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The tRNA*-specific anticodon nuclease exists in latent form in Escheri-
chia coli strains containing the optional prr locus. The latency is a result
of a masking interaction between the anticodon nuclease core-polypep-
tide PrrC and the Type IC DNA restriction-modification enzyme Ecoprrl.
Activation of the latent enzyme by phage T4-infection elicits cleavage of
tRNAM* 5 to the wobble base, yielding 5-OH and 2/, 3'-cyclic phosphate
termini. The N-proximal half of PrrC has been implicated with (A/G)
TPase and Ecoprrl interfacing activities. Therefore, residues involved in
recognition and cleavage of tRNA™® were searched for at the C-half.
Random mutagenesis of the low-G + C portion encoding PrrC residues
200-313 was performed, followed by selection for loss of anticodon nucle-
ase-dependent lethality and production of full-sized PrrC-like protein.
This process yielded a cluster of missense mutations mapping to a region
highly conserved between PrrC and two putative Neisseria meningitidis
MC58 homologues. This cluster included two adjacent members that
relaxed the inherent enzyme’s cleavage specificity. We also describe
another mode of relaxed specificity, due to mere overexpression of PrrC.
This mode was shared by wild-type PrrC and the other mutant alleles.
The additional substrates recognised under the promiscuous conditions
had, in general, anticodons resembling that of tRNADS. Taken together,
the data suggest that the anticodon of tRNA™* harbours anticodon nucle-
ase identity elements and implicates a conserved region in PrrC in their
recognition.
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Introduction

mutants to repair the damaged tRNA™* (David
et al., 1982a,b; Amitsur et al., 1987).
ACNase exists in uninfected prr* cells in latent

Bacteria are programmed to sacrifice members of
their populations under dire circumstances such as
viral infection (Yarmolinsky, 1995). A case in point
is the restriction of phage T4 mutants lacking poly-
nucleotide kinase and/or RNA ligase (pnk/pseT
and rli/63, respectively) by the optional Escherichia
coli prr system (Depew & Cozzarelli, 1974; Abdul-
Jabbar & Snyder, 1984; Snyder, 1995). Underlying
prr exclusion is the cleavage of tRNA™*® by antico-
don nuclease (ACNase) and failure of T4 pnk/rli
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form (Kaufmann et al., 1986; Levitz et al., 1990).
Once activated by phage T4 infection, ACNase
cleaves tRNAM* 5’ to the wobble base, yielding 2/,
3'-cyclic phosphate and 5-OH termini (Amitsur
et al., 1987). Due to host transcription shut-off, this
disruption leads to depletion of tRNADS, disabling
T4 late protein synthesis. Consequently, the infec-
tion is contained (Sirotkin ef al., 1978). However,
the phage normally repairs the damage in consecu-
tive reactions catalysed by polynucleotide kinase
and RNA ligase. The first enzyme hydrolyses the
2', 3'-cyclic phosphodiester and resultant 3'-phos-
phomonoester and also phosphorylates the 5-OH
end, thus providing a substrate for ligation
(Cameron & Uhlenbeck, 1977; Sirotkin et al., 1978;
Amitsur et al., 1987). Overall, this is an intronless
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RNA cleavage-ligation pathway resembling, in cer-
tain respects, eukaryotic pre-tRNA splicing
(Westaway & Abelson, 1995).

The prr gene cluster encodes the ACNase core
polypeptide PrrC and the DNA restriction-modifi-
cation enzyme Ecoprrl. The latter stabilises PrrC
and masks its activity (Levitz ef al, 1990; Linder
et al., 1990; Amitsur ef al., 1992; Morad et al., 1993;
Tyndall et al., 1994). The evolutionary and physio-
logical significance of the genetic linkage and
physical association of the DNA and tRNA-restric-
tion systems is hinted at by the ability of the phage
T4-encoded peptide Stp to inhibit the first and acti-
vate the second (Penner ef al., 1995).

Overexpression of the 45 kDa PrrC polypeptide
(deduced length 396 residues) elicits overt (core)
ACNase activity in uninfected E. coli (Levitz et al.,
1990; Morad et al., 1993) as well as in human HelLa
cells (Shterman ef al., 1995). The latter result
suggests direct involvement of PrrC in tRNAD®
cleavage. Moreover, comparing the E.coli and
human tRNA™® substrates with non-cognate
species indicates that the anticodon stem-loop
region contains ACNase identity elements.

How PrrC is masked by Ecoprrl and how it
recognises and cleaves tRNAM* are open questions.
Instability and cytotoxicity of PrrC (Morad et al.,
1993; data not shown) have impeded its purifi-
cation. This has prevented direct structural-func-
tional analyses of the protein and investigation of
its purported interaction with the substrate.
Instead we resorted to mutational analysis of PrrC.
Data reported here point at the anticodon sequence
of tRNAD® as a key ACNase identity element.
They also implicate the conserved PrrC region
marked by mutations that relax the enzyme’s clea-
vage specificity in the recognition of this element.

Results

Postulated domain organisation of PrrC

A P-loop motif of ATP/GTP-binding domains,
typically ~200 amino acid residues long (Saraste
et al., 1990), spans residues 40-47 of the deduced
PrrC sequence (Morad et al., 1993). The low G + C
content of the third quarter of prrC, 36 % versus 50-
52 % of the flanking E. coli-like regions (Figure 1(a)),
also hinted that the N-half encodes a separate
domain. Such divergence is taken to reflect lateral
gene transfer (Ochman & Lawrence, 1996) and,
consequently, the presence of at least three
domains in PrrC (henceforth NTD, IND, CTD).
Additional observations suggest that NTD is
endowed with (A/G)TPase and Ecoprrl-interfacing
activities. Activation of latent ACNase depends on
ATP or GTP and is inhibited by their non-hydroly-
sable analogues, whereas core ACNase activity of
free PrrC is refractory to these nucleotides. Such
selective inhibition is also achieved by certain N-
half mutations (Amitsur ef al., 1989, 1992; Morad
et al., 1993; data not shown). If NTD harbours
NTPase and Ecoprrl-interfacing activities, tRNAD®
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Figure 1. Proposed domain organisation of PrrC and
distribution of single missense mutations in IND. (a)
Division of PrrC into three postulated domains based
on the G 4 C content of the encoding DNA. The borders
between IND and the neighbouring regions are arbi-
trary, they reflect the positions of restrictions sites used
expediently in PCR mutagenesis of the internal region.
The P-loop consensus sequence (residues 40-47) charac-
terises A/GTPase (Saraste et al., 1990). (b) Missense
mutations that impair ACNase activity were selected
from random IND mutations, introduced by PCR, by
loss of ACNase-related lethality and screening for pro-
duction of full-size, PrrC-like proteins. The selected
clones were further characterised as described in
Materials and Methods, Results and Table 1. Roman
numerals indicate reiteration times. O, leaky, normally
cleaving mutants; @, leaky, aberrantly cleaving mutants;
A, null mutants.

recognition and cleavage may be determined by
the C-half.

Selection of ACNase-deficient IND mutants

All PrrC deletion mutants tested by us so far
lacked detectable core ACNase activity (Levitz
et al., 1990; data not shown). Therefore, further
efforts to identify relevant PrrC residues focussed
on investigating the distribution and other proper-
ties of missense mutations that impair the core
activity. To select them, we exploited the lethal
phenotype of highly overexpressed PrrC. Moderate
expression of PrrC, it should be pointed out, is not
lethal, e.g. the expression of PrrC from plasmid
PRRC6 under control of the strong T7 promoter
and weak prvC translation initiation region (TIR;
Morad et al., 1993). Presumably under these con-
ditions, degradation of the tRNA is compensated
by enhanced transcription. However, replacing the
PRRC6 expression devices by the more tightly con-
trolled T7-lac promoter and the potent TIR of T7
gene 10 (pRRC11 configuration) resulted in a con-
ditional lethal phenotype. Therefore, introduction
of ACNase-impairing mutations in the pRRC11
context was expected to restore viability. Accumu-
lation of the mutant PrrC proteins due to uninhib-
ited translation was also anticipated.

The ACNase-impairing mutations described here
were selected within the low-G + C region IND. A
corresponding DNA fragment, encoding residues
200-313, was randomly mutated by PCR synthesis
and then introduced into the pRRC11 background.
The mutant library was transformed into recipient
cells encoding T7 RNA polymerase. About 10 % of
the transformants survived IPTG-induction, com-
pared with less than 0.1 % with the parental plas-
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Figure 2. Expression levels of wild-type and mutant
PrrC protein. Cells expressing wt and the indicated
mutant alleles of PrrC were probed on a Western blot
with purified rabbit polyclonal antibodies raised against
PrrC fragment 50-396, as described in Materials and
Methods. kDa, protein size markers. Lanes: 1, vector; 2,
wt (pRRC11); 3, 1227T; 4, D222E; 5, D287Y; 6, F292S; 7,
L259P.

mid pRRC11. The majority (55/88) of a surviving
cohort expressed copious amounts of PrrC-like
proteins visualised by immunoblotting (Figure 2).
Most of these mutant proteins (44/55) were full-
sized. The remaining were truncation products;
they resulted, in the cases looked at, from frame-
shift mutations in IND or at cloning sites. PrrC-
negative clones sequenced lacked any IND
mutation.

ACNase-impairing missense mutations are
non-randomly distributed in IND

A total of 30 clones encoding full-sized PrrC-like
proteins were sequenced; 19 of them contained a
single IND missense mutation; the remaining had
two mutations (Table 1). The frequencies of these
mutations and their distribution over IND seemed
non-random. The double mutations 1248T, F279L
and D215G, 1227T appeared two and four times,
respectively; each of the single mutations F206S,
S242P and 1259P were scored three times; all
others appeared only once. Importantly, nearly
half (6/13) of the different single mutations clus-
tered between positions 287-303 (Figure 1(b)) at
threefold the average mutation density.

All the single mutants and some of the double
mutants were assayed for ACNase activity in vivo.
The results are shown for some in Figure 3, and
are summarised for the entire collection in Table 1.
All double mutants tested and the reiterating
single mutants lacked detectable core activity. In
contrast, nearly all the non-reiterating single
mutants were leaky. This suggested that the recur-
rence was due to better survival of the null
mutants. The repetition of certain mutations and
the high frequency of double mutations also hinted
that a considerable proportion of single missense
mutants in the library had no observable pheno-

type.

Table 1. Selected IND missense mutants

Mutation Frequency Protein® ACNase®”
F2065 3 ++ Null
D222E 1 ++ ++
1227T 1 + +++
5242P 3 ++ Null
V258E 1 ++ +
L259P 3 ++ Null
K266E 1 ++ ++
D287Y 1 ++ +++°
5288P 1 ++ +¢
F292S 1 ++ Null
H295Y 1 ++ +
K299E 1 ++ ++
E303G 1 ++ ++
F213L, L236P 1 ++ Null
D215G, 1227T 4 ++ Null
D223G, 5293P 1 ++ Null
1248T, F279L 2 ++ nd
L259P, A280V 1 nd nd
L259P, Q304L 1 ++ nd
K266R, 1298 1 ++ Null

* The 4 and ++ signs indicate respectively ~20 and <50-fold
over wt (Figure 3).

P 4+, ++and ++ + signs indicate, in respective order, <0.2,
0.2-0.4 and <0.4 the wt level of tRNAM* fragments (Figure 3).

¢ Altered cleavage phenotype. nd, not determined.

The relative activities of the leaky mutants were
estimated on the basis of the respective amounts of
the ACNase cleavage products, ranging from
hardly detectable (V258E; Figure 3, lane 7) to near

Total
tRNA

tRNA"
fr. 34-76

tRNA™
fr. 1-33

7 8 9 10
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Figure 3. In vivo ACNase activities of representative
PrrC alleles. E. coli K38:pGP1-2 cells expressing thermo-
inducible T7 RNA polymerase (Tabor & Richardson,
1985) were transformed with plasmids expressing the
indicated allele of prrC from the T7-lac promoter and
translation initiation region of T7 gene 10. Following
thermo and IPTG induction, the cells were assayed for
in vivo ACNase activity as described in Materials and
Methods. The positions of the normal cleavage products
of ACNase tRNAD® fragments 1-33 and 34-76 are
marked by arrows. Clones in lanes: 1, wt; 2, vector; 3,
L259P; 4, D222E; 5, D287Y; 6, F2925; 7, V258E; 8,
D223G,5293P; 9, 5288P; 10. 1227T.
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wild-type (I1227T, lane 10). However, the intrinsic
activities of these mutant proteins could be lower
because they were invariably more abundant than
wild-type. That an inverse relation exists between
the levels of ACNase activity and PrrC protein is
illustrated by the behaviour of the most active
mutant 1227T (Figure 3, lane 10). Its protein level
(Figure 2, lane 3) was higher than wild-type (lane
2), but lower than that of the less active mutants
(lanes 4-7).

Overexpression of PrrC relaxes ACNase
cleavage specificity

In the natural setting, T4-infected E. coli prr,
ACNase cleaves only tRNAD®. The resultant frag-
ments 1-33 and 34-76 are readily visualised follow-
ing fractionation of the cellular RNA by
denaturing polyacrylamide gel electrophoresis
(Amitsur et al., 1987). A similar product pattern
was exhibited by several leaky IND mutants
whose activities were relatively weak (e.g. D222E
and V258E; Figure 3, lanes 4 and 7). However, the
parental wild-type clone yielded a considerable
proportion of additional products, appearing in
bands that overlapped or travelled above either
member of the tRNAY*® fragment pair (lane 1).
These added bands were also produced by the
most active mutant 1227T, albeit to a lesser extent
(lane 10). This trend suggested that the cleavage
specificity of core ACNase decreased with increas-
ing cellular activity of the enzyme. Mutants D287Y
(lane 5) and S288P (lane 9) also exhibited abnormal
cleavage patterns although of different types.

To identify the unusual substrates cleaved by the
overexpressed and mutant forms of ACNase, the 3’
members of the resultant tRNA fragment pairs
were characterised. Their exposed 5-OH termini
facilitated preferential end-labelling by polynucleo-
tide kinase even within a crude cellular RNA frac-
tion. The labelled products could be readily
distinguished then over the ACNase negative back-
ground (Figure 4(a), compare lanes 1, 2 with 3).
Better resolution of these products was achieved
under different electrophoresis conditions that also
altered the order of migration. This allowed closer
examination of the products of PrrC clones and to
compare those representing a wide range of
ACNase activity (Figure 4(b)). Clones with rela-
tively weak activities (based on the in vivo labelling
pattern) such as pRRC11-D222E and pRRC11-
K266E produced mainly the tRNA™® fragment
(identified in bands a of respective lanes 4 and 5 as
described below). However, both clones also
yielded trace amounts of faster migrating product
bands designated b-d. The proportion of bands b-d
gradually increased with increasing ACNase
activity at the expense of the natural product. This
is judged from the patterns of the clones pRRC6
(lane 6) and pRRC11-1227T (lane 7) that featured
intermediate activities and the most active clone
pRRC11 (lane 8). Thus, elevation of the cellular
activity of ACNase was accompanied by dimin-

(@) (b)

Figure 4. In vivo ACNase reaction products labelled
in vitro at 5-OH ends. Low molecular mass RNA,
extracted from E. coli K38:pGP1-2 cells expressing the
indicated prrC plasmids or vector only was 5 end-
labelled with *?P in vitro and separated by denaturing
gel electrophoresis on (a) 15% or (b) 22% polyacryl-
amide-7 M urea gels, as detailed in Materials and
Methods. Lanes: 1, pRRC11-1227T; 2, pRRC11-D287Y; 3,
vector (pT7-6); 4, pPRRC11-D222E; 5, pRRC11-K266E; 6,
PRRC6; 7, pRRC11-1227T; 8, pRRC11; 9, pRRC11-D287Y;
10, pRRC11-5288P. Bands a correspond in position to
and contain different proportions of tRNA™® fragment
34-76, depending on clone. The identity of bands b-f is
discussed in the text.

ished cleavage-specificity. The patterns of D287Y
(lane 9) and S288P (lane 10) differed also in this
case from that shared by the “pseudo wild-type”
(b-wt, e.g. pRRC11-D222E, K266E and 1227T) and
wild-type (pRRC6 and pRRC11) forms.

The 5" end-labelled products were identified col-
lectively or as separate bands by hybridisation to
dot-blots of A clones representing the entire set of
E. coli tRNA genes and gene clusters (Table 2).
Some of the resultant hybridisation patterns are
shown in Figure 5. As expected, purified tRNAD*®
fragment 34-76 isolated from T4 pnk~ -infected
E. coli prr highlighted up only dots of cognate
clones at relative intensities reflecting gene dosage
(Figure 5(a)). The aggregate product of pRRC11-
1227T yielded strong signals for tRNAD® and sev-
eral weaker signals corresponding to other tRNA
species (Figure 5(b)). The proportion of these “ille-
gitimate” products increased considerably with
clone pRRC11 (Figure 5(c)). Illegitimate substrates
could be identified by mere inspection of these
blots. Positive clones 345 (Ser,-Asn) and 346 (Asn-
Asn-Asn) pointed at tRNA®™ as a major illegiti-
mate substrate; tRNA®", was not considered a sub-
strate because it contains a large variable arm and,
therefore, should release a 3’ fragment larger than
those evident and tested. Likewise, the signals
obtained with clones 446 (Sers-Arg,-Arg,-Arg,-
Arg,) and tRNA®"-encoding clones (including 436
encoding only this species) revealed that the
overexpressed ACNase recognized tRNA”® and
tRNA™™.  Fragments hybridising to clone 171
(Leuy-Met,,-GIn,-GIn,) were identified by partial
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Table 2. Recombinant E. coli tRNA-encoding 4 phages used as hybridisation probes

Clone* tRNA encoded” Clone tRNAs encoded

01/124 lle;-Ala,g-Asp,(rrnH) 21/441 Ile,

02/125 Asp, 22/446 Sery-Arg,-Arg,-Arg,-Arg,
03/128 Thr, 23/458 Met-Met-Met,

04/136 A pseudo tRNA® 24/464 Gly,

05/158 Arg, 25/476 Phe

06/171 Leus-Met, -GIn,-Gln, 26/510 Ile,

07/179 Val,;-Lys-Lys-Val,-Lys-Lys-Lys 27/520 Met,, Leu,

08/213 Ser; 28/521 Leu,

09/223 Ser; 29/531 Glw,. .. .Thry(rrnD/rrnE)
10/230 Ser; 30/534 Glu, (rrnB) Thr,-Tyr,-Gly,-Thr;,
11/249 Tyr)-Tyr, 31/548 Ile;-Ala,,(rrnA)

12/319 Val,g-Val, 32/554 Arg,-His-Leu,-Pro;
13/341 Gly;-Cys 33/557 Glu,. ....Asp;-Trp(rraC)
14/345 Ser,-Asn 34/570 SelC

15/346 Asn, Asn, Asn 35/602 Pro,

16/371 Pro, 36/629 Ile,-Ala,g (rruD/rrnE)
17/410 Args 37/647 Phe

18/417 Alay-Ala,, Val;-Val;-Valy-Lys 38/652 Gly;-Gly;-Gly;

19/436 Glu,(rruG) 39/660 Leu,

20/439 10Sa RNA 40/673 Leu,-Leu;-Leu,

? Running numbers left to the slash sign indicate position in the grid of Figure 5, numbers to the right indicate the clone number
as described by Kohara et al. (1987).

b Clone identity has been established by Komine ef al. (1990).

¢ Unpublished data.

purification and sequencing as derived from both  Distinct cleavage phenotypes conferred by
tRNAS" species (not shown). Thus, overexpression  adjacent PrrC mutations

of the wt/(-wt alleles of PrrC caused cleavage of a

select group of additional tRNA species, other than As shown above, the cleavage patterns of
the natural substrate tRNADYS, mutants D287Y and S288P differed from each

1124 125|128 (136 |158 | 171|179 213

1223|230 249 |319 | 341 | 345|346 | 371

410|417 | 436|439 |441 446|458 [464

47615101520 |521|531{534548 | 554

557570 | 602 |629 |647 | 652|660 |673

Figure 5. Identification of ACNase products by hybridisation to tRNA genes. ACNase reaction products isolated
from the indicated sources were 5 end-labeled in vitro and purified as described in the legend to Figure 4. The pro-
ducts were hybridised to dot blots containing the set of & clones encoding E. coli tRNA genes listed in Table 2. (a) T4
pseT Al(pnk) infected E. coli CTr5X (pr+*, Depew & Cozzarelli, 1974); (b) E. coli K38: pGP1-2:pRRC11-1227T; (c) E. coli
K38:pGP1-2:pRRC11. (d) Positions of the tRNA clones on the grid.






