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ABSTRACT

The conserved bacterial anticodon nuclease
(ACNase) RloC and its phage-excluding homolog
PrrC comprise respective ABC-adenosine tripho-
sphatase (ATPase) and ACNase N- and C-domains
but differ in three key attributes. First, prrC is always
linked to an ACNase silencing, DNA restriction-
modification (R-M) locus while rloC rarely features
such linkage. Second, RIoC excises its substrate’s
wobble nucleotide, a lesion expected to impede
damage reversal by phage transfer RNA (tRNA)
repair enzymes that counteract the nick inflicted
by PrrC. Third, a distinct coiled-coil/zinc-hook
(CC/ZH) insert likens RloC’s N-region to the univer-
sal DNA damage checkpoint/repair protein Rad50.
Previous work revealed that ZH mutations activate
RloC’s ACNase. Data shown here suggest that RloC
has an internal ACNase silencing/activating switch
comprising its ZH and DNA-break-responsive
ATPase. The existence of this control may explain
the lateral transfer of rloC without an external
silencer and supports the proposed role of RloC as
an antiviral contingency acting when DNA restric-
tion is alleviated under genotoxic stress. We also
discuss RloC’s possible evolution from a PrrC-like
ancestor.

INTRODUCTION

Bacteria disable translation in response to various stress
situations including phage infection (1). A case in point
is imparted by the anticodon nuclease (ACNase) PrrC,
a potential phage-excluding device counteracted by

phage-induced transfer RNA (tRNA) repair (2,3). RloC
is a novel ACNase of unknown function whose similarity
to PrrC and salient features portray it as a stronger anti-
viral device responsive to an added stress cue (4).
Evaluating RloC’s distinctive traits and purported role
necessitates prior description of its better documented
homolog PrrC, particularly the prototype encoded by a
rare Escherichia coli strain (EcoPrrC) (5-7).

EcoPrrC’s ACNase is silenced in the uninfected host by
the physically associated Type Ic DNA restriction—-modi-
fication (R-M) protein Ecoprrl (6,8). During phage T4
infection, it is activated by the co-opted T4 anti-DNA re-
striction peptide Stp (9). The activated ACNase nicks
tRNA™® 5 to the wobble base yielding 3'-cyclic P and
5-OH termini. This damage could disable T4 late transla-
tion and contain the infection (2,10). However, T4’s tRNA
repair proteins 3’-phosphatase/5’-polynucleotide kinase
(Pnk) and RNA ligase 1 (Rnll) offset it. Specifically,
Pnk converts the cleavage termini into a 3’-OH and 5'-P
pair that Rnll joins (2). The above restriction/anti-
restriction cascade may be shared by other PrrC-
encoding bacteria, judged from prrC’s consistent linkage
to a Type Ic R—M locus, the ACNase activities of PrrC
orthologs looked at (3,4,11) and a case of coincident in-
activation of the ACNase and linked R—M system (12).
The idea that Pnk and Rnll evolved as ACNase antidotes
(13,14) is reinforced by their ubiquity among T4-like
phage of PrrC/RloC-encoding bacteria but absence from
T4-like cyanophage not expected to encounter these
ACNases (http://www.ncbi.nlm.nih.gov/sutils/genom_
table.cgi and http://phage.ggc.edu/).

In vitro activation of the latent EcoPrrC ACNase
(EcoPrrC—Ecoprrl complex) requires besides Stp the
hydrolysis of GTP in the presence of dTTP. ATP
inhibits the activation but whether it exerts this effect
through EcoPrrC or Ecoprrl’s adenosine triphosphatase
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(ATPase)/DNA translocase is not known (15-17). Isolated
EcoPrrC has overt ACNase activity refractory to Stp and
GTP but unstable without dTTP or a non-hydrolyzable
dTTP analogue. The significance of this protection is
indicated by the importance of the T4-induced accumula-
tion of dTTP for the manifestation of EcoPrrC’s ACNase
activity (3,15,18-20). These observations underlie a
scheme where GTP hydrolysis drives the activation of
the ACNase and the accumulated dTTP stabilizes the
activated form. GTP and dTTP likely exercise their
distinct functions through EcoPrrC’s ABC-ATPase
N-domains, to which these nucleotides bind with vastly
differing affinities without displacing each other (3,15
and our unpublished data). FEcoPrrC’s remaining
C-proximal third harbours residues implicated in
tRNA™ recognition (21-24) and a putative catalytic
ACNase triad (3) that is conserved by RloC (4).
EcoPrrC may act as a tetramer (3) whose N-domains
dimerize head-to-tail like typical ABC-ATPases and the
C-domains in parallel (24). Another view is that
EcoPrrC is a dimer whose ACNase domains do not
interact (11).

RIoC shares PrrC’s organization into ABC-ATPase and
ACNase domains but differs in three key features. First,
RloC rarely interacts with an R—M system in cis although
teaming of RloC with an R—M system in trans is not
excluded (4). Second, RIoC excises its substrate’s wobble
nucleotide, a lesion expected to frustrate damage reversal
by phage tRNA repair enzymes (4). Third, a coiled-coil/
zinc-hook (CC/ZH) insert in RloC’s ATPase domain
likens its N-region to the universal DNA damage check-
point/repair protein Rad50 (25-27). Rad50’s CC/ZH folds
back into an anti-parallel CC protruding from the ATPase
head domain with the ZH motif Cys—X—X-Cys at its apex.
Two ZH apices join by coordinating Zn"" to the four Cys
of their dimerization interface. Such ZH joints form
between two flexible CC/ZH protrusions of the same
Rad50 dimer or between two different DNA-borne
Rad50 dimers (26,27). The latter mode bridges distant
DNA molecules and is essential for Rad50-mediated
DNA transactions (28,29). Other DNA bridging structure
maintenance of chromosomes (SMC) proteins join their
CC protrusions through hydrophobic apices (30).

RlIoC is so far the only protein other than Rad50 known
to harbour a CC/ZH insert in its ABC-ATPase domain. A
regulatory role of this extension is suggested by ZH mu-
tations that activate RloC’s ACNase and exacerbate its
toxicity (4). This fact underlies a model where RloC
responds to DNA insults by disabling translation, benefit-
ing its host as an antiviral contingency as DNA restriction
is alleviated under genotoxic stress (4,31,32).

In this work, we investigated the role of RloC’s Rad50-
like N-region in regulating its C-proximal ACNase, spe-
cifically the anticipated involvement of the ZH motif and
ABC-ATPase head domain in this function. To accom-
plish this feat, we used the RloC ortholog from the
thermophile Geobacillus kaustophilus (GkaRloC) (4) and
model ACNase substrates that also served to further char-
acterize the RloC excision reaction. The data suggest that
RloC’s ACNase is regulated by its coupled ZH and
DNA-break-responsive ATPase, in keeping with the
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above model. The existence of such internal control may
also account for the lateral transfer of rloC without a
linked ACNase silencer.

MATERIALS AND METHODS
GkaRloC mutagenesis

Mutations in GkaRloC’s ATPase motifs were introduced
by Quick Change (33) and verified by DNA sequencing.

GkaRloC expression and purification

Escherichia coli Rosetta™ (DE3) pLysS (Novagen)
encoding inducible T7 RNA polymerase and rare tRNA
species served as host cell for expressing plasmid
pGkaRloC-L-Hisg or the indicated mutant derivatives
(4). Cells transformed by them were grown to 1.5 ODyg
at 37°C (wt, K44N, D572N) or 25°C (C291G) in modified
TY medium (3.2% trypton, 2.4% yeast extract, 35mM
NaCl, 89 mM potassium phosphate buffer, pH 7.5 and
0.4% glycerol) containing 100 pg/ml ampicillin and
34pug/ml  chloramphenicol. Protein expression was
induced by adding 1mM isopropyl-B-p-thiogalacto-
pyranoside. The culture was shifted then to 16°C and
shaken for 16h. The cells were harvested and washed
twice with buffer I (10mM Tris—HCI, pH 7.5, 15mM
MgCl,, 1M KClI and 10% glycerol) and once in buffer
II (10mM Tris-HCIL, pH 7.5, 15mM MgCl,, 50mM
KCl and 10% glycerol). The protein expression level and
in vivo ACNase activity were assessed as previously
described (4). Protein purification steps were performed
at 0—4°C. The bacterial pellet was suspended in 1.5 vol
of buffer III (10mM Na-HEPES, pH 7.5, 10mM
MgCl,, 5mM B-mercaptoethanol and 10% glycerol) con-
taining ethylenediaminetetraacetic acid-free protease in-
hibitor cocktail (Roche). Following passage through an
Aminco pressure cell at 18000psi, the lysate was
centrifuged 30min at 30000g. The supernatant was
made up to 5SmM imidazole and loaded onto an
immobilized cobalt affinity resin (TALON, Clontech).
The column was washed with 10 vol of buffer III contain-
ing 5SmM imidazole and 250 mM NaCl followed by 10 vol
of buffer III plus 5mM imidazole. GkaRloC was eluted in
buffer III plus 0.5M imidazole. Peak fractions were
concentrated in Vivaspin 20 concentrator 30000 MWCO
(Sartorius), loaded on Q-trap anion exchange column
(GE-Healthcare) and eluted in a linear 0-1M NaCl
gradient in buffer III. Peak fractions emerging at
~140 mM NaCl were stored in small aliquots at —80°C.

ACNase substrates

Internally labelled Saccharomyces cerevisiae
tRNACMUYO was prepared by treating the total cellular
tRNA fraction with the Kluyveromyces lactis tRNase
v-zymocin (34) in 20mM Tris—=HCI, pH 7.5 and 1 mM
MgCl,. The resultant tRNAS™UYYO  fragments were
ligated back within the total tRNA fraction by T4 Pnk
and Rnll (NEB) in the presence of 1uM [y-’P]JATP
(3000 Ci/mmol, NEN) essentially as described (35). The
ligated back tRNAS™MUYO was gel purified along with
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similar-sized non-labelled ‘carrier” tRNA species. The
presence of these carrier species did not affect the
GkaRloC cleavage pattern of tRNAS™UYYS  This was
indicated by an identical pattern obtained with the
ligated back gel-purified tRNAS™MYYO  fragments.
Derivatives of the labelled sc-tRNAS™UYYO partially
incised 3’ or 5 to the wobble position were prepared by
incubating this substrate with y-zymocin (34) or
EcoPrrC-D222E (3).

GkaRloC ACNase assays

The standard in vitro ACNase assay mixtures (10 pul) con-
tained 100-500ng GkaRloC protein, 70mM Tris—HCI,
pH 7.5, 10mM MgCl,, 10mM dithiothreitol, 0.5mM
ATP, 10ng/pl double-stranded DNA fragments (BstEII-
digested 2 DNA, NEB) and 0.05-0.1pmol of
[5-*P]Lys3-ASL or 0.01-0.02pmol of the internally
labelled sc-tRNACMUYO After 5-10 min pre-incubation
at 25°C, the reaction was started by adding the substrate.
Where indicated, other DNA species substituted the
standard A DNA fragments. They included DNA
duplexes or hairpins of defined size (Supplementary
Table S1) and pUC19 DNA (Fermentas) used as such,
or after relaxation with E. coli DNA topoisomerase I or
linearized with Sma I endonuclease, both provided by
NEB. The reaction was stopped with 2 vol of 10 M urea,
0.01% each of xylene cyanol and bromphenol blue. The
products were separated by denaturing polyacrylamide gel
electrophoresis, monitored by autoradiography and
quantified by Scion Image software (NIH). In vivo
ACNase activity was monitored by in vitro 5'-end labelling
tRNA fragments generated in cells expressing the
indicated GkaRloC allele, as described (4)

RESULTS

GkaRloC excises the wobble nucleotide by successive
cleavages in the 3’ to 5’ order

The regulation of GkaRloC’s ACNase by its Rad50-like
N-domain was studied using a Hisg-tagged form expressed
in E. coli and purified by immobilized-metal affinity chro-
matography (IMAC) followed by ion-exchange chroma-
tography (IEC), respectively (Figure 1A). Its ACNase
activity was assayed with two convenient model substrates
that were cleaved in a manner similar to that seen with
E. coli tRNAs GkaRloC targets in vitro and in vivo. A
minimal model ACNase substrate was a [5'->*P] anticodon
stem-loop of sequence and base modifications of mamma-
lian tRNA™3 (Lys3-ASL) (23,36) (Figure 2A). Lys3—
ASL was preferred over a less reactive ASL with E. coli
tRNAM modifications or hypomodified counterparts
cleaved differently from the full-sized tRNA substrates
(not shown). In contrast, Lys3—ASL was cleaved by
GkaRloC first 3’ and then 5 to the wobble base, yielding
in respective order labelled 8- and 7mers. Prolonged incu-
bation yielded also a labelled 6mer (Figure 2B and C).
Such further trimming has not been observed with
full-sized tRNAs (4). Therefore, it was ascribed to
greater flexibility of the cleaved minimal substrate.

A Wild type B C291G
Stained Western Stained Western
o (T ] o s \
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50— 50—
1 2 3 4 1 2 3 4

Figure 1. Isolation of GkaRloC alleles. Aliquots of the indicated frac-
tions of wild-type GkaRloC (A) or its ZH mutant C291G (B) were
separated by SDS-PAGE and monitored by staining or immunoblot-
ting using an anti-His tag monoclonal antibody (4).

A full-sized model substrate used was the major
S. cerevisiae tRNAS™ [sc-tRNACMUYO] 1t resembles
the E. coli counterpart preferentially cleaved by
GkaRloC (4). Importantly, sc-tRNACMUYO can be
readily tagged 3’ to the wobble base, allowing direct visu-
alization of the excised nucleotide. To introduce this tag,
we exploited the specificity of y-zymocin, the poisonous
subunit of the toxin secreted by killer strains of the dairy
yeast K. lactis. Within target S. cerevisiae cells y-zymocin
incises tRNACMUYO 3/ (5 the 5-methoxycarbonylmethyl-
2-thiouridine (mem’s°U) wobble base (34). Such a
reaction performed in vitro and followed by T4 Pnk and
Rnll-mediated repair in the presence of [y-°PJATP
yielded the desired internally labelled sc-tRNASMUVUO),
GkaRloC converted this substrate into three labelled
products: ~34 and ~43nt fragments formed in relatively
low amounts and the excised nucleotide that accumulated
(Figure 3A and B). The ~34mer migrated with the labelled
fragment released by y-zymocin (Figure 3D, lanes 2 and
4), indicating that GkaRloC incised sc-tRNASMUUO
similarly. The ~43mer migrated with the major labelled
fragment formed by EcoPrrC (Figure 3D, lanes 2 and 3),
which normally incises its substrate 5’ to the wobble base.
Thus, GkaRloC incised sc-tRNACMUYO) a5 at this site.
Note that EcoPrrC nicked sc-tRNAS™UYO 3150 3 to the
wobble base, albeit, to a lesser extent than at the 5 site
(Figure 3D, lane 3). Such a shift in cleavage specificity has
been observed with some EcoPrrC mutants and substrate
analogues (21,22). The excised wobble nucleotide was seen
with GkaRloC but not EcoPrrC (compare lanes 2 and 3).
This discrepancy confirmed that GkaRloC rather than a
contaminating E. coli activity catalyzed the excision
because both ACNases were expressed and purified
similarly.

The ability of GkaRloC to incise sc-tRNASMUYO on
either side of the wobble base could be taken to indicate
that the excision occurs by successive cleavages not only in
the 3’ — 5 direction, as previously assumed (4) but also in
the opposite. Yet, more likely seemed that the 5 incision
yielded a dead-end product since the ~34mer declined
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Figure 2. GkaRloC-mediated digestion of a 5-end labelled ASL substrate. (A) Lys3—ASL sequence (the 3'-dT extension facilitated the chemical
synthesis of this ASL (36). The arrows indicate incision (Inc.) and excision (Exc.) sites. U’ is the modified wobble base mem’s*U. The arc highlights
the anticodon triplet. (%) denotes the 5'-label. (B) GkaRloC ACNase activity was assayed using its IMAC fraction and the [5/-3*P]Lys3-ASL substrate
as detailed in ‘Materials and Methods’ section. The reaction products were separated by denaturing PAGE. L-size ladder of partially hydrolyzed
Lys3—-ASL. (C) Time course of Lys3—ASL decay and formation of the labelled products.

with the overall reaction, as would a bona fide intermedi-
ate, while the ~43mer accumulated (Figure 3B and C).
Moreover, GkaRloC effectively removed the wobble nu-
cleotide from a preformed 3’ incision product generated by
y-zymocin or as EcoPrrC’s minor product but not from
EcoPrrC’s major, 5 incision product (Figure 3E). These
data indicated that GkaRloC excised the wobble nucleo-
tide by successive cleavages in the 3’ — 5 order only
(Figure 3F). It is also noteworthy that the 3’ pre-incised
tRNA was preferentially cleaved in the presence of the
intact (Figure 3E, lanes 3 and 4). This result hinted that
the incision is rate-limiting and the overall reaction
processive.

GkaRloC’s ATPase activates its ACNase

Unlike the overt ACNase activity of isolated EcoPrrC (3)
purified GkaRloC was virtually devoid of ACNase activity
in the absence of a hydrolyzable nucleotide. As shown,
adding ATP to GkaRloC’s IMAC fraction dramatically
enhanced the cleavage of Lys3—ASL in a sigmoid dose
dependence (Figure 4A). In contrast, adenosine 5-(B,y-
imido) triphosphate (AMPPNP) did not elicit such activa-
tion (Figure 4B), suggesting that nucleotide hydrolysis is
required. However, when ATP was also present AMPPNP
not only delayed the activation of the ACNase in a
dose-dependent manner but also stabilized the ACNase
once activated (Figure 4C). In this regard GkaRloC super-
ficially resembled EcoPrrC whose latent form is activated
by GTP hydrolysis and the activated stabilized by dTTP
binding (3,15,20).

To determine whether GkaRloC harbours the
ACNase-activating ATPase, we sin;ly mutated its respect-
ive Walker A and B residues Lys** and Asp>’? as corres-
ponding lesions inactivate other ABC-ATPases (37-39).
When cells expressing wild-type GkaRloC or either
ATPase mutant were assayed for in vivo ACNase

activity (Materials and Methods) only the former yielded
the expected labelled ~42mers emanating from mature
tRNA substrates and a minor ~52mer possibly derived
from tRNA precursor(s) carrying a 3'-tail (4) (Figure 4D,
left panel). The ATPase mutants were also expressed at a
higher level than wild type, in keeping with their
ACNase-null phenotypes (right panel). These data
indicated that GkaRloC harbours the ACNase-activating
ATPase.

GTP (but not ATP) hydrolysis activates in vitro the
latent EcoPrrC—Ecoprrl ACNase holoenzyme but does
not augment the overt ACNase of free FEcoPrrC.
Moreover, dTTP stabilizes both the activated and overt
PrrC ACNases (15). In contrast, ATP and GTP activated
GkaRloC’s ACNase similarly and regardless of dTTP’s
presence (Figure 4E).

ACNase activation by GkaRloC’s ATPase requires DNA

When GkaRloC’s purer IEC fraction (Figure 1A) was
assayed, we noticed that adding ATP did not activate its
ACNase (Figure 5A). This suggested that an essential
activating factor was fractionated away. DNA seemed
the culprit since ACNase-enhancing ZH mutations (4)
were expected to modulate GkaRloC’s interaction with
DNA, as with Rad50 (26). Moreover, other SMC
proteins harbour a DNA-dependent ATPase (30,39,40).
Indeed, GkaRloC’s ACNase was activated in the IEC
fraction only when both ATP and DNA were added
(Figure SA, lanes 2, 3 and 5). AMPPNP failed to
activate the ACNase regardless of the presence of DNA
(lanes 4 and 6). The partial activation seen when only ATP
was added to the cruder IMAC fraction (Figure 5B; lanes
1 and 2) was attributed to co-purifying DNA, since prior
DNase I treatment abolished it (Supplementary Figure S1,
lane 6). Moreover, adding the standard DNA dose to the
treated fraction restored the activation (lane 8). This
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Figure 3. GkaRloC excises the wobble nucleotide from sc-tRNACMUYO (A and B) The sc-tRNASMUYO gubstrate radiolabeled 3’ to the wobble
base was incubated with the IMAC fraction of GkaRloC for the indicated times and the products separated by denaturing PAGE. ~34- and ~43mer
are the respective labelled fragments resulting from 3’ and 5 incisions; Ex.nt is the excised nucleotide. (C) Time course of substrate decay and
product formation in (B). (D) Cleavage products of the sc-tRNACMUUO gupstrate (C) formed by GkaRloC (R), PrrC (P) or y-zymocin
(Z). (E) GkaRloC cleaves the pre-formed 3’ but not 5 incision product of sc-tRNASMUYO  §c tRNASMUYO wag incubated with PrrC (lanes 1
and 2) or y-zymocin (lanes 3 and 4) followed by incubation with the ACNase-null mutant E696A (4) (lanes 1 and 3) or wild-type GkaRloC (wt)
(lanes 2 and 4). The chart on the right shows the proportions of intact sc-tRNAS™MUYO  the derived 5'- or 3'-incision products formed respectively
by PrrC or by PrrC and y-zymocin as well as the excised wobble nucleotide formed in the subsequent incubation with wild-type GkaRloC.
(F) The GkaRloC-mediated incising and excising cleavages of sc-tRNAS™MUYYO  The internally labelled substrate highlighted by an open square
(1) is incised by GkaRloC 3’ to the wobble base to yield compound (2) followed by an excising cleavage upstream that yields the tRNA fragments
1-33 and 35-76 and excised wobble nucleotide (3). Inadvertent incision 5’ to the wobble base yields a dead-end product (4). The tRNA substrates
and products are schematically depicted by their anticodon stem loop region. Indicated in it are the wobble and two flanking bases. @) denotes
phosphate label.

indicated that the DNase I treatment did not inactivate
the ACNase and the minimal DNase I dose needed to
degrade the endogenous DNA was overwhelmed by the
added DNA.

Defined duplexes of 5-432 bp (Supplementary Table S1)
were compared in ACNase activation with the routinely
used mixture of large DNA fragments averaging ~3.5kb.
The former were used at 100 nM, the latter at an optimal
~4nM level and GkaRloC at ~50 nM. Duplexes of 27 bp
and less did not detectably activate the ACNase

(Figure 5C, lanes 1 and 2 and data not shown).
Duplexes of 34-184 bp activated it modestly (lanes 3-5),
~3-fold less than the larger duplexes (lanes 6 and 7).
Presumably, the non-activating were smaller than
GkaRloC’s minimal DNA target, which may be close to
the ~23 bp DNA binding channel visualized in a Rad50/
AMPPNP co-crystal structure (41). We assume that the
biphasic size dependence of the activating duplexes reflects
a minimal length and/or bendability needed for the coales-
cence of GkaRloC molecules in cis. The effect of DNA
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of the IMAC fraction was assayed in vitro in panels (A)-(C) and

(E) essentially as described in Materials and Methods but in the absence of added DNA. (A) Dependence of GkaRloC’s ACNase activity on
ATP’s level. (B) GkaRloC’s ACNase activity was assayed in the presence of 500 uM of the indicated nucleotides. (C) Time courses of GkaRloC’s
ACNase activity in the presence of 0.5mM ATP and indicated amounts of AMPPNP. (D) In vivo ACNase activity of the indicated GkaRloC alleles.
Left panel—RNA extracted from cells expressing these alleles was 5'-end labelled using T4 Pnk and separated by denaturing PAGE. Right panel—
the expression of the indicated GkaRloC alleles were monitored by Western using an anti-His tag monoclonal antibody (4). (E) Nucleotide specificity
of GkaRloC’s ACNase activation. The activation reaction was performed in the presence of the indicated nucleotides (GTP and ATP at 0.5mM

each, dTTP at 5uM).

termini on the ACNase activating potential was
investigated by comparing supercoiled and relaxed
circular forms of the 2686 bp plasmid pUC19 DNA with
a linear counterpart (Figure 5D). As shown, the linear
form was by far more reactive, suggesting that DNA
termini figure in the activation.

GkaRloC’s anticipated DNA-dependent ATPase
activity was not detected over the K44N or D572N
ATPase mutant backgrounds when IEC fractions were
assayed (not shown). We assume that traces of
co-purifying DNA-dependent E. coli ATPase(s) masked
that of GkaRloC. This assumption concurs with that

inferred from AMPPNP’s dual effect (Figure 4C); i.c.
once activated by its ATPase, the ACNase is stabilized
by nucleotide binding. Noteworthy in this regard is also
the weak DNA-dependent ABC-ATPase (0.2min"")
reported for RecF, which is related to Rad50 (42) and,
by implication, to RloC.

Mutating GkaRloC’s ZH short circuits
the ACNase switch

It seemed conceivable that ACNase-activating ZH muta-
tions (4) uncouple the ACNase from its activating
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Figure 5. GkaRloC’s ACNase-activating ATPase depends on DNA. (A and B) Effect of the indicated additions on ACNase activity in IEC (A) or
IMAC (B) fractions of GkaRloC. (C and D) Effect of size (C) or shape (D) of the DNA added to the IEC fraction on the activation of GkaRloC’s

ACNase.

ATPase. This premise was tested by comparing wild-type
GkaRloC with the ZH mutant C291G in their responses to
ATP or AMPPNP, without or with DNA. GkaRloC®*°'¢
was expressed and 1solated similar to wild type, albeit, with
poorer yield and purity (Figure 1B). Unlike the wild-type
protein, it featured overt ACNase activity that was refrac-
tory to the DNA-dependent ATPase, both when Lys3—
ASL (Figure 6A) or sc- (RNACI(UUO) (Figure 6B) were
used as a substrate, and whether the IMAC (Figure 6)
or IEC fraction was used (Supplementary Figure S2).

The latter result suggested that ZH joints formed by the
wild-type protein silenced its ACNase. Unexpectedly,
using IEC fractions we found that Zn™" abolished both
the wild-type and ZH mutant ACNases as well as
EcoPrrC’s (Supplementary Figure S3). Presumably, Zn""
mediated these inhibitions through another or an added
site, shared perhaps by RloC and PrrC. Thus, it remained
uncertain whether Zn"" coordination by the ZH of the
wild-type ACNase accounted for its silencing. Finally,
our previous report that Zn™" fails to inhibit the ZH
mutant ACNase (4) must have been in error. Namely, it
turned out that imidazole left in the IMAC fraction used
in the former study titrates the zinc ions and thus prevents
the inhibition.

DISCUSSION
GkaRloC’s excision mechanism

GkaRloC’s ability to cleave Lys3—ASL 3’ and then 5 to
the wobble base (Figure 2) and direct visualization of the
wobble  nucleotide  GkaRloC  excises from  sc-
tRNACMUYO (Figure 3) support the conclusion that
GkaRloC is a wobble nucleotide-excising ACNase (4).
Unexpectedly, GkaRloC incised sc-tRNAS™MUYO poth

A RIoC allele Wild type C291G
ATP . . - . - .. . - . A
AMPPNP - - - = + + - . - .+
DNA - - - - - e
7mer ) ] . : T :
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% excised 1

Figure 6. The ZH mutation C291G uncouples GkaRloC’s ACNase
from its DNA-dependent ATPase. The IMAC fractions of the indicated
GkaRloC alleles were assayed for ACNase activity in the presence of
the indicated additions using as a substrate Lys3-ASL (A) or
sc-tRNACHUUO) ().

3 and 5 to the wobble base. However, the latter
incision yielded a dead-end product that was not further
cleaved (Figure 3). It is noteworthy that GkaRloC gener-
ates in vitro a 5 incision product also from E. coli
tRNA™S. This result was obtained in an experiment
intended to examine whether GkaRloC occludes its
incision intermediate from the T4 tRNA repair enzymes.
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The resultant cleavage ligation junctions labelled from
[y->*P]ATP were mostly of defective products lacking the
wobble nucleotide. The remaining junctions were of two
comparable fractions of intact tRNA molecules formed by
reversal of the 5" or 3’ incision (Supplementary Figure S4).
Nonetheless, an in vivo 5 incision product derived
from tRNA™® or any other E. coli tRNA targeted by
GkaRloC has not been detected (4). These facts and se-
lective inhibition of the 5'-incision and excising cleavage
(Supplementary Figure S5) indicate that under the in vitro
conditions used GkaRloC could occasionally skip the
initial 3’ cleavage site.

GkaRloC’s tRNA substrate specificity

GkaRloC disrupts a variety of bacterial and eukaryal
tRNAs and their analogues (4; Figures 2 and 3 and data
not shown). It differs in this regard from the fungal
ACNase y-zymocin, which is highly sensitive to changes
in the modifying side chain of the sc-tRNASMUUO
wobble base and poorly cleaves other tRNA species
sharing this base (34). Nonetheless, it is conceivable that
GkaRloC is less promiscuous in nature. This is suggested
by the observation that EcoPrrC’s natural specificity for
tRNAM"® is compromised when this ACNase is ectopically
over-expressed or assayed in vitro (21,23). Moreover, in-
activation of a single tRNA species could suffice to disable
the synthesis of phage proteins while minimizing the po-
tential hazard to the uninfected bacterial host. Testing this
expectation requires a natural RloC encoding host and
means to activate its ACNase. On the other hand, from
a practical perspective, GkaRloC’s in vitro promiscuity
and unique cleavage site specificity may facilitate artificial
replacements of tRNA wobble bases and identification of
novel ones.

RloC’s internal ACNase switch

A unique trait of GkaRloC and, by implication, of RloC
in general is an internal ACNase regulating device
comprising the coupled ZH and DNA-dependent
ATPase. The existence of this device is inferred from the
activation of GkaRloC’s ACNase by ZH mutations (4)
that also render this ACNase independent of the otherwise
activating DNA-dependent ATPase (Figure 6). These
facts suggest that intramolecular ZH joints accounted
for the silencing of the wild-type ACNase in the absence
of ATP and DNA (Figure 5). By analogy with the changes
Rad50 undergoes upon DNA binding (27), it may be
proposed that DNA binding straightens GkaRloC’s CC
protrusions and thus disrupts the inhibitory intramolecu-
lar ZH joints. The affinity of GkaRloC’s ZH for zinc is not
known. However, if similar to that of a zinc finger protein
(43) it could suffice to capture zinc ions released from the
intramolecular hook within an intermolecular. This possi-
bility and the observed effects of DNA size and shape on
GkaRloC’s ACNase activation (Figure 5C and D)
underlie a proposed scheme where association of RloC
dimers bound at proximal DNA termini triggers ATP
hydrolysis and consequent activation of the ACNase
(Figure 7). It could be argued that a double-stranded
DNA break (DSB) satisfies such a need for proximal
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DNA termini in vivo. However, DSBs did not elicit
ACNase activity in the natural RloC encoding
Acinetobacter sp. ADPI1 although over-expressing the
AciRloC in E. coli showed it to be potentially active
(our unpublished data). Therefore, DSBs may be only
one of the physiological triggers needed to activate
RloC’s ACNase.

RloC’s internal ACNase switch may confer advantages

The advent of an internal ACNase silencer could have
provided RloC with important advantages over PrrC,
added to the assumed frustration of phage-induced
tRNA repair. First, an internal ACNase silencer could
free RloC from dependence on PrrC’s external silencer;
namely, the R-M system to which RloC is only rarely
linked. It is noteworthy that rloC often appears as the
single cargo of integrated phage, transposon or plasmid
elements (4), suggesting it can be laterally inherited
without a linked silencer. The advent of an internal
silencer could have compensated for this deficiency,
enabling such transfer without damage to the recipient
cell. Nonetheless, we cannot exclude that an R-M
protein interacting in frans partakes in the activation of
GkaRloC’s ACNase, e.g. relaying foreign DNA and/or
genotoxic signals transduced by anti-DNA restriction (9)
and/or DNA restriction alleviation (32,44) factors.

Second, RloC’s internal silencer could have superseded
the dTTP gauging device of its assumed PrrC-like progeni-
tor. PrrC’s sensitivity to dTTP’s level helps confine the
toxicity of this ACNase to its viral target by co-opting
the phage-induced dTTP accretion to stabilize its activated
form and, possibly precluding potential cytotoxicity of
any free PrrC molecules translated in excess over, or in-
advertently released from the silencing R—M partner (20).
In contrast, the activated form of free RloC is likely
stabilized by binding a purine NTP rather than dTTP
(Figure 4C and E). Moreover, since RloC lacks overt
ACNase activity, it need not be inactivated in the unin-
fected cell. The indifference to dTTP’s level could expand
the range of RloC’s viral targets to include phage that do
not induce dTTP’s accretion.

RloC’s evolution

Rl1oC’s evolution from a PrrC-like progenitor is favoured
to the converse by the greater complexity of RloC and the
above-mentioned selective advantages that could have
enhanced its antiviral potential and distribution among
bacteria. Moreover, comparing matching regions of
Photorhabdus luminescens PrrC and E. coli APECOI
RloC (Figure 8A) suggests that a consensus sequence
implicated with PrrC’s unusual nucleotide specificity
(PrrC Box; 15 and our unpublished data) degenerated in
RloC (Figure 8B). Another determinant associated with
PrrC’s unusual nucleotide specificity, the 3’ terminal Arg
of PrrC’s Walker A motif (marked by arrow) (45) is
missing from RloC. An alternative scenario where RloC
arose by fusion of an ACNase domain with the bacterial
Rad50 homolog SbcC seems less likely since the two
ACNases resemble each other in ATPase motifs more
than SbcC or any other known ABC-ATPases.
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Figure 7. Model of GkaRloC’s ACNase activation by its DNA-dependent ATPase. By analogy with RadS0 (26,27), it is proposed that a free
GkaRloC dimer forms intramolecular ZHs that silence its ACNase (1). Upon DNA binding to the ATPase head domains the CC protrusions
straighten liberating the coordinated zinc ion (2) such that only intermolecular zinc hooks can form between dimers bound to different DNA ends
(3). At this state, the ATPase is turned on and unleashes the ACNase (4). It is also assumed that zinc ions released from the intramolecular ZH could
be trapped by the intermolecular.
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Figure 8. RloC’s putative degenerated PrrC Box. (A) Sequence alignment of Photorhabdus luminescence PrrC and parts of E. coli APECO1 RloC
flanking the CC/ZH domain. (B) The aligned consensus PrrC Box and putative degenerated counterpart of RloC were derived from respective
ortholog cohorts of bacteria listed in Supplementary Table S2.
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RloC’s biological role

The idea that RIoC responds to genotoxic stress by
disabling translation (4) appears to contradict the requisite
synthesis of DNA repair proteins (46). Yet, such response
could benefit bacteria that alleviate Type I DNA restric-
tion during recovery from DNA damage (31). This
measure precludes degradation of fully unmodified cell
DNA made during the recovery (44) but at the cost of
increased susceptibility to phage infection (32).
Activating RloC’s ACNase in this situation could
prevent the spread of the infection to vulnerable sibling
cells. This model, inferred from the harsh lesion inflicted
by RloC, the ACNase-activating ZH mutations (4) and
Rad50’s functions (26,27) was reinforced by observations
indicating that GkaRloC’s ACNase is regulated by its
coupled ZH and DNA-dependent ATPase, the import-
ance of DNA termini but failure of DSBs alone to detect-
ably activate an RloC ACNase in vivo. Testing this model
and the expectation that RloC defies phage-induced tRNA
repair call for experimental systems based on natural
RloC expressing hosts and cognate phage endowed with
tRINA repair enzymes.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online:
Supplementary Tables 1 and 2 and Supplementary
Figures 1-5.
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