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Deinococcus radiodurans RNA ligase (DraRnl) is the founding member of a family of end-joining enzymes encoded by diverse
microbes and viruses. DraRnl ligates 3=-OH, 5=-PO4 nicks in double-stranded nucleic acids in which the nick 3=-OH end is RNA.
Here we gauge the effects of 3=-OH and 5=-PO4 base mispairs and damaged base lesions on the rate of nick sealing. DraRnl is in-
different to the identity of the 3=-OH nucleobase, provided that it is correctly paired. With 3=-OH mispairs, the DraRnl sealing
rate varies widely, with G-T and A-C mispairs being the best substrates and G-G, G-A, and A-A mispairs being the worst. DraRnl
accepts 3= A– 8-oxoguanine (oxoG) to be correctly paired, while it discriminates against U-oxoG and G-oxoG mispairs. DraRnl
displays high activity and low fidelity in sealing 3=-OH ends opposite an 8-oxoadenine lesion. It prefers 3=-OH adenosine when
sealing opposite an abasic template site. With 5=-PO4 mispairs, DraRnl seals a 5= T-G mispair as well as it does a 5= C-G pair; in
most other respects, the ligation fidelity at 5=mispairs is similar to that at 3=mispairs. DraRnl accepts a 5= A-oxoG end to be cor-
rectly paired, yet it is more tolerant of 5= T-oxoG and 5=G-oxoG mispairs than the equivalent configurations on the 3= side of the
nick. At 5= nucleobase-abasic site nicks, DraRnl prefers to ligate when the nucleobase is a purine. The biochemical properties of
DraRnl are compatible with its participation in the templated repair of RNA damage or in the sealing of filled DNA gaps that
have a 3= ribopatch.

Ionizing radiation (IR) damages nucleic acids via reactive hy-
droxyl radicals, generated by the radiolysis of water, that chem-

ically alter the nucleobases and sugar-phosphate backbone.
Closely spaced lesions on opposing strands of duplex DNA can
lead to lethal double-strand breaks. Cells and viruses deploy mul-
tiple enzymatic pathways to recognize and repair radiation-dam-
aged DNA. The final step in the repair cascade is the restoration of
the phosphodiester backbone by DNA ligase, an enzyme that seals
3=-OH and 5=-PO4 ends (1, 2).

RNA is also susceptible to base and backbone damage by IR
and oxidative stress. Hydroxyl radicals and the bleomycin class of
anticancer drugs cleave RNA in vitro and in vivo (3–6). Oxidative
damage triggered by exposure of cells to hydrogen peroxide gen-
erates 8-oxopurine nucleobases in RNA, principally, 8-oxogua-
nine (oxoG) (7). Accumulation of oxoG in cellular RNA is a fea-
ture of human neurodegenerative syndromes, such as Alzheimer’s
disease, parkinsonism, and amyotrophic lateral sclerosis (8, 9). It
is envisioned that damaged RNAs are degraded (9–11). However,
it may be advantageous at times for cells and viruses to repair
broken RNAs, rather than simply resynthesize them, in order to
rapidly restore the necessary templates and machinery for protein
synthesis. Enzymes capable of healing and sealing broken RNA
ends are widely prevalent in bacterial, archaeal, and eukaryal taxa
and are also encoded by bacterial and eukaryal viruses (12–25). It
has been suggested that RNA repair is a general mechanism to
circumvent or recover from damage inflicted by site-specific ribo-
toxin endoribonucleases that trigger cell death or arrest cell
growth (26–29). It is not yet clear whether RNA repair is also a
mechanism to evade radiation-induced damage to the RNA back-
bone.

RNA ligases are the central agents of RNA repair. Classic ATP-
dependent RNA ligases seal broken RNAs with 5=-PO4 and 3=-OH
ends. Three distinct nucleotidyl transfer steps define this reaction:

(i) RNA ligase reacts with ATP to generate a covalent enzyme–
(lysyl-N�)-AMP intermediate, (ii) AMP is transferred to the 5=-
PO4 end of the RNA to form 5=-adenylated RNA (AppRNA), and
(iii) ligase catalyzes the attack of the 3=-OH end on the AppRNA
intermediate to form a 3=-5= phosphodiester and release AMP
(30). An alternative sealing pathway is catalyzed by the RtcB
family of RNA ligases, whereby broken RNAs with 3=-PO4 and
5=-OH ends are joined in a GTP-dependent reaction via cova-
lent enzyme–(histidinyl-Nε)-GMP and RNA3= ppG intermedi-
ates (31–33).

The radiation-resistant bacterium Deinococcus radiodurans en-
codes an ATP-dependent RNA ligase, DraRnl, with a distinctive
biochemical specificity and domain architecture (34, 35). DraRnl
is a monomeric 342-amino-acid protein composed of an adeny-
lyltransferase domain (common to all classic polynucleotide li-
gases) and a signature N-terminal module, a putative OB fold.
DraRnl seals 3=-OH, 5=-PO4 nicks in duplex RNAs, and it requires
Mn2� for activity. DraRnl has a strict requirement for RNA in the
3=-OH strand of the nick but is nonselective in vitro for DNA
versus RNA in the 5=-PO4 strand or the template strand. The ad-
enylyltransferase domain of DraRnl is closely related to that of
other RNA ligases that seal duplex nicks, specifically, bacterio-
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phage T4 RNA ligase 2 (Rnl2) and the RNA-editing ligases (RELs)
of kinetoplastid protozoa Trypanosoma and Leishmania (36, 37).

Although nick-sealing RNA ligases are found in diverse taxa
and viruses, their biological functions have been established only
for the RELs, which are agents of mitochondrial mRNA editing
(38–40). In this process, guide RNA (gRNA) templates anneal to
the pre-mRNA via canonical Watson-Crick interactions and also
G-U pairs to form a pre-mRNA– gRNA duplex with a bulge at the
editing site. The pre-mRNA– gRNA duplex is endonucleolytically
cleaved in the pre-mRNA strand to form a 3=-OH, 5=-PO4 break.
When the extrahelical segment is in the gRNA, cleavage creates a
gapped duplex, to which a uridylyltransferase enzyme adds UMP
nucleotides to the 3=-OH break end, across from purines in the
gRNA, until the gap is filled. When the unpaired bulge is on the
pre-mRNA strand, cleavage generates a 3=-OH flap from which
UMPs are resected until the 3=-OH strand can pair as a duplex nick
with the gRNA. In both contexts, the RELs seal the resulting nicks.
Iterative gRNA-directed editing of the pre-mRNA at multiple sites
eventually establishes the proper translational reading frame. We
can speculate that the oxidative environment of the kinetoplast
mitochondria might damage gRNA templates, by converting pu-
rines to 8-oxopurines. Oxidized gRNAs could engender muta-
genic RNA editing if nucleotides are misincorporated opposite
8-oxopurines in the gRNA during gap filling and the mispaired
3=-OH N-oxopurine nicks are sealed by RELs. Recent studies of
bacteriophage T4 Rnl2, a homolog of the RELs, highlight its ability
to seal, in high yield, nicks with mispaired 3=-OH ends, including
3= A-oxoG ends (41).

Nothing is known as yet about the biological functions of
DraRnl, which exemplifies a distinct ligase clade. Therefore, we
sought insights from in vitro studies of DraRnl’s catalytic reper-
toire and substrate preferences to suggest plausible roles in vivo.
Because the Deinococcus operon that encodes DraRnl is transcrip-
tionally upregulated after exposure of bacteria to ionizing radia-
tion (42), we naturally invoked a role for the ligase activity in
nucleic acid repair, presumably in a pathway involving nicked
duplexes with 3=-OH RNA ends. In the study described here, we
investigated the fidelity of DraRnl in nick ligation and its ability to
contend with damaged base lesions at the nick. We interrogated
the effect of base pair identity at the nick 3=-OH and 5=-PO4 ends
and the impact of all base mispairs on nick sealing. We also gauged
the effects of abasic sites and oxopurines in the template strand
opposite the nick 3=-OH and 5=-PO4 nucleotides.

MATERIALS AND METHODS
Recombinant DraRnl. Plasmid pET28b-His10Smt3-DraRnl encodes
DraRnl fused to an N-terminal His10Smt3 domain under the transcrip-
tional control of a bacteriophage T7 RNA polymerase promoter. Cultures
(8 liters) of Escherichia coli BL21(DE3)/pET28b-His10Smt3-DraRnl cells
were grown at 37°C in terrific broth medium supplemented with 30 �g/ml
kanamycin until the A600 reached 0.6. The cultures were chilled on ice for
30 min, adjusted to 0.25 mM IPTG (isopropyl-�-D-thiogalactopyrano-
side) and 2% (vol/vol) ethanol, and then incubated for 17 h at 17°C with
continuous shaking. Cells were harvested by centrifugation, and the pel-
lets were stored at �20°C. All subsequent procedures were performed at
4°C. Thawed cells were resuspended in 250 ml of buffer A (50 mM Tris-
HCl, pH 8.0, 0.5 M NaCl, 20 mM imidazole) containing 10% sucrose and
then supplemented with lysozyme (1 mg/ml), phenylmethylsulfonyl flu-
oride (0.1 M), four protease inhibitor tablets (cOmplete, Mini, EDTA
free; Roche), and Triton X-100 (0.1%). After incubation for 1 h, the lysate
was sonicated to reduce viscosity. Insoluble material was removed by cen-

trifugation at 14,000 rpm for 45 min, and the soluble extract was applied
to an 8-ml column of His60 Ni Superflow resin (Clontech). The column
was serially washed with buffers containing 20 mM imidazole, 50 mM
imidazole, and then 3 M KCl. Bound material was then eluted stepwise
with 100 mM, 200 mM, and 500 mM imidazole in 50 mM Tris-HCl (pH
8.0), 0.5 M NaCl. The elution profile was monitored by SDS-PAGE. The
His10Smt3-DraRnl protein was primarily recovered in the 200 mM imi-
dazole fraction. The N-terminal His10Smt3 tag was removed by cleavage
with Ulp1 (an Smt3-specific protease; 1:100 ratio of Ulp1 to His10Smt3-
DraRnl) during overnight dialysis against 50 mM Tris-HCl (pH 8.0), 250
mM NaCl, 10 mM imidazole. The dialysate was applied to a 3.5-ml His60
Ni column equilibrated with 50 mM Tris-HCl (pH 8.0), 250 mM NaCl, 10
mM imidazole. Tag-free DraRnl was recovered in the flowthrough. The
DraRnl preparation was concentrated by centrifugal ultrafiltration
(10,000-molecular-weight cutoff; Amicon) and then applied to a 120-ml
S200 gel filtration column (GE Healthcare) equilibrated with 50 mM Tris-
HCl (pH 8.0), 500 mM NaCl, 5 mM dithiothreitol (DTT), 2 mM EDTA,
10% glycerol. The peak DraRnl fractions were pooled, concentrated to 1.5
mg/ml by centrifugal ultrafiltration, and stored at �80°C. The protein
concentration was determined with Bio-Rad dye-binding reagent using
bovine serum albumin as a standard.

Singly nicked duplex substrates. The substrates employed were singly
nicked duplexes composed of an RNAOH strand and a 5=-phosphate DNA
(pDNA) strand (labeled with 32P at the nick 5=-PO4) annealed to a 36-mer
DNA template strand. RNA oligonucleotides were purchased from Dhar-
macon and deprotected according to the manufacturer’s instructions.
DNA oligonucleotides, including those with chemical modifications (8-
oxoguanine, 8-oxoadenine [oxoA], or tetrahydrofuran [THF] abasic
nucleosides), were purchased from Eurofins MWG Operon. The 5= 32P-
labeled DNA oligonucleotides were prepared by label transfer from [�-
32P]ATP catalyzed by bacteriophage T4 polynucleotide kinase and then
purified free of ATP by electrophoresis through a nondenaturing 18%
polyacrylamide gel. To form the nicked duplexes, the radiolabeled pDNA
strand, RNAOH strand, and DNA template strand were annealed at a 1:5:2
molar ratio in 150 mM NaCl, 10 mM Tris-HCl (pH 8.0), 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 assay. Reaction mixtures (10 �l) containing 50 mM
Tris-acetate, pH 6.5, 5 mM DTT, 10 mM MnCl2, 100 nM (1 pmol) 5=
32P-labeled nicked duplex substrate, and 1 �M (10 pmol) DraRnl were
incubated at 22°C. The reactions were initiated by the addition of DraRnl
and quenched after 0.5, 1, 2, 5, 10, and 15 min by adding 15 �l of 80%
formamide, 100 mM EDTA, 0.025% xylene cyanol, 0.025% bromophenol
blue. The samples were heated for 5 min at 95°C and then analyzed by
electrophoresis through an 18% polyacrylamide gel containing 8 M urea
in 45 mM Tris-borate, 1 mM EDTA, which separated the 32P-labeled
RNApDNA product from the pDNA strand. The extents of ligation
(RNApDNA/[RNApDNA � pDNA]) were quantified by scanning the gel
with a Fujix BAS2500 imager.

RESULTS
Sealing of nicked duplexes with correctly paired 3=-OH and 5=-
PO4 ends. We analyzed the rate and extent of nick sealing by
DraRnl under conditions of enzyme excess, varying the identity of
the nucleobase (N)-X base pair (where X indicates any nucleo-
base) at the nick 3=-OH end as U-A, A-T, G-C, or C-G. The sub-
strates employed were singly nicked duplexes composed of an 18-
mer RNAOH strand and an 18-mer pDNA strand (labeled with 32P
at the nick 5=-PO4) annealed to a 36-mer DNA template strand
(Fig. 1A). The nicked duplexes (100 nM) were reacted with a 10-
fold molar excess of DraRnl (1 �M) in the presence of 10 mM
Mn2� and 0.2 mM ATP. The reactions were quenched with EDTA
and formamide after 0.5, 1, 2, 5, 10, and 15 min, and the products
were analyzed by urea-PAGE, which separated the radiolabeled
18-mer pDNA strand and the sealed 36-mer RNApDNA strand.
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The kinetic profiles are shown in Fig. 1A, where each datum is the
average of at least three separate time course experiments � stan-
dard error of the mean (SEM). The sealed products accumulated
steadily with time, attaining an endpoint at 10 to 15 min and with
80 to 85% of the substrate being ligated. The initial rates of sealing
of the 3= C-G, U-A, G-C, and A-T nicks, calculated by linear re-
gression in Prism software, were 198, 173, 212, and 195 fmol/min,
respectively (Fig. 1B). We conclude that DraRnl does not kineti-
cally discriminate between paired 3=-OH ends with different
3=-OH nucleobases under the reaction conditions employed.

To vary the identity of the 5=-PO4 N-X base pair at the nick, a
17-mer RNAOH strand and one of four 19-mer pDNA strands with
a 5= 32P-labeled G, A, T, or C nucleotide were annealed to 36-mer
DNA template strands to form the nicked duplexes shown in Fig.
2A (which, except for the 1-nucleotide leftward shift in the posi-
tion of the nick, were identical in nucleobase sequence to the sub-
strate used in Fig. 1). Whereas the yields of sealed product did not
differ according to the identity of the 5=-PO4 base pair (Fig. 2A),
the initial rates of sealing of the 5=-PO4 C-G, U-A, G-C, and A-T
nicks were 157, 139, 104, and 213 fmol/min, respectively (Fig. 2B).
Thus, the rate varies within a 2-fold range according to the identity
of the paired 5=-PO4 nucleobase.

Effect of 3=-OH base mispairs on the rate of nick sealing. The
fidelity of strand joining refers to the degree to which ligases dis-
criminate in the sealing of substrates with paired versus mispaired
bases at the nick. Here we evaluated the fidelity of DraRnl, focus-
ing first on the effects of all 3=-OH base mispairs on the rate of nick
sealing under conditions of enzyme excess. The kinetic profiles are
shown in Fig. 1A, and the initial rates are compiled in Fig. 1B and
grouped as N-G, N-A, N-C, and N-T subsets, to allow easy com-

parison of the correct versus mispaired N-X nicks for each X tem-
plate base. We found that DraRnl was especially sensitive to 3=
N-purine mispairs. The rates of sealing of 3= C-A, G-A, and A-A
nicks were 19-fold, 87-fold, and 87-fold lower, respectively, than
the rate of ligation of the correctly paired 3= U-A nick (Fig. 1B).
The rates of joining of mispaired 3=U-G, A-G, and G-G nicks were
10-fold, 20-fold, and 66-fold lower than the rate of sealing of the
correctly paired 3= C-G nick.

The 3= purine-pyrimidine mispaired ends 3= A-C and 3= G-T
were the best of the mispaired substrates for DraRnl, being sealed,
respectively, at one-fifth and one-third the rates of the correctly
paired 3= G-C and A-T nicks (Fig. 1A and B). The 3= pyrimidine-
pyrimidine mispairs were poorly tolerated. The mispaired U-C
and C-C nicks were sealed 16-fold and 30-fold slower, respec-
tively, than the paired 3=G-C substrate. The mispaired 3=C-T and
U-T ends were ligated 10-fold and 22-fold slower, respectively,
than the paired 3= A-T end (Fig. 1B). These results indicate that
DraRnl fidelity in sealing nicks with 3= mispairs varies over an
	30-fold range. Within the series of 3=N-purine and 3=N-pyrim-
idine mispaired nicks, the U-G and G-T wobble pairs were sealed
best by DraRnl, a noteworthy trend given the common occurrence
of wobble pairs in RNA duplexes (43).

Effect of 5=-PO4 base mispairs on the rate of nick sealing. We
next turned our attention to the fidelity of DraRnl in sealing nicks
with 5=-PO4 mispairs (Fig. 2A). The kinetic profiles are shown in
Fig. 2A, and the initial rates are listed in Fig. 1B, again grouped as
N-G, N-A, N-C and N-T subsets. The effects of the 5=-PO4 mis-
pairs on ligation rates were generally concordant with the mispair
effects seen at the 3=-OH end, with a few notable exceptions. For
example, the 5= T-G wobble pair end was sealed at virtually the

FIG 1 Ligation of nicked duplexes with paired and mispaired 3=-OH ends. (A) The structure of the nicked duplex substrate is shown at the top, with the 5= 32P
label at the nick denoted by a closed circle. The 3=-OH strand is all RNA. The 3= N-X base pair at the nick (highlighted in the shaded box) is variable. Ligase
reactions were performed as described in Materials and Methods. The yields of the 36-mer RNApDNA ligation product are plotted as a function of time; the
experiments are presented in sets of four according to the identity of the X nucleobase, with the N nucleobase (specified to the right of each curve) being the
variable within the set. Each datum is the average of at least 3 separate experiments � SEM. In this and all subsequent figures, 1,000 fmol represents 100% ligation
of the input 32P-labeled strand. (B) The initial rates of sealing of the indicated 3= N-X nicks were calculated by linear regression in Prism.
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same rate as the 5= C-G end (143 versus 157 fmol/min); in con-
trast, the 3= U-G wobble pair slowed ligation 10-fold. The T-G
wobble was the best substrate among all the 5= N-X mispair con-
figurations (followed by the reciprocal G-T wobble end, which
was sealed at 66 fmol/min). The rates of joining of mispaired 5=
A-G and G-G nicks were 10-fold and 11-fold lower, respectively,
than the rates of sealing of the correctly paired 3= C-G nick. The
5= C-A, G-A, and A-A nicks were ligated 5-fold, 28-fold, and
8-fold slower, respectively, than the correctly paired 5= T-A
nick (Fig. 2B).

Among the 5=N-pyrimidine mispairs, the 5=A-C and G-T ends
were the best substrates, being sealed, respectively, at one-half and
one-third the rates for the correctly paired 5= G-C and A-T nicks
(Fig. 1A and B). The 5= pyrimidine-pyrimidine mispairs were
poorly ligated. The 5= T-C and C-C ends were sealed 17-fold and
10-fold slower, respectively, than the paired 5= G-C end. The 5=
T-T and C-T nicks were repaired 16-fold and 23-fold slower, re-
spectively, than the paired 5= A-T end (Fig. 2B).

Taken together, the 3= and 5= mispair effects highlight a dis-
tinctive property of DraRnl compared to nick-sealing DNA li-
gases. DraRnl displays similar patterns of fidelity on the 3=-OH
and 5=-PO4 sides of the nick. This is best exemplified by the very
similar rates at which the equivalent 3=-OH N-T and 5=-PO4 N-T
nicks are sealed by DraRnl (compare the bottom panels in Fig. 1B
and 2B). In contrast, DNA ligases are generally biased in their
fidelity of mispair sealing, being highly sensitive to 3=-OH mis-
pairs and comparatively tolerant of 5=-PO4 mispairs (44–54).

Effect of 8-oxopurines in the template strand at the nick
3=-OH end. Oxidative damage to purine nucleobases generates
8-oxoguanine (oxoG) and 8-oxoadenine (oxoA). The effects and

metabolism of oxoG in DNA have been studied in depth because
of its mutagenic properties, which stem from the tendency of
oxoG in the syn conformation to mispair with adenine (Fig. 3).
This pairing prompts DNA polymerases to embed A-oxoG mis-
pairs, which can ultimately lead to G ¡ T transversions. RNA is
also prone to oxidative base damage. The frequency of oxoG
lesions in total RNA is reported to be higher than that in total
DNA, and several studies have correlated elevated RNA oxoG lev-
els with human neurodegenerative diseases (7–10). Kinetoplastid
mRNA editing occurs in the oxidative milieu of the mitochon-
drion, where the gRNA purine-tract template for U insertion
might acquire oxopurine lesions that could affect the efficiency
and fidelity of RNA gap filling and thereby impact the efficiency
and outcome of the ligation reaction performed by RELs. Were
ligases to seal mispairs at 8-oxopurines in the template strand, this
would be promutagenic and might result in misediting of kineto-
plastid mRNAs. There have been reports of oxopurine effects on
bacteriophage T4 and human DNA ligases (55, 56) and on bacte-
riophage T4 Rnl2 (41). Here we investigated the effect of oxopu-
rine lesions in the template strand opposite the nick termini on the
kinetics of nick sealing by DraRnl.

We first addressed the kinetics of sealing of nicks with all com-
binations of 3=-OH N-oxoG and N-oxoA base pairs (Fig. 3), with
an eye toward comparing the rates of sealing these damaged sub-
strates to the rates for the corresponding undamaged N-G and
N-A nicks. The rate of 3=C-oxoG nick ligation (64 fmol/min) was
one-third the rate of sealing a 3=C-G nick (198 fmol/min). On the
other hand, the 3= U-oxoA nick was ligated twice as fast as the 3=
U-A nick (327 fmol/min versus 173 fmol/min). The reasons for
the disparate impact of the 8-oxo atom in the context of a 3=

FIG 2 Ligation of nicked duplexes with paired and mispaired 5=-PO4 ends. (A) The structure of the nicked duplex substrate is shown at the top, with the 5= 32P
label at the nick denoted by a closed circle. The 3=-OH strand is all RNA. The 5= N-X base pair at the nick (highlighted in the shaded box) is variable. Ligase
reactions were performed as described in Materials and Methods. The yields of the sealed 36-mer RNApDNA product are plotted as a function of time; the
experiments are presented in sets of four according to the identity of the X nucleobase, with the N nucleobase (specified to the right of each curve) being the
variable within the set. Each datum is the average of at least 3 separate experiments � SEM. (B) The initial rates of sealing of the indicated 5= N-X nicks were
calculated by linear regression in Prism.
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C-oxoG pair versus a 3=U-oxoA pair are elusive. Nonetheless, the
instructive finding was that the rate of sealing of the 3= A-oxoG
nick (68 fmol/min) was virtually equivalent to that of the 3= C-
oxoG nick (Fig. 3A and C) and was 7-fold faster than the rate of
sealing of an unmodified 3=A-G mispaired nick (10 fmol/min; Fig.
1B). Thus, DraRnl readily accepted the 3= base pair between syn
oxoG and adenine as a correct pair. In contrast, the 3=G-oxoG and
U-oxoG ends were treated as mispairs and were sealed 16-fold
more slowly (4 fmol/min) than the C-oxoG end (Fig. 3A and C).

The salutary effect of the oxoA template nucleotide across from
the nick 3=-OH extended to the 3= C-oxoA, G-oxoA, and A-oxoA
mispaired nicks, for which the initial rates of nick sealing (39, 73,
and 54 fmol/min, respectively; Fig. 3B and C) were much higher
than those seen with the unmodified 3= C-A, G-A, and A-A mis-
pairs (Fig. 1B). Thus, the effect of the template oxoA is to relax the
fidelity of DraRnl at a 3= N-A mispair.

Effect of 8-oxopurines in the template strand at the nick 5=-
PO4 end. We proceeded to test the effects of template strand oxo-
purines opposite the 5=-PO4 nucleotide of the nick (Fig. 4). Of
note, the rate of sealing of the modified 5=C-oxoG paired end (262
fmol/min) was 1.7-fold higher than the rate of ligation of an un-
modified 5= C-G pair (157 fmol/min). Thus, a C-oxoG pair ex-
erted a very different influence on ligation kinetics when situated
on the 3=-OH side of the nick (a 3-fold rate decrement) than when
situated on the 5=-PO4 side (a modest rate increase). The rate of
sealing of a 5= A-oxoG end (151 fmol/min; Fig. 4) was 10-fold
higher than that of an unmodified A-G nick (15 fmol/min; Fig. 2)
and 	60% as high as that of a 5= C-oxoG end, signifying that
DraRnl sees the 5= base pair between syn oxoG and adenine as a
correct pair. Whereas the rate of sealing of the 5= T-oxoG nick (81

fmol/min; Fig. 4) was 	60% of that of the unmodified 5= T-G
wobble pair (143 fmol/min), the 5= G-oxoG nick was ligated 4.5-
fold faster (63 fmol/min) than the unmodified G-G nick (14 fmol/
min). These results highlight a trend whereby a template oxoG
opposite the nick 5=-PO4 nucleotide allows more promiscuous
sealing by DraRnl.

DraRnl sealed a 5= T-oxoA nick at much the same rate as it
repaired an unmodified 5= T-A end (159 versus 139 fmol/min).
The 5=C-oxoA end was sealed at the same rate as a 5=C-A end (26
fmol/min). However, the rates of sealing of 5= G-oxoA (38 fmol/
min) and 5= A-oxoA (58 fmol/min) ends were 8-fold and 3-fold
higher, respectively, than those of the unmodified G-A and A-A
mispairs. The effect of the 8-oxo atom is to lower the fidelity of
DraRnl at a 5= purine-A mispair.

Sealing opposite abasic sites in the template strand. Abasic
sites are among the most common DNA lesions and present a
threat to genome integrity by causing DNA and RNA polymerases
to stall, slip, or misincorporate at an abasic site in the template
strand. Abasic sites in RNA are generated by potent ribotoxins
with N-glycosidase activity (66). How ligases deal with abasic sites
is an open question. Here we examined the ability of DraRnl to
seal nicked duplexes with THF abasic sites in the template strand
opposite the 3=-OH ribonucleotide (Fig. 5A) and 5=-PO4 deoxy-
nucleotide (Fig. 5B) at the nick. All N-abasic configurations were
tested. By comparing the ligation rates for N-abasic nicks to those
for the correctly paired N-X substrates and N-X mispairs, we
aimed to distinguish, if applicable, the effects of having no base
pairing to the template at the nick from the effects of mispairing.

DraRnl sealed the 3=A-abasic nick at a rate of 18 fmol/min (Fig.
5A), which was 11-fold lower than the rate of ligation of a 3= A-T

FIG 3 Effect of 8-oxopurines in the template strand at the nick 3=-OH end. (A) The substrates for sealing were versions of the nicked duplex shown in Fig. 1A,
in which the X nucleobase of the 3=-OH N-X end was either oxoG (A) or oxoA (B). The chemical structure of the A-oxoG pair with oxoG in the syn conformation
is shown at the right in panel A; hydrogen-bonding contacts are indicated by dashed lines. dR, deoxyribose. Ligase reactions were performed as described in
Materials and Methods. The yields of the sealed 36-mer RNApDNA product are plotted as a function of time; the experiments are presented in sets of four, with
the N nucleobase (specified to the right of each curve) being the variable within the set. Each datum is the average of at least 3 separate experiments � SEM. (C)
The initial rates of sealing of the indicated 3= N-oxopurine nicks were calculated by linear regression in Prism.
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paired end (198 fmol/min). The 3= A-abasic end was a better sub-
strate than the 3= A-A and A-G mispairs but less effective than the
3=A-C mispair (Fig. 1B). DraRnl was extremely feeble in repairing
3= G-abasic (1 fmol/min), 3= C-abasic (3 fmol/min), and 3= U-
abasic (2 fmol/min) ends (Fig. 5A). The magnitude of the 3= G-
abasic defect was similar to that seen for the 3= G-G and 3= G-A
mispairs (Fig. 1B). The 3= C-abasic and U-abasic ends were less
effective substrates than any of the 3= C-N and 3= U-N mispairs
(Fig. 1B).

Among the 5=-PO4 N-abasic nicks, DraRnl was the most
proficient at sealing 5= A-abasic (38 fmol/min) and 5= G-abasic
(17 fmol/min) ends (Fig. 5B), albeit it did so 6-fold slower than
it sealed the respective 5= A-T and 5= G-C paired ends. The 5=
A-abasic lesion was sealed about 2-fold better than the 5= A-G
and A-A mispairs but 70% as well as the A-C mispair (Fig. 2B).
DraRnl handled the 5= G-abasic nick better than the 5= G-A

mispair, about the same as the 5= G-G mispair, and less well
than the 5= G-T mispair (Fig. 2B). The 5= C-abasic and 5= T-
abasic ends were very poor substrates (3 and 4 fmol/min, re-
spectively).

Taken together, these experiments underscore a preference for
adenine as the nucleobase when DraRnl seals at a nick with an
abasic lesion across from the 3=-OH or 5=-PO4 terminus. The obe-
dience by DrRnl of an A rule for ligating opposite an abasic lesion
at the nick 3=-OH end dovetails nicely with the preference of many
DNA and RNA polymerases for A incorporation opposite an aba-
sic site in the DNA template (57–59).

DISCUSSION

DraRnl is the founding member of a family of nick-sealing RNA
ligase enzymes composed of a covalent nucleotidyltransferase do-
main (common to all classic polynucleotide ligases) linked to a
signature N-terminal domain predicted to be an RNA-binding
OB fold (34). When last reported on in 2007, the phylogenetic
distribution of DraRnl homologs was sparse (35). An updated
search for DraRnl family members now shows them to be encoded
by diverse microbial taxa and viruses. We find DraRnl homologs
in 35 bacterial genera representing 10 different phyla: Actinobac-
teria, Bacteroidetes, Chloroflexi, Cyanobacteria, Deinococcus-Ther-
mus, Firmicutes, Fusobacteria, Planctomycetes, Proteobacteria, and
Spirochaetes (see Table S1 in the supplemental material). Bacterio-
phages that prey on Aeromonas, Caulobacter, Mycobacterium, and
Sinorhizobium also encode homologs of DraRnl. We identified a
lone archaeal DraRnl homolog in Methanobrevibacter ruminan-
tium. Of note is the presence of DraRnl homologs in many unicel-
lular eukarya, including the amoebae Dictyostelium and Polys-
phondylium, the amoeboflagellate Naegleria, and 13 genera of
fungi (see Table S1 in the supplemental material).

The biological functions of DraRnl and its many homologs are
uncharted. Here, we sought clues from in vitro studies to home in
on plausible substrates and invoke roles in vivo. The substrate
specificity of DraRnl, whereby it seals nicks in duplex nucleic acids
in which the 3=-OH end is RNA (34), is compatible with its par-
ticipation in the repair of radiation-induced RNA damage, yet the
contributions of RNA damage to bacterial sensitivity to IR are
uncharted, as are the broken RNAs that might be subject to tem-
plated repair by DraRnl.

An alternative scenario is that DraRnl’s sealing activity is de-
ployed for DNA repair, especially in gap repair and nonhomolo-
gous end-joining (NHEJ) events in which ribonucleotides are
added to a DNA 3=-OH end during gap filling and cross-break
priming by repair polymerases. Synthesis of a ribopatch during
DNA break repair is potentially advantageous as a stopgap mea-
sure in nondividing cells that have limited deoxynucleoside
triphosphate (dNTP) pools. Indeed, the bacterial NHEJ polymer-
ase (POL) LigD-POL is more adept at short templated additions
and gap filling with ribonucleoside triphosphates than with
dNTPs and prefers to add ribonucleotides across from an abasic
template lesion (60, 61). The eukaryal NHEJ polymerase � is also
proficient at gap filling with ribonucleotides (62–64). After such a
ribopatch fill-in, the repair ligase is presented with a 3=-OH, 5=-
PO4 nick in which the 5=-PO4 strand and the template strand are
DNA and the 3=-OH end is RNA, this being the model substrate
presently employed for our analyses of DraRnl. Prior studies had
shown that DraRnl is more effective at ligating a 3=-OH RNA
strand and a 5=-PO4 DNA strand than it is in sealing a nick in

FIG 4 Effect of 8-oxopurines in the template strand at the nick 5=-PO4 end.
(A) The substrates for sealing were versions of the nicked duplex shown in Fig.
2A in which the X nucleobase of the 5=-PO4 N-X end was either oxoG (A) or
oxoA (B). Ligase reactions were performed as described in Materials and
Methods. The yields of sealed 36-mer RNApDNA are plotted as a function of
time; the experiments are presented in sets of four, with the N nucleobase
(specified to the right of each curve) being the variable within the set. Each
datum is the average of at least 3 separate experiments � SEM. (C) The initial
rates of sealing of the indicated 5=N-oxopurine nicks were calculated by linear
regression in Prism.
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which the 3=-OH and 5=-PO4 strands are both RNA (34). The
efficiency of ligation depends on the number of ribonucleotides at
the 3=-OH end, whereby DraRnl is unable to seal a DNA nick with
a single 3=-OH ribonucleotide but is progressively more active at
nicks with 3=-OH diribonucleotide and triribonucleotide ends
(34). Thus, the biochemical properties of DraRnl are consistent
with a role in nick sealing after synthesis of a ribopatch.

Here, we found that DraRnl was indifferent to the identity of
the 3=-OH nucleobase, as long as it was correctly paired. We ex-
amined the fidelity of ligation at mispair ends and sites of template
strand damage, in light of the propensity of repair polymerases to
generate mismatches, especially when confronted with template
lesions. With the 3=-OH mispairs (which we suspect are more
commonly encountered by ligases during gap repair than 5=-PO4

mispairs), the DraRnl sealing rate varied widely in a hierarchical
fashion, with G-T and A-C mispairs being the best substrates and
the G-G, G-A, and A-A mispairs being the worst. It is noteworthy
that when the 3=-OH mispaired nicks were recently used to inter-
rogate the fidelity of bacteriophage T4 Rnl2, the 3= A-C and G-T
configurations were the ones that were best tolerated by Rnl2 (41).
Bacteriophage T4 Rnl2 and DraRnl exemplify distinct families of
nick-sealing enzymes that require a 3=-OH RNA strand (34, 65).
Rnl2 and DraRnl rely for nucleic acid recognition on structurally
unrelated domains appended to the C and N termini of the core
nucleotidyltransferase domain, respectively (30, 34–36). The sim-
ilar responses of DraRnl and Rnl2 to 3=-OH mispaired nicks, not-
withstanding the fact that Rnl2 is inherently much faster at nick
sealing than DraRnl under conditions of enzyme excess (41), sug-
gest that the two families of nick-sealing enzymes recognize com-
mon features of their substrates that are affected by distortion of
the nick 3= terminus.

We found that the responses of DraRnl to oxoG and abasic
lesions in the template strand across from the nick 3=-OH end are
in tune with the promutagenic properties of DNA and RNA poly-
merases that copy over these lesions to generate A-oxoG and A-
abasic configurations (57–59). First, DraRnl accepts the A-oxoG
pair as correct, while it discriminates against 3= U-oxoG and G-
oxoG mispairs. Bacteriophage T4 Rnl2 displays similar properties
in this regard (41). Second, DraRnl obeys the A rule in its prefer-
ence for sealing when a 3=-OH A is opposite an abasic template
site. An interesting feature of DraRnl highlighted by the present
study is its relatively high activity and infidelity in sealing nicks
with 3=-OH ends opposite a template oxoA lesion (compared with
its response to an oxoG lesion). The net effect of these properties is
that DraRnl can embed mutations during either ribopatched
DNA repair or repair by a templated RNA repair pathway analo-
gous to kinetoplastid RNA editing.

For completeness and comparison, we surveyed the effects of
5=-PO4 mispairs on the rate of nick sealing by DraRnl. Duplex
RNA structures are often interspersed with single-nucleotide mis-
pairs that, if incised on the 5= side of the mispair, would be poten-
tial substrates for repair by DraRnl. The finding that DraRnl seals
a nick with a 5= T-G mispair as well as it handles a 5= C-G paired
end again seems well tuned to the common occurrence of U-G
wobble pairs in duplex RNAs. In most other respects, the fidelity
of DraRnl at 5= mispairs is similar to its behavior at 3= mispairs;
i.e., the 5= G-T and A-C mispairs are its next best substrates. As
noted above, DraRnl differs from many nick-sealing DNA ligases
that evince much higher fidelity at mispairs on the 3=-OH side of
the nick than on the 5=-PO4 side (44–54).

With respect to oxoG template lesions opposite the 5=-PO4

end, DraRnl treated the A-oxoG configuration as correctly paired,

FIG 5 Effect of an abasic site opposite the nick 3=-OH or 5=-PO4 nucleotide. (A) The substrates for sealing were versions of the nicked duplex in Fig. 1A in which
the X position of the 3=-OH N-X end was a THF abasic site (A) or variants of the nicked duplex in Fig. 2A in which the X position of the 5=-PO4 N-X end was an
abasic site (B). Ligase reactions were performed as described in Materials and Methods. The yields of sealed 36-mer RNApDNA are plotted as a function of time;
the N nucleobase is specified to the right of each curve. The initial rates of sealing of the indicated 3= and 5=N-abasic site nicks were calculated by linear regression
in Prism.
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yet it was more tolerant of the 5= T-oxoG and 5=G-oxoG mispairs
than the equivalent configuration on the 3= side of the nick. The
sealing of 5= N-oxoA nicks was generally similar to that of the 3=
N-oxoA series. Whereas DraRnl adopts the A rule in sealing a
5=-PO4 end across from an abasic template site, the enzyme also
accepted a G-abasic site lesion at the nick 5= end.

In conclusion, our studies of DraRnl add to an emerging pic-
ture of the substrate preferences of nick-sealing RNA ligases and
their responses to nucleobase damage.
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