Probing the substrate specificity of the bacterial
Pnkp/Hen1 RNA repair system using synthetic RNAs
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ABSTRACT

Ribotoxins cleave essential RNAs involved in protein synthesis as a strategy for cell killing. RNA repair systems exist in nature to
counteract the lethal actions of ribotoxins, as first demonstrated by the RNA repair system from bacteriophage T4 25 yr ago.
Recently, we found that two bacterial proteins, named Pnkp and Hen1, form a stable complex and are able to repair ribotoxin-
cleaved tRNAs in vitro. However, unlike the well-studied T4 RNA repair system, the natural RNA substrates of the bacterial
Pnkp/Hen1 RNA repair system are unknown. Here we present comprehensive RNA repair assays with the recombinant Pnkp/
Hen1 proteins from Anabaena variabilis using a total of 33 different RNAs as substrates that might mimic various damaged forms
of RNAs present in living cells. We found that unlike the RNA repair system from bacteriophage T4, the bacterial Pnkp/Hen1
RNA repair system exhibits broad substrate specificity. Based on the experimental data presented here, a model of preferred

RNA substrates of the Pnkp/Hen1 repair system is proposed.

Keywords: RNA repair; Pnkp/Hen1; substrate specificity; RNA damage; ribotoxin

INTRODUCTION

RNA in living cells is highly susceptible to damage, pri-
marily due to breakage of the phosphodiester backbone.
Phosphodiester bond cleavages are usually triggered by
ribonucleases, assisted by the adjacent 2" OH group in RNA
at the site of breakage, generating 2',3'-cyclic phosphate at
the 3’ end and 5’ OH at the 5’ end in most cases. Most
RNA breakdown is part of normal metabolism, carried out
by endogenous ribonucleases. However, cleavage of essen-
tial RNAs is exploited by some organisms as a strategy for
cell killing. The agents responsible for the RNA cleavage are
proteins called ribotoxins, which are usually site-specific
ribonucleases. The ribotoxins identified to date kill cells by
targeting rRNAs and tRNAs involved in protein translation.
Known ribotoxins targeting rRNAs are sarcin (Endo and
Wool 1982), restrictocin (Fando et al. 1985), colicin E3
(Bowman et al. 1971), and Biota orientalis ribonuclease (Xu
et al. 2004). Several ribotoxins such as colicin E5 (Ogawa
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et al. 1999), colicin D (Tomita et al. 2000), and Kluyver-
omyces lactis y-toxin (Lu et al. 2005) are tRNA-specific
ribotoxins, which make a single cut in the anticodon loop
of a specific tRNA. In addition to the external ribotoxins
that invade cells and damage RNA, a cell sometimes pro-
duces its own site-specific ribonucleases to regulate gene
expression and cell fate. For example, when infected by
bacteriophage T4, some strains of Escherichia coli activate
ribonuclease PrrC, which cleaves tRNA™® at the wobble
position in the anticodon loop (Amitsur et al. 1987). RelE
is activated to cleave mRNAs at the ribosome A site to re-
strict global protein production when a cell is starved
(Pedersen et al. 2003; Neubauer et al. 2009). More recently,
VapC was shown to have the same effect as RelE but by
cleaving the initiator tRNA™® in the anticodon loop
(Winther and Gerdes 2011). In eukaryotic organisms, stress
causes significant RNA damage, which may involve ribo-
nucleases (Lee and Collins 2005; Thompson et al. 2008;
Yamasaki et al. 2009).

Two proteins from bacteriophage T4, Pnkp (polynucle-
otide kinase-phosphatase) and Rnll (RNA ligase 1), coun-
teract the suicidal action of PrrC in infected E. coli by
RNA repair (Amitsur et al. 1987). Specifically, bifunctional
T4Pnkp hydrolyzes the 2’,3’-cyclic phosphate at the 3" end
and adds a phosphate group at the 5’ end of the cleaved
tRNA'Y. Subsequently, T4Rnll ligates the two processed
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ends to restore the tRNA™" to its original form. Thus, the
RNA repair carried out by bacteriophage T4 precludes
disruption of T4 late translation and thus rescues the
infection.

Recently, we found that two bacterial proteins repair
ribotoxin-cleaved tRNAs in vitro (Chan et al. 2009b). The
two proteins, bacterial Pnkp and Henl, physically interact
with each other, forming a heterotetramer in vitro. The
bacterial Pnkp from Clostridium thermocellum was first
characterized by Martins and Shuman (2005), who showed
5" kinase, 2',3" phosphatase, and adenylyltransferase activ-
ities. Interestingly, Pnkp alone could not repair a cleaved
RNA (Keppetipola et al. 2007). We demonstrated that RNA
repair requires both Pnkp and Henl (Chan et al. 2009b).
The Pnkp/Henl RNA repair system is distinct from the
T4Pnkp/Rnll system due to the involvement of a fourth
enzymatic activity, 2’'-O-methyltransferase, which is located
at the C terminus of bacterial Henl. During RNA repair,
bacterial Henl carries out 2'-O-methylation at the 3’
cleavage end after dephosphorylation of the 2’,3’-cyclic
phosphate but before ligation of the two cleavage ends
(Chan et al. 2009b). Due to the 2'-O-methylation at the
junction of repair, the same RNA damage can no longer
occur in the repaired RNA.

In contrast to the extensively characterized T4 system, we
know much less about the more recently discovered bacte-
rial Pnkp/Henl RNA repair system. Prior studies from the
Shuman laboratory and our laboratory have focused on in
vitro characterization, either of the Pnkp/Henl complex
(Chan et al. 2009b) or of components of the complex
(Martins and Shuman 2005; Keppetipola et al. 2007; Chan
et al. 2009a; Jain and Shuman 2010, 2011). Perhaps the
biggest gap is the lack of knowledge about the in vivo RNA
substrate(s) of Pnkp/Hen1 and the biological effect of RNA
repair in strains containing the Pnkp/Henl RNA repair
system. If RNA damage is caused internally in bacterial
species possessing the Pnkp/Henl RNA repair system, it is
possible that an in vivo study on one of these bacterial
species would provide insight into RNA damage and repair.
On the other hand, it is possible that RNA damage in
these bacteria could be caused by external agents such as
ribotoxins released from other surrounding organisms. If
that were the case, then RNA repair would only occur when
these bacteria live under conditions that induce such
damage, which might not be readily reproduced in a labo-
ratory setting.

Here we present a comprehensive in vitro RNA repair
study using Pnkp/Hen1 from Anabaena variabilis (AvaPnkp/
Henl) and a variety of RNA substrates, with the aim of
providing insight into the likely in vivo RNA substrates of
the Pnkp/Henl RNA repair system. We found that PnkP/
Henl1 may exhibit broader substrate specificity than T4PnkP/
Rnll. Based on the studies presented here, the likely in vivo
RNA substrates of Pnkp/Henl and the possible biological
roles of Pnkp/Henl are discussed.
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RESULTS

AvaPnkp/Hen1 efficiently repairs tRNA
deletion mutants

Prior to finding the RNA repair capabilities of bacterial
Pnkp/Henl, several RNA ligase enzymes, with implications
for RNA editing or repair, have been biochemically char-
acterized (Amitsur et al. 1987; Ho and Shuman 2002;
Simpson et al. 2003; Martins and Shuman 2004a,b). Among
them, the T4Pnkp/Rnll is the most extensively character-
ized as an RNA repair system. The in vivo RNA repair
target of the T4 system was well defined: to repair E. coli
tRNA'® cleaved by the endogenous ribonuclease PrrC.
Furthermore, the T4Pnkp/Rnll repair system appears to
have evolved to optimize RNA repair of the cleaved tRNA;
this has been suggested by respective T4Pnkp/tRNA and
T4Rnl1/tRNA docking experiments (Galburt et al. 2002; El
Omari et al. 2006), as well as a subsequent study by Shuman
and coworkers (Nandakumar et al. 2008). Using both the
cleaved full-length and tRNA deletion mutants, Shuman and
coworkers were able to demonstrate that the efficiency of
repair for the cleaved full-length tRNA is significantly higher
than the ones for the cleaved tRNA deletion mutants
(Nandakumar et al. 2008).

Considering the possibility that like the T4 RNA repair
system, the cleaved tRNAs could also be the natural repair
targets of the bacterial Pnkp/Henl RNA repair system, we
performed similar experiments with the AvaPnkp/Henl
proteins. The cleaved tRNA*P and its deletion derivatives
were our first choice for the experiments because, like the
E. coli tRNA" cleaved by PrrC, these tRNAs are cleaved by
colicin E5 at a position near the wobble nucleotide (Fig. 1).
The cleaved full-length tRNA was efficiently repaired by
AvaPnkp/Henl, with a repair yield as high as 65% after 60
min of repair reaction (Fig. 2A,C, labeled with tRNAAP).
Deletion of the D stem—loop in tRNA™P resulted in a
significantly worse RNA substrate, with a repair yield of
15% after 60 min of repair reaction (Fig. 2A,C, labeled with
tRNA*P-AD). Deletion of the TWC stem-loop was not as
bad, with a final repair yield of 40% (Fig. 2A,C, labeled with
tRNA™P-AT). Also, AvaPnkp/Henl was still able to repair
a tRNA™P deletion mutant with both D and TWC stem—
loops deleted, with a repair yield comparable to the de-
letion of D stem-loop alone (Fig. 2A,C, labeled with
tRNA*P-ADT). In addition to the repaired tRNA™P-
ADT, some ligation products of higher molecular weight
(Fig. 2A, marked with *) were also produced with the cleaved
tRNA™P-ADT as the substrate. We noticed that tRNAP-
ADT-3" has five continuous Gs (Table 1). Therefore, it is
possible that repair of abnormal annealed RNA substrates
resulted in production of additional ligation products.

Next, we carried out RNA repair of the cleaved tRNAA™S
and its deletion derivatives (Fig. 2B,D). tRNAE and its
deletion derivatives were cleaved by colicin D at a position
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FIGURE 1. Cloverleaf view of full-length and tRNA deletion mutants employed in this study. Nucleotides are depicted as cycles, and they are
linked with each other by short thin lines. Base pairs are represented with thick lines. The cleavage sites of tRNA**P by colicin E5 (ColE5) and
tRNA”™ by colicin D (ColD) are marked with arrows. Three nucleotides constituting the anticodon of tRNA are highlighted in gray.

that is significantly different from the one by colicin E5
(Fig. 1). Compared with the repair of the cleaved tRNAP,
cleaved full-length tRNA™® was repaired less efficiently,
with a repair yield of 30% after 60 min of repair reaction
(Fig. 2B,D, labeled with tRNAM®). Surprisingly, unlike
tRNAAP deletion derivatives, deletion of the D stem—loop,
TWC stem-loop, or both in tRNA*® resulted in RNA
substrates that were more efficiently repaired (Fig. 2B,D).
The efficiency of repair of these cleaved tRNA*"® deletion
derivatives by AvaPnkp/Henl is quite remarkable. For ex-
ample, after only 15 min of repair reaction, the repair yields
of the cleaved tRNA“"8-AD, tRNA*"8-AT, and tRNA"-
ADT were 54%, 67%, and 53%, respectively (Fig. 2D). At
that time point, the repair yields of the cleaved tRNA™?
and tRNA™ were 22% and 12%, respectively.

Efficient repair by AvaPnkp/Hen1 requires an RNA
substrate of more than a short stem-loop RNA

Having demonstrated that the drastically deleted tRNAs
(e.g., tRNA-ADT) could still be effectively repaired by
AvaPnkp/Henl, we next tested if further truncated RNA
substrates would be repaired, aiming to define a minimum
RNA repair substrate. A total of four additional RNA sub-
strates were prepared for the RNA repair assays. The first
two are further deletion of tRNA-ADT, with the bulge
region between the acceptor stem and anticodon stem
deleted (named tRNA-ADT-AB). The deletion of the bulge
region produces a stem-loop RNA with a long and con-
tinuous stem (Fig. 3A, middle). The other two RNAs
correspond to the anticodon stem—loops of tRNA™P and
tRNA™ (named tRNA-AC-SL). To increase the stability of
these two RNAs and to make the in vitro repair assay
feasible, two additional base pairs were added on the stem
(Fig. 3A, left).

Because colicin D did not cleave tRNA*"8-ADT-AB and
tRNA*®-AC-SL, we had to reconstitute these four RNA
substrates differently. Specifically, we first prepared the 5’
half and the 3’ half of each RNA substrate individually via
chemical synthesis (tRNA-AC-SL) or in vitro transcription
(tRNA-ADT-AB), followed by mixing and annealing the
two halves. Thus, these RNA substrates do not have the
2",3"-cyclic phosphate at the 3" terminus of the 5" half. To
ensure that the missing 2’,3’-cyclic phosphate does not
significantly affect the outcome of RNA repair, we used the
same approach to prepare tRNA-ADT substrates as positive
controls (Fig. 3A, right).

Each of the six RNA substrates was incubated with either
Pnkp-N (containing only the kinase and phosphatase
domains of Pnkp) or Pnkp/Henl in the presence of *’P-
v-ATP, and the resulting products were analyzed by a de-
naturing gel (Fig. 3B). The broken tRNA**"-ADT and
tRNAS-ADT were efficiently repaired (Fig. 3B, lanes
10,12, cf. with lanes 9,11, respectively), and their repair
yields were comparable to the ones observed previously
(Fig. 2), indicating that the lack of the 2',3"-cyclic phos-
phate does not significantly affect the outcome of RNA
repair. Deleting the bulge in tRNA-ADT has a significant
effect on RNA repair. Although a repaired product was
produced with the broken tRNA“-ADT-AB as the sub-
strate (Fig. 3B, lane 8 marked with an *), its size (~29 nt)
did not match the expected size of 35 nt that would have
resulted from the ligation of the 5’ half to the 3’ half.
Therefore, the identity of the repaired product is unknown.
It is possible that, as in the case of tRNA*P-ADT (Fig. 2A),
continuous 4Gs in tRNA*"8-ADT-AB-3’ (Table 1) could be
the culprit of this repaired product. This uncertainty, however,
does not affect our general conclusion that the deletion of the
bulge region results in an RNA substrate with significantly
reduced repair efficiency by AvaPnkp/Hen1 (Fig. 3B, cf. lanes 8
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FIGURE 2. Repair of cleaved full-length and tRNA deletion mutants depicted in Figure 1 by AvaPnkp/Henl. (A,C) Time course of RNA repair of
tRNAP and its deletion derivatives. (B,D) Time course of RNA repair of tRNA”" and its deletion derivatives. The positions of RNA substrates
and repair products are marked with numbers representing their sizes in nucleotides. T indicates time in minutes.

and 12). Furthermore, deletion of the bulge region in
tRNAP-ADT resulted in an RNA substrate that was not
repaired at all by AvaPnkp/Henl (Fig. 3B, lane 6). Further
shortening the stem of tRNA“®-ADT-AB produced an
unrepaired RNA substrate (Fig. 3B, lane 4), and like
tRNAP-ADT-AB, tRNAP-AC-SL was not a substrate of
AvaPnkp/Henl (Fig. 3B, lane 2).

AvaPnkp/Hen1 does not efficiently repair nicked
and bulged double-stranded RNAs

The single-stranded regions of RNAs are the most suscep-
tible to RNA damage in vivo. Indeed, all ribotoxins dis-
covered to date target single-stranded RNAs (ssRNAs) for
cleavage. In addition to pure ssRNAs and loops of the
stem—loop RNAs, bulges that interrupt continuation of
double-stranded RNAs are also frequently present as ssRNAs
in living cells. Therefore, we decided to carry out an inves-
tigation to see if AvaPnkp/Henl was able to repair RNAs
damaged in the bulge region. Furthermore, we were also
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interested in knowing if AvaPnkp/Hen1 could repair a nicked
double-stranded RNA.

Our strategy for substrate preparation of the study de-
scribed in this section was to utilize two ssRNAs available in
our laboratory (named Lead and Tail RNAs, respectively)
as the targets of repair. These two ssRNAs were brought to-
gether by base-pairing with a complementary strand (named
Bridge). By varying the nucleotide sequence of Bridge RNA,
four RNA repair substrates differing in their secondary struc-
tures were produced (Fig. 4A-D). To simplify interpretation
of repair results, only Tail RNA was radiolabeled (Fig. 4,
marked with a *). These four RNA substrates, together with
other various combinations of Tail, Lead, and Bridge RNAs
(used as negative controls), were incubated with AvaPnkp/
Henl1 for RNA repair and the results were surprising (Fig. 4E).

First, only a small amount of the repaired products was
produced with the nicked and bulged RNA substrates (Fig.
4E, lanes 8-11), indicating that, unlike the cleaved stem—
loop RNAs, RNAs damaged within the double-stranded
region (nicked RNA) (Fig. 4A) or in the bulge region of the
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TABLE 1. RNAs used in this study

RNA Sequence (5-3’) Size (nt)
tRNAASP GGA GCG GUA GUU CAG UCG GUU AGA AUA CCU GCC UGU CAC GCA GGG GaQU cace 77
GGG UUC GAG UCC CGU CCG uuc cae cA
tRNAP-AD GGA GCG GUA GUA CCU GCC UGU CAC GCA GGG GGU CGC GGG UUC GAG ucc cau 62
CCG UUC CGC CA
tRNANP-AT GGA GCG GUA GUU CAG UCG GUU AGA AUA CCU GCC UGU CAC GCA GGG GGU cau 62
CCG UUC CGC CA
tRNAMP-ADT GGA GCG GUA GUA CCU GCC UGU CAC GCA GGG GGU CQU CccG uuc cae cA 47
tRNAAS GUC CUC UUA GUU AAA UGG AUA UAA CGA GCC CCU CCU AAG 75
GGC UAA UUG CAG GUU CGA UUC CUG CAG GGG ACA CCA
tRNAAB-AD GUC CUC UUA GCG AGC CCC UCC UAA GGG CUA AUU GCA GGU UCG AUU CCU GCA 61
GGG GAC ACCA
tRNAANB-AT GUC CUC UUA GUU AAA UGG AUA UAA CGA GCC CCU ccu 60
AAG GGC UAA UUG CAG GGG ACA CCA
tRNAAB-ADT GUC CUC UUA GCG AGC CCC UCC UAA GGG CUA AUU GCA GGG GAC ACC A 46
tRNAP-ADT-5 GGA GCG GUA GUA CCU GCC uG 20
tRNAAP-ADT-3’ UCA CGC AGG GGG UCG UCC GUU CCG CCA 27
tRNAB-ADT-5’ GUC CUC UUA GCG AGC CCC uCC UAA 24
tRNANB-ADT-3’ GGG CUA AUU GCA GGG GAC ACC A 22
tRNAP-ADT-AB-5’ GGA GCG GCC UGC CUG 15
tRNAAP-ADT-AB-3’ UCA CGC AGG CCG UucC CGC CA 20
tRNAB-ADT-AB-5’ GUC CUC UAG CCC CUC CUA A 19
tRNAAB-ADT-AB-3’ GGG CUA GGG GAC ACC A 16
tRNA®P-AC-SL-5’ CGC CUG CCU G 10
tRNAAP-AC-SL-3’ UCA CGC AGG CG 11
tRNA”B-AC-SL-5' GCA GCC CCU CCU AA 14
tRNAMB.AC-SL-3/ GGG CUG C 7
Lead UAU GCG AUG CUU GCU GAC GGA CUA ACU 27
Tail GGC CCG UUA GUC AAG GAG UUA AGA CAC CAC 30
Bridge1 GUG GUG UCU UAA CUG CUU GAC UAA CGG GCC AGU UAG UCC GUC AGC AAG 57
CAU CGC AUA
Bridge2 GUG GUG UCU UAA CUG CUU GAC UAA CGA GUC CGU CAG CAA GCA UCG CAU A 49
Bridge3 GUG GUG UCU UAA CUG CUU GAC UAA CGA AAA AGU CCG UCA GCA AGC AUC GCA UA 53
Bridge4 GUG GUG UCU UAA CUG CUU GAC UAA CGA AAA UAC CAG UCC GUC AGC AAG 57
CAU CGC AUA
S1 UGC GAU GCU UGC UGA CGG ACU 21
S2 UGC GAU GCU UGC UGA CGG ACU AAU 24
S3 UAG UCC GUC AGC AAG CAU CGC AUA 24
S4 GGC ACG GCU GUA AAC CGU GC 20
S5 GCC GGC UGU AAA CCG GC 17
S6 GGG UGC UCA GUA CGA GAG GAA CCG CAC CC 29
S7 GGA GCG GUA GUU CAG UCG GUU AGA AUA CCU GCC UG 35

double-stranded RNA cannot be effectively repaired by
AvaPnkp/Henl.

Efficient RNA repair was observed with some RNA sub-
strates originally designed as negative controls. Specifically,
in the absence of Lead RNA, Tail RNA was efficiently li-
gated to Bridge3 and Bridge4 RNAs (Fig. 4E, lanes 6,7), but
not Bridgel and Bridge2 RNAs (Fig. 4E, lanes 4,5). Without
Lead RNA, Tail RNA and Bridge3 or Bridge4 RNAs form
a double-stranded RNA with a 4-nt single-stranded 5’
overhang of Tail RNA, and a 27-nt or 31-nt single-stranded
3’ overhang of Bridge3 or Bridge4 (Supplemental Fig.
S1C,D). Efficient RNA repair of Tail/Bridge3 and Tail/
Bridge4 combinations indicates ligation of the 5" overhang
of Tail RNA to the 3’ overhang of the Bridge3 or Bridge4
RNAs to form a 31-nt or 35-nt size loop. The inability of

Tail RNA to be ligated to Bridgel (Fig. 4E, lane 4) can be
explained by the lack of the flexible single-stranded 5’
overhang of Tail RNA in the Tail/Bridgel combination
(Supplemental Fig. S1A). On the other hand, the negative
result of RNA repair in the Tail/Bridge2 combination was
initially puzzling, as it should have produced a result similar
to the Tail/Bridge3 combination because they appeared to
have similar single-stranded 5’ and 3’ overhangs (Fig. 4B,C).
Further inspection of the nucleotide sequences of these two
Bridge RNAs explains why. In the absence of Lead RNA,
three of the four nucleotides in Bridge2 originally designed
to base-pair with the 3’ end of Lead RNA are now able to
base-pair with the single-stranded 5" overhang of Tail RNA
(Supplemental Fig. S1B). In essence, the Tail/Bridge2 com-
bination has a secondary structure similar to the one of the
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FIGURE 3. Repair of broken stem-loop RNAs by AvaPnkp/Henl.
(A) Schematic view of three sets of broken stem—loop RNAs used for
the assay. Since each substrate is reconstituted by mixing and
annealing separately prepared 5'-half and 3’-half RNAgs, its breaking
point is marked with an arrow and labeled as Asp (for nucleotide
sequence matching tRNA*P) or Arg (for nucleotide sequence match-
ing tRNA®™®). (B) Analysis of phosphorylation and repair reactions
by DPAGE. Pnkp-N indicates the N-terminal half of Pnkp consisting
of the kinase and phosphatase domains. SM indicates RNA size
marker.

Tail/Bridgel combination (Supplemental Fig. S1B, cf. with
Supplemental Fig. S1A). It is therefore only logical that RNA
repair of these two combinations by AvaPnkp/Henl pro-
duced similar results (Fig. 4E, lanes 4,5).

Another observation was the efficient ligation of Tail
RNA to Lead RNA in the absence of any Bridge RNAs (Fig.
4E, lane 3). Again, inspection of the nucleotide sequences of
these two RNAs provides rationale as to why these two
RNAs were efficiently ligated by AvaPnkp/Henl. Within
a region of 11 nt near the 3’ end of Lead RNA and the 5’
end of Tail RNA, these two RNAs are able to form a duplex
of a total of 10 bp, and eight of them are continuous
(Supplemental Fig. S2A). Base-pairing between Lead RNA
and Tail RNA produces an RNA substrate with a 12-nt
single-stranded 5’ overhang of Lead RNA and a 19-nt
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single-stranded 3’ overhang of Tail RNA. Presumably,
these two ends were ligated by AvaPnkp/Henl during
RNA repair, producing a stem—loop RNA with a 31-nt
size loop.

In addition to the efficient RNA repair of the Tail/Lead,
Tail/Bridge3, and Tail/Bridg4 combinations, a small amount
of self-ligated product of Tail RNA was also observed in the
absence of other RNAs (Fig. 4E, lane 2). A possible ex-
planation for this inefficient self-ligation is the potential
formation of four GC pairs via 5" ends of two Tail RNAs.

A Lead 3’5" Tail*

Nick:

3-00000000O000005

Bridge1
B 35
Lead Tail*
Bul 5 -3’
ulge:
30000000000 0000--5
Bridge2
Lead Tail*
Double 5'--- -3
Bulgel: 3/__ ___5'
Brldge3
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FIGURE 4. Repair of broken double-stranded RNAs by AvaPnkp/
Henl. (A-D) Schematic depiction of different secondary structures of
RNA repair substrates with single RNA break in the regions of double-
stranded RNA (Nick) and bulges (Bulge, Double Bulgel, and Double
Bulge2). Only Tail RNA, which is depicted with white cycles, is
radiolabeled (with *). Lead RNA, the potential repair partner of Tail,
is colored black, and the complementary strand bridging Tail and
Lead RNAs (Bridgel to Bridge4) is in gray. (E) Analysis of RNA repair
products by DPAGE. B1 to B4 indicate Bridgel to Bridge4.
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AvaPnkp/Hen1 does not ligate two unrelated ssRNAs

Due to the unexpected result of RNA repair of the Tail/
Lead combination (Fig. 4E, lane 3), we decided to further
investigate potential RNA ligation of Tail RNA with other
ssRNAs available in our laboratory. We have chosen seven
ssRNAs (Table 1, S1 to S7) for the study. Based on their
nucleotide sequences, these seven ssRNAs can be divided
into three groups. S1 and S2 RNAs belong to the first group,
both of which are related to Lead RNA due to their high
nucleotide sequence identities (Supplemental Fig. S2B). In-
deed, like Lead RNA, S1 and S2 RNAs were efficiently ligated
to Tail RNA by AvaPnkp/Henl (Fig. 5, lanes 4,5, cf. lane 3).
The positions of the ligation products in the gel are con-
sistent with the expected ligation sizes of Lead (27 nt), S1 (21
nt), and S2 (24 nt) RNAs to Tail RNA (30 nt).

S3 is the only RNA that belongs to the second group. S3
is also related to Lead RNA. But instead of sharing the same
nucleotide sequences with Lead RNA as S1 and S2, S3 is
complementary to Lead RNA (Supplemental Fig. S2C).
RNA ligation of S3 to Tail RNA was not observed (Fig. 5,
lane 6). Therefore, the positive results from S1 and S2, and
the negative result from S3, provide further support for the
explanation that efficient ligation of Tail RNA to Lead RNA
is due to formation of a secondary structure as depicted in
Supplemental Figure S2A.

RNAs in the third group are S4, S5, S6, and S7 (ranging
in size from 17-35 nt) (Table 1). Based on their nucleotide
sequences, these RNAs are not related to Lead RNA or to
Tail RNA. None of them were able to ligate to Tail RNA
(Fig. 5, lanes 7-10). Therefore, we conclude that if two
ssRNAs do not physically interact with each other via base-
pairing to bring them together, their ligation by AvaPnkp/
Henl will not occur.

It is interesting to notice that whereas a small amount of
self-ligated product was produced with Tail RNA alone
(Fig. 5, lane 2), such a ligation product was not observed
with the addition of $3-S7 (Fig. 5, lanes 6-10). Presumably,
the addition of excess ssSRNAs S3—S7 sequesters a significant

Tail + + + + + + + + + +
ssSRNA - - Lead S1 S2 S3 S4 S5 S6 S7
Pnkp/Hen1 - + + + + + + + + +
SM 1 2 3 4 5 6 7 8 9 10

zo&

FIGURE 5. Repair of RNA substrates consisting of two single-
stranded RNAs (ssRNAs) by AvaPnkp/Henl. As in the case of Figure
4, only Tail RNA is radiolabeled.

amount of enzyme, making inefficient self-ligation of Tail
RNA unlikely to occur.

DISCUSSION

Based on results of RNA repair assays presented in this
study, we summarize an effective RNA substrate for repair
by AvaPnkp/Henl as schematically depicted in Figure 6.

To be an effective RNA repair substrate of AvaPnkp/Henl,
two elements are essential. The first element is the two single-
stranded ends from the original RNA cleavage, which are
the repair targets and are depicted here as 5’ and 3’ over-
hangs (Fig. 6). The second element is a means to bring
these two ends together to facilitate repair by AvaPnkp/
Henl. Our data indicate that the lengths of both 5’ and 3’
overhangs are quite flexible, and a stable stem is the most
effective method to bring these two overhangs together for
efficient repair.

For the 5" overhang, we have observed efficient repair of
RNA substrates with its length from 4-12 nt (Fig. 4E, lanes
3,6,7; Supplemental Figs. SIC,D, S2A). It is likely that RNA
substrates with the 5" overhang >12 nt can also be efficiently
repaired by AvaPnkp/Henl, but it requires future experi-
ments for confirmation. The shortest length of 5" overhang
allowed for effective repair is in fact zero, demonstrated by
the effective repair of the cleaved tRNA”"® and its truncated
derivatives (Figs. 1, 2). However, tRNA™® and its deletion
derivatives are likely to be an exception as similar configu-
rations in the Tail/Bridgel and Tail/Bridge2 combinations
did not work well for repair (Fig. 4E, lanes 4,5; Supplemental
Fig. S1A,B). It is possible that, after cleavage by colicin D, the
5'-terminal nucleotide (nucleotide 39) in tRNA*™® and its
deletion derivatives might no longer base-pair with its part-
ner (nucleotide 31) due to limited stability of the anticodon
stem (5 bp). This would provide the 5’ end some flexibility
for the repair reactions (phosphorylation and ligation) to be
carried out. This hypothesis is consistent with the observa-
tions that the cleaved tRNA* deletion mutant is repaired
more efficiently than the full-length tRNA*® (Fig. 2B,D).
Deleting the D or/and T¥C stem-loop in tRNA*"® would
likely produce less stable RNAs, which might be better sub-
strates of AvaPnkp/Henl due to more potential flexibility of
the 5'-terminal nucleotide. Conversely, because both Tail/
Bridgel and Tail/Bridge2 have long stems (Supplemental
Fig. S1A,B), the flexibility of the 5’-terminal nucleotide
amenable for RNA repair seen in tRNA™™® and its deletion
derivatives might not be present in the Tail/Bridgel and Tail/
Bridge2 combinations, resulting in inefficient repair of Tail/
Bridgel and Tail/Bridge2 (Fig. 4E, lanes 4,5).

For the 3’ overhang, RNA substrates with its length rang-
ing from 3 nt (tRNA™*P and its derivative) (Fig. 2A,C) to 31
nt (Tail/Bridge4 combination) (Fig. 4E, lane 7) were seen to
be efficiently repaired by AvaPnkp/Henl. It is possible that
the 3" overhang could even be <3 nt, but we have not tested
this possibility.
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FIGURE 6. Schematic depiction of an effective RNA substrate of
AvaPnkp/Henl and its repaired product based on experimental data
presented in this study. The two terminal nucleotides to be ligated by
AvaPnkp/Henl are highlighted in gray, with the depicted 5'-OH and
2',3"-cyclic phosphate groups that are directly involved in repair chem-
istry. ATP is required for phosphorylation of the 5'-OH group, and
AdoMet is the methyl donor for 2’'-O-methylation on the 3'-
terminal nucleotide during repair, which requires a manganese ion
(Mn*") to carry out the reaction. The numbers of nucleotides for the
different regions of RNA (5’ overhang, 3’ overhang, Stem 1, Bulge,
and Stem 2) were chosen arbitrarily. Secondary structures of the
Bulge, the 5’ overhang, the 3" overhang, and the resulting repaired
loop were also arbitrary depicted.

We propose that a stable stem, as depicted Stem 1 in
Figure 6, is the best means to bring two overhangs
together for efficient repair by AvaPnkp/Henl based on
the following observations. First, AvaPnkp/Henl is
unable to repair an RNA substrate that does not form
a secondary structure to bring the two ends together.
This is supported by the negative results of ligating Tail
RNA to other unrelated ssRNAs (Fig. 5, lanes 6-10).
Second, employing two double-stranded RNAs to bring
the two ends together for repair did not work well, as
AvaPnkp/Henl was unable to repair the damaged bulged
RNAs (Fig. 4E, lanes 8-11). Third, of the all the RNA
substrates we have tested for repair so far, RNAs that were
efficiently repaired by AvaPnkp/Henl are always having
secondary structures of some variations of the cleaved
stem—loop RNAs (tRNA*P and its deletion derivatives,
tRNA™8 and its deletion derivatives, Tail/Lead combina-
tion, Tail/Bridge3 combination, and Tail/Bridge4 com-
bination). The discrimination of the cleaved stem-loop
RNAs vs. the cleaved bulged RNAs for repair by AvaPnkp/
Henl might reflect the structure of RNA-binding groove/
pocket in the Pnkp/Henl complex. It is possible that the
RNA binding groove/pocket of Pnkp/Hen1 is not suitable
for binding of a damaged bulged RNA, which requires
accommodation of two double-stranded RNAs on both
sides of the cleaved bulge RNA. A crystal structure of
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the Pnkp/Henl complex should confirm or refute this
possibility.

In addition to the two essential elements described above,
other RNA elements beyond the required stem might be
beneficial, and in some cases are essential, for efficient RNA
repair (Fig. 6). While tRNA-ADT was efficiently repaired,
deletion of the bulge region in tRNA-ADT produced RNAs
that were not good substrates of AvaPnkp/Hen1 (Fig. 3). We
postulate that some single-stranded elements in RNA sub-
strates are needed to provide sufficient interaction with
Pnkp/Henl for efficient repair. Cleaved tRNA-ADT has
the bulge region to provide such elements. Although Tail/
Bridge3, Tail/Bridge4, and Tail/Lead combinations do not
have bulges (Supplemental Figs. SIC,D, S2A), they have
long single-stranded overhangs as the single-stranded
elements. On the other hand, cleaved tRNA-ADT-AB and
tRNA-AC-SL do not have bulges, and their 5’ and 3’ over-
hangs are too short to be the providers of the single-stranded
elements. Again, a crystal structure of Pnkp/Hen1, which we
are actively working on, should provide insight into whether
interaction with the single-stranded region of an RNA
substrate by Pnkp/Hen1 is required for efficient RNA repair.

As we have discussed previously, the biological roles of
Pnkp/Henl in vivo are unknown. Nevertheless, we could
speculate about the possible situations within living cells
where RNA repair is required. If RNA damage in bacteria
carrying Pnkp/Henl1 is induced by exogenous agents, we
could then imagine two possible scenarios in which a
bacterium requires RNA repair. The first is in an emer-
gency, such as when a bacterium is invaded by a ribotoxin.
A ribotoxin could cleave an essential RNA so rapidly that
new rounds of transcription might not be fast enough to
save the cell. This scenario requires only a short-term
solution, and bacterial Pnkp/Hen1 could play such a role.
Evidence supporting such a possibility is shown by more
efficient repair of the cleaved full-length tRNA*® com-
pared with the cleaved tRNA™P deletion derivatives (Fig.
2A,C). However, the difference in efficiency of repairing the
cleaved full-length tRNA*P vs. the deletion derivative ap-
pears to be much smaller in the bacterial Pnkp/Hen1 sys-
tem than the T4Pnkp/Rnll system (Nandakumar et al.
2008). This observation, together with the more efficient
RNA repair of the tRNA*® deletion mutant vs. the full-
length one, is consistent with the Pnkp/Henl employed for
RNA repair in a second scenario described below.

In a second scenario, repair of damaged RNAs might be
employed as a long-term strategy to “improve the quality
of life” of bacteria that suffer constant RNA damage. In such
a case, the damaged RNAs need to be repaired in such a way
that the RNAs after repair could no longer be cleaved again.
Otherwise, the cycle of RNA damage followed by RNA repair
would keep repeating. We have previously demonstrated
that, because of the 2'-O methylation at the junction of RNA
repair, repaired RNA can no longer be cleaved again at the
site of repair (Chan et al. 2009b). The data presented in this
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study indicate that Pnkp/Henl is able to repair a variety of
damaged RNAs with high efficiency. Therefore, the mecha-
nism of RNA repair carried out by Pnkp/Henl and the
broad RNA substrate specificity of AvaPnkp/Henl described
in this study are consistent with the second scenario. From
a logical point of view, how an RNA is damaged is not the
concern of the Pnkp/Henl RNA repair system. The presence
of a significant amount of a particular RNA cleaved at a
specific site is sufficient to indicate the vulnerability of the
site. One round of repair of the cleaved RNA by Pnkp/Henl
with the 2’-O-methylation at the repair junction helps the
cell solve the RNA damage problem at that particular site.
We believe that the general conclusions based on our in
vitro RNA repair study of Pnkp/Henl from A. variabilis are
applicable for Pnkp/Henl from other bacterial species. How-
ever, we cannot rule out the possibility that, during the long
history of bacterial evolution, Pnkp/Henl1 in different bacte-
rial species have maintained the same chemistry for RNA
repair (5'-phosphorylation, 3’-dephosphorylation, 5',3'-liga-
tion, and 2'-O-methylation) but have evolved different RNA
substrate specificity due to the requirement of repairing
specific RNA damages caused by RNA-damaging agents
present in their local living environments. Future studies
similar to the one presented here, but using Pnkp/Henl
from other organisms, should address this issue. In addition,
we have recently found a second subfamily of the bacterial
Pnkp/Henl RNA repair system that is significantly different
from the first subfamily in the amino acid sequences of both
Pnkp and Henl (data not shown). Therefore, it is possible
that Pnkp/Henl from the second subfamily might have
a different RNA substrate specificity from those in the first
subfamily, of which AvaPnkp/Henl is a member.

MATERIALS AND METHODS

Recombinant proteins

AvaPnkp/Henl and AvaPnkp-N were overexpressed in E. coli
BL21(DE3) and purified from soluble bacterial lysates as described
previously (Chan et al. 2009b).

Preparation of full-length and cleaved RNAs

All the RNAs listed in Table 1 were in vitro transcribed using T7
polymerase with the exception of tRNA™P-AC-SL-5’, tRNA™P-
AC-SL-3', tRNA*8-AC-SL-5', tRNA*®-AC-SL-3’, Lead, S1, S2,
S3, S4, and S5 RNAs, which were purchased from IDT. Both in
vitro transcribed and purchased RNAs were purified by DPAGE.
In vitro transcription and cleavage of tRNAs by colicin E5 and
colicin D were carried out as described previously (Chan et al.
2009b).

RNA repair assays with tRNAs and its deletion
derivatives RNAs

The RNA repair reaction was carried out in a reaction mixture
containing 25 mM Tris-HCl (pH 8.0), 50 mM KCl, 2.5 mM

MgCl,, 0.05 mM EDTA, 2.5% glycerol, 5 mM DTT, 0.2 mM ATP,
0.5 mM MnCl,, 0.05 mM S-AdoMet, 1.0 uM internally 3p_
radiolabeled cleaved tRNA or its deletion derivatives, and 0.5 pM
of AvaPnkp/Henl heterotetramer. The reaction mixture was in-
cubated for 0, 5, 15, 30, and 60 min at 37°C. The reactions were
quenched by adding DPAGE loading buffer. The samples were
heated for 3 min at 95°C and analyzed by 15% DPAGE. The
radioactivity of the repaired and unrepaired tRNAs was quantified
using a PhosphorImager system (Molecular Dynamics).

RNA repair assays with stem-loop RNAs

The RNA repair reaction was carried out in a reaction mixture
containing 25 mM Tris-HCI (pH 8.0), 50 mM KCl, 2.5 mM
MgCl,, 0.05 mM EDTA, 2.5% glycerol, 5 mM DTT, 0.5 mM
MnCl,, 0.05 mM S-AdoMet, 1 uM of an RNA substrate (tRNA-
AC-SL, tRNA-ADT-AB, or tRNA-ADT), and 0.5 uM of AvaPnkp/
Henl or AvaPnkp-N in the presence of 0.2 mM ATP/*’P-y-ATP
mixture. The reaction mixture was incubated for 40 min at 37°C.
The samples were heated for 3 min at 95°C and analyzed by
20% DPAGE. The radioactivity of the repaired and unrepaired
tRNAs was quantified using a PhosphorImager system (Molec-
ular Dynamics).

RNA repair assays with the nicked and broken bulged
double-stranded RNAs and with ssRNAs

The RNA repair reaction was carried out in a reaction mixture
containing 25 mM Tris-HCI (pH 8.0), 50 mM KCl, 2.5 mM
MgCl,, 0.05 mM EDTA, 2.5% glycerol, 5 mM DTT, 0.2 mM ATP,
0.5 mM MnCl,, 0.05 mM S-AdoMet, 1 uM of an RNA substrate
with only Tail RNA internally radiolabeled with **P-a-ATP, and
0.5 uM of AvaPnkp/Henl heterotetramer. The reaction mixture
was incubated for 40 min at 37°C. The reactions were quenched
by adding DPAGE loading buffer. The samples were heated for 3
min at 95°C and analyzed by 15% DPAGE. The radioactivity of
the repaired and unrepaired tRNAs was quantified using a Phos-
phorImager system (Molecular Dynamics).

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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