealing activities of the full-length NgrRnl
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FIGURE 4. Ligase adenylylation. (A) Divalent cation requirement.
Reaction mixtures (10 pL) containing 50 mM Tris—acetate (pH 6.0),
50 uM [a—32P]ATP, 100 pmol NgrRnl, and 5 mM of the indicated diva-
lent cation (as the chloride salt) were incubated for 30 min at 37°C.
Divalent cation was omitted from a control reaction in lane —. The prod-
ucts were resolved by SDS-PAGE and visualized by autoradiography. (B)
Requirement for Lys170. Reaction mixtures (10 uL) containing 50 mM
Tris—acetate (pH 6.0), 50 uM [a->’P]ATP, 5 mM MgCl,, and 100 pmol
wild-type NgrRnl (with motif I Lys170), or mutated versions in which
Lys170 was replaced by Ala, Met, Gln, or His, were incubated for 30
min at 37°C. (C) pH profile. Reaction mixtures (10 uL) containing 50
mM Tris buffer (either Tris—acetate pH 4.5, 5.0, 5.5, 6.0, 6.5, and 7.0
or Tris-HCI pH 7.5, 8.0 and 8.5), 50 uM [a—32P]ATP, and 5 mM
MgCl,, and 100 pmol NgrRnl were incubated for 30 min at 37°C. (D)
NgrRnl titration. Reaction mixtures (10 pL) containing 50 mM Tris—ac-
etate (pH 6.0), 50 uM [a->*P]ATP, and 5 mM MgCl,, and NgrRnl as
specified were incubated for 30 min at 37°C. The extent of covalent
NgrRnl-[**P]JAMP adduct formation is plotted as a function of input
NgrRnl. Each datum is the average of three independent NgrRnl titra-
tion experiments £SEM.
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FIGURE5. The N domain is dispensable for sealing a preadenylylated nick. (A) Reaction mixtures (10 pL) containing 50 mM Tris—acetate (pH 6.0), 5
mM DTT, 5mM MnCl,, 1 pmol (0.1 uM) of **P-labeled preadenylylated nicked duplex substrates (depicted in Cwith the RNA strand lettered in white
on a black background), and either no enzyme (lanes —) or 10 pmol of NgrRnl-AN (lanes +) were incubated for 30 min at 37°C. The products were
resolved by urea-PAGE (through a 40-cm gel) and visualized by autoradiography. (B) Reaction mixtures (10 pL) containing 50 mM Tris—acetate (pH
6.0), 5 mM MnCl,, 5 mM DTT, 1 pmol (0.1 uM) 32p_labeled preadenylylated nicked duplex with 3'-OH RNA strand, and 0.5, 1, 2, 4, or 8 pmol wild-
type (WT) NgrRnl or NgrRnl-AN were incubated for 30 min at 37°C. The extent of nick sealing, quantified by scanning the gel, is plotted as a function
of input NgrRnl. Each datum is the average of three independent protein titration experiments £SEM. (D) Divalent cation requirement. Reaction
mixtures (10 uL) containing 50 mM Tris—acetate (pH 6.0), 1 pmol (0.1 uM) **P-labeled preadenylylated nicked duplex with 3'-OH RNA strand,
1 pmol NgrRnl-AN, and 5 mM of the indicated divalent cation (as the chloride salt) were incubated for 30 min at 37°C. Divalent cation was omitted
from a control reaction in lane —. (E) pH profile. Reaction mixtures (10 uL) containing 50 mM Tris buffer (either Tris—acetate pH 4.5, 5.0, 5.5, 6.0, 6.5,
7.0 or Tris—HCI pH 7.5, 8.0 8.5, 9.0, 9.5), 5 mM MnCl,, 1 pmol (0.1 pM) 32p_labeled preadenylylated nicked duplex with 3’-OH RNA strand, and
1 pmol NgrRnl-AN, were incubated for 30 min at 37°C. The products were resolved by urea-PAGE and visualized by autoradiography.

and the AN truncation, we were surprised to find that the Sealing of the RNApy and AppDNA strands by NgrRnl-
specific activity of AN was 10-fold greater than that of = AN depended on a divalent cation, which could be either
wild-type NgrRnl (Fig. 5C). Taking into account that half =~ manganese or magnesium (Fig. 5D). Cobalt, zinc, and
of the wild-type NgrRnl preparation is NgrRnl-AMP, and  nickel were feeble cofactors for step 3 sealing; calcium and
that only the apoenzyme form of the ligase can bind and  copper were inert (Fig. 5D). Phosphodiester synthesis was
seal a preadenylylated substrate, we surmise that the AN pro- optimum at pH 5.5-6.5 and declined sharply at pH <5.0 or
tein is fivefold better than the full-length ligase in joining the ~ >8.0 (Fig. 5E).

RNAoy and AppDNA strands.

We considered the prospect that the inability of NgrRnl to
seal a nick composed of 3'-OH and 5'-PO, DNA strands (Fig.
2C) might reflect a need for a 3'-OH RNA strand exclusively =~ The present study consolidates the existence and properties
during step 2 transfer of AMP from ligase-AMP to the nick  of a distinct family of RNA ligases, exemplified by eukaryal
5'-PO, to form AppDNA. If that were the case, then we might NgrRnl and bacterial DraRnl, that seal nicked 3'-OH/5'-
be able to bypass the 3-OH RNA requirement by preadenyly- PO, duplexes in which the 3'-OH strand is RNA. We suggest
lating the 5'-PO, of an all-DNA nick. To test this idea, we pre-  that this family be designated henceforth as Rnl5. Although
pared a preadenylylated nicked duplex with a 3'-OH DNA  biochemically similar to the Rnl2 family ligases that also re-
strand (Fig. 5C). There was barely detectable joining of the  pair broken RNA nicks (e.g., T4 Rnl2 and kinetoplastid
DNAoy strand to the AppDNA strand by NgrRnl-AN under ~ RELs), the Rnl5 clade has a unique domain organization.
the same conditions that allowed for full RNAqy to AppDNA  Specifically, it lacks a carboxy-terminal appendage to its
ligation (Fig. 5A). We conclude that a 3'-OH RNA nick is =~ NTase domain, and instead contains a defining N-terminal
critical for both step 2 and step 3 of the NgrRnl ligation path- domain that we find is important for 3’-OH/5’-PO, nick seal-
way. We did detect a low extent of step 2 reversal, manifestby  ing and ligase adenylylation, but not for phosphodiester syn-
formation of radiolabeled pDNA, when AN was reacted with  thesis at a preadenylylated nick. The capacity of the isolated
the all-DNA preadenylylated nick (Fig. 5A). NTase domain of NgRnl to catalyze step 3 of the ligation

DISCUSSION
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pathway echoes analogous findings that T4 Rnl2 retains step
3 activity when its signature carboxy-terminal domain is de-
leted (Ho et al. 2004; Nandakumar and Shuman 2005).

Our observations that NgrRnl lacking the N domain is
fivefold better than the full-length enzyme at phosphodiester
synthesis on a preadenylylated substrate accords with the
twofold improvement in RNApy to AppDNA sealing by
DraRnl when its N-domain was deleted (Raymond and
Shuman 2007). We conclude that the signature Rnl5 family
N-domain is an impediment to step 3 catalysis on an exoge-
nous preadenylylated nick. This is analogous to the situation
with T4 Rnl2, whereby deletion of its carboxy-terminal do-
main elicits a 10-fold gain of function in RNAoy/AppDNA
sealing (Nandakumar and Shuman 2005).

The RNA specificity of the eukaryal Rnl5 enzyme NgrRnl is
limited to the 3'-OH strand of the nicked duplex, implying
that NgrRnl either strictly requires A-form helical conforma-
tion on the 3’-OH side of the nick; or requires a ribose 2’-OH
at the nick for catalysis of steps 2 and 3 of the pathway. Our
inability to bypass the RNAy requirement by preadenylylat-
ing an all-DNA nick indicates that the 3'-OH RNA strand is
required for step 3. Moreover, because this experiment was
performed with the AN protein, we conclude that RNAqy
specificity is inherent in the NTase domain of NgrRnl.

NgrRul is the first eukaryal ligase of the Rnl5 family to be
characterized biochemically. Rnl5-type ligases are also found
in the proteomes of several other protozoa and of fungi.
Although the physiological substrates that are repaired by
Rnl5 enzymes are not known, their predilection for sealing
nicks with RNAgy ends in vitro has prompted speculation
that they (as well as Rnl2-family nick-sealing enzymes) could
be involved either in the repair of guide-strand directed RNA
damage (requiring the joining of RNAo and pRNA ends) or
of DNA damage in situations where single-strand gaps are
filled in with a short RNA patch by a repair polymerase (en-
tailing the joining of RNAoy and pDNA ends) (Schmier and
Shuman 2014).

Our focus on the Rnl5-type enzyme from Naegleria is mo-
tivated in part by the remarkably rich “menu” of candidate
RNA sealing enzymes in this organism’s proteome, which
dwarfs that of any other eukaryal model system. For example,
the yeasts Saccharomyces cerevisiae and Kluyveromyces lactis
and the plant Arabidopsis thaliana each have one ATP-depen-
dent RNA ligase, thought to belong to the Rnll family (Wang
and Shuman 2005; Nandakumar et al. 2008; Remus and
Shuman 2013, 2014), that performs both tRNA splicing
and nonspliceosomal mRNA splicing in the unfolded protein
response (Sidrauski et al. 1996). A structurally and biochemi-
cally similar Rnl1-like tRNA ligase is found in the chordate
Branchiostoma floridae (Englert et al. 2010). (The signature
biochemical feature of the yeast, plant, and Branchiostoma
tRNA ligases is their requirement for a terminal 2'-PO,
group on the 3'-OH RNA strand.) In contrast, N. gruberi en-
codes seven different Rnll family members (Genbank acces-
sions: EFC42678.1, EFC38327.1, EFC38820.1, EFC38271.1,
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EFC38139.1, EFC37058.1, EFC41136.1) and five different
Rnl2 family members (Genbank accessions: XP_002679917.1,
XP_002679286.1, XP_002672691.1, XP_002676530.1,
XP_002669886.1) in addition to the Rnl5 enzyme NgrRnl.
As if 13 classic RNA ligases were not enough, N. gruberi
also encodes two noncanonical RNA ligases of the RtcB fam-
ily (Genbank accessions: EFC45815.1, EFC42397.1). RtcBis a
GTP-dependent ligase that joins RNA 3'-PO, and 5-OH
ends via covalent RtcB-(histinyl-N)-GMP and RNA;ppsG
intermediates (Chakravarty et al. 2012). Mammals and the
nematode Caenorhabditis elegans encode a single RtcB that
is implicated in tRNA splicing and the unfolded protein re-
sponse (Jurkin et al. 2014; Kosmaczewski et al. 2014). It is at-
tractive to think that the plethora of RNA repair enzymes in
Naegleria reflects functional specialization of the ligase fami-
lies and paralogs for different types of RNA damage and/or
distinct biological pathways, akin to the specialization among
multiple DNA ligase paralogs in a given taxon for replication,
excision repair, recombination, or nonhomologous end-
joining. Taking speculation even further, it is worth con-
sidering that Naegleria RNA ligases might catalyze RNA re-
arrangements during the amoeba to flagellate developmental
switch.

MATERIALS AND METHODS

Recombinant NgrRnl

A synthetic NgrRnl gene synthesized by GenScript USA Inc. was in-
serted between the BamHI and Xhol sites of pET28b-His;,Smt3 to
generate pET-His;Smt3-NgrRnl, which encodes the 339-aa NgRnl
polypeptide fused to an amino-terminal His;(Smt3 module. A trun-
cated gene, encoding amino acids 127-339, was PCR-amplified and
inserted between the BamHI and Xhol sites of pET28b-His;(Smt3
to generate pET-His;oSmt3-NgrRnl-AN. Missense mutations of
the Lys170 codon were introduced into the full-length NgrRnl
gene by PCR amplification with mutagenic primers. The plasmid in-
serts were sequenced completely to exclude the acquisition of un-
wanted changes during PCR amplification and cloning. The
plasmids were electroporated into E. coli BL21(DE3) cells. To pro-
duce and purify full-length NgrRnl, a culture (6 L) amplified from
a single kanamycin-resistant transformant was grown at 37°C in
Luria-Bertani medium containing 0.1 mg/mL kanamycin until the
Agoo reached 0.6. The culture was then adjusted to 1 mM isopropyl
1-thio-B-D-galactopyranoside, followed by incubation for 3 h at
37°C with constant shaking. Cells were harvested by centrifugation
and stored at —80°C. All subsequent steps were performed at 4°C.
The bacterial cell pellet was thawed and resuspended in 100 mL lysis
buffer containing 50 mM Tris—HCI pH 8.0, 10% sucrose, 250 mM
NaCl, 0.05% Triton X-100. Lysis was achieved by sonication for 10
min, after which insoluble material was removed by centrifugation
in a Sorvall SS34 rotor for 60 min at 16,000 rpm. The soluble super-
natant was applied to two 12-mL nickel-nitrilotetraacetic acid
(NTA) agarose columns (Qiagen) that had been equilibrated with
buffer A (50 mM Tris—HCl, pH 8.0, 10% glycerol, 250 mM
NaCl). The columns were washed with buffer A and eluted step-
wise with 20, 100, 200, and 1000 mM imidazole in buffer A. The
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polypeptide compositions of the eluate fractions were monitored by
SDS-PAGE. The recombinant NgrRnl protein was recovered pre-
dominantly in the 200 mM imidazole eluates. Peak fractions were
pooled, supplemented with Smt3-specific protease Ulpl (at a
NgrRnl:Ulpl ratio of ~500:1), and then dialyzed overnight against
buffer A. The tag-less NgrRnl protein was separated from His;,Smt3
by passage over a second nickel-agarose column equilibrated in
buffer A. NgrRnl was recovered in the flow-through fraction. This
material was dialyzed overnight against buffer B (50 mM Tris—
HCI, pH 8.0, 10% glycerol, 20 mM NaCl). The dialysate was applied
to a 5-ml DEAE Sephacel column that had been equilibrated with
buffer B. NgrRnl was step eluted with 50 mM Tris—HCI, pH 8.0,
10% glycerol, 50 mM NaCl, concentrated by centrifugal ultrafiltra-
tion, then gel-filtered through a column of Superdex-200 equilibrat-
ed in 20 mM Tris pH 8.0, 100 mM NaCl. The peak NgrRnl fractions
were pooled, concentrated by centrifugal ultrafiltration, and stored
at —80°C. The NgrRnl K170A, K170M, K170Q), and K170H mutants
were purified as described above from 3 L bacterial cultures.
NgrRnl-AN was purified from a 2 L bacterial culture. Protein con-
centrations were determined by using the BioRad dye binding re-
agent, with bovine serum albumin as the standard.

Ligase substrates

The substrates used were singly nicked duplexes composed of an 18-
mer RNAgy strand and either a pDNA or pRNA 18-mer strand
(labeled with **P at the nick 5'-PO,) annealed to a 36-mer DNA
template strand. RNA oligonucleotides were purchased from
Dharmacon and deprotected according to the manufacturer’s in-
structions. The 5 **P-labeled oligonucleotides were prepared by la-
bel transfer from [y->*P]ATP catalyzed by T4 polynucleotide kinase,
then purified free of ATP by electrophoresis through a nondenatur-
ing 18% polyacrylamide gel. To form the nicked duplexes, the radio-
labeled pDNA or pRNA strand, RNAgy strand, and DNA template
strand were annealed at a 1:5:2 molar ratio in 200 mM NaCl, 10 mM
Tris—HCI (pH 6.8), 1 mM EDTA by incubation for 10 min at 65°C,
15 min at 37°C, and then 30 min at 22°C.

Nick sealing

Reaction mixtures (10 pL) constituted as described in the figure leg-
ends were incubated for 30 min at 37°C and then quenched by
adding 10 pL of 90% formamide, 50 mM EDTA. The mixtures
were analyzed by electrophoresis through a 15-cm 20% polyacryl-
amide gel containing 7.5 M urea in 44.5 mM Tris-borate (pH
8.3), 1 mM EDTA. The radiolabeled nucleic acids were visualized
by autoradiography. Where specified, the extent of sealing was
quantified by scanning the gel with a Fuji BAS-2500 imagining
apparatus.

Ligase adenylylation

Reaction mixtures (10 pL) constituted as described in the figure leg-
ends and including 50 pM [a->2P]ATP were incubated for 30 min at
37°C then quenched by adjustment to 2% SDS and 25 mM EDTA.
The mixtures were analyzed by electrophoresis though a 10% poly-
acyrlamide gel containing 0.1% SDS. The ligase—[**P]adenylate ad-
duct was visualized by autoradiography of the dried gel and

quantified, where indicated, by scanning the gel with a Fuji BAS-
2500 imaging apparatus.

5’-Adenylylated nicked duplex substrates

A preadenylylated 18-mer DNA strand (AppDNA) was prepared by
RtcA-mediated AMP transfer to a 5’ **P-labeled pDNA strand as de-
scribed (Chakravarty and Shuman 2011). The AppDNA was sepa-
rated from the pDNA by electrophoresis through a 40-cm 20%
polyacrylamide gel containing 7 M urea. After locating the strands
by autoradiography, a gel slice containing the AppDNA species
was excised and the AppDNA was eluted into 300 pL of 0.5 M am-
monium acetate (pH 8.0), 10 mM magnesium acetate (pH 8.0), 1
mM EDTA, 0.1% SDS during overnight incubation at 4°C. The
AppDNA strand was ethanol-precipitated and resuspended in 50
pL of 10 mM Tris—HCI (pH 8.0), 1 mM EDTA. The preadenylylated
nicked duplex substrates shown in the figures were formed by an-
nealing the radiolabeled AppDNA strand, either an 18-mer
RNAoy or DNAgy strand, and the complementary 36-mer DNA
template strand at a 1:5:2 molar ratio in 200 mM NaCl, 10 mM
Tris—=HCI (pH 6.8), 1 mM EDTA.

Phosphodiester synthesis at a preadenylylated nick

Reaction mixtures (10 pL) containing 50 mM Tris—acetate (pH 6.0),
5 mM MnCl,, 5 mM DTT, 1 pmol (0.1 uM) 32p_labeled preadeny-
lylated nicked duplex substrate and NgrRnl as specified were incu-
bated for 30 min at 37°C, then quenched with formamide, EDTA.
The mixtures were analyzed by urea-PAGE. The radiolabeled nucle-
ic acids were visualized by autoradiography. Where specified, the ex-
tent of sealing was quantified by scanning the gel with a Fuji BAS-
2500 imagining apparatus.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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