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Previous transcript mapping of the bacteriophage Aehl nrd operon revealed a predicted RNA hairpin
upstream of the homing endonuclease mobE gene. We enzymatically mapped the hairpin, showing that the
mobE ribosome binding site is sequestered. Cloning of the hairpin upstream of lacZ resulted in reduced
B-galactosidase activity, consistent with translational regulation.

Homing endonucleases are a unique class of site-specific,
sequence-tolerant DNA endonucleases that promote the mo-
bility of their coding region and flanking sequences by a re-
combination-dependent process termed homing (2). Homing
endonucleases are associated with self-splicing group I or II
introns (2, 16) or inteins (10, 11), but they are also found as
freestanding versions in the intergenic regions separating evo-
lutionarily conserved genes (6, 15, 21, 28). Whereas the mo-
bility pathways of freestanding endonucleases are likely similar
to those used by intron-encoded versions (3, 17, 22, 25), rela-
tively little is understood about the mechanisms regulating the
expression of free-standing endonucleases. Control of en-
donuclease function is crucial to the successful integration
of a free-standing endonuclease into host transcriptional
units upon invasion of a genome, because unregulated ex-
pression of the endonuclease may perturb expression pat-
terns of essential neighboring genes required for viability.

As a model system for studying the regulation of homing
endonuclease function, we have focused on the aerobic ri-
bonucleotide reductase (nrd) genomic region of T-even-like
phage, which is a hot spot for endonuclease insertion (20, 21,
23, 26, 27). The genome of the Aeromonas hydrophila bacte-
riophage Aehl contains a putative freestanding endonuclease
gene mobE, that has inserted into the large subunit gene
(nrdA) of aerobic ribonucleotide reductase (Fig. 1A) (8). In
other T-even phage, mobE is inserted between the nrdA and
nrdB (small subunit of aerobic ribonucleotide reductase) genes
(23, 26). The insertion of mobE in Aehl has split nrdA into two
smaller genes, nrdA-a and nrdA-b, but remarkably, the ribonu-
cleotide reductase of Aehl is functional (8).

A previous transcriptional profiling study of the Aehl nrd
operon revealed a complex, multilayered mechanism to regu-
late the expression of the nrd genes and the embedded homing
endonuclease gene, mobE (9). Early transcripts that initiate
upstream of the nrdA-a gene are polycistronic and include a
predicted RNA hairpin that sequesters the mobE ribosome
binding site (RBS), presumably preventing MobE translation
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at early stages in Aehl infection. However, transcripts that
initiate at the late promoter immediately upstream of mobE do
not include sufficient sequence to form this secondary struc-
ture, likely facilitating translation of MobE (Fig. 1A). Here, we
address the structure and function of the RNA hairpin that
sequesters the mobE RBS.

The proposed model for translational repression of Aehl
mobE predicts key canonical base pairs between the mobE
RBS and the upstream RNA strand in a single internal loop
hairpin. To obtain experimental evidence supporting the
proposed hairpin structure, we enzymatically mapped in
vitro-transcribed hairpin RNA. Enzymatic structural map-
ping is commonly used to confirm computer-predicted sec-
ondary structure models of RNA folds. For our study, three
ribonucleases were chosen for secondary structure probing,
as follows: RNase A, which cleaves 3’ to unpaired cytosine and
uracil residues; RNase T,, which cleaves 3’ to unpaired gua-
nine residues; and RNase V,, which cleaves base-paired or
stacked regions of RNA. To generate a hairpin RNA substrate
for enzymatic mapping, we ligated annealed oligonucleotides
DE-286 (5'-CATTTGCACCCTCTAAATAGTCGTGTACG
TTAAGAGGGTGCAATG) and DE-287 (5'-AATTCATTTG
CACCCTCTTAACGTACACGACTATTTAGAGGGTGCA
AATGGTAC) into the EcoRI and Kpnl sites of pBluescript
SK(—) to create pBS-Pin. Hairpin RNA of uniform length was
transcribed from PstI-digested plasmid DNA by using T7 RNA
polymerase (NEB), end labeled with y-*2P, gel purified, and
resuspended in 1X structural buffer (Ambion). The end-la-
beled RNA was renatured at 30°C and digested with RNase A,
RNase T,, or RNase V,. This temperature was chosen for
structural studies because it is the optimal growth temperature
for the Aehl host, A. hydrophila (5). All digestions were per-
formed according to the manufacturer’s instructions (Am-
bion), and the products were resolved on a 12% (wt/vol) de-
naturing polyacrylamide gel (19:1 acrylamide-to-bisacrylamide
ratio) alongside a size marker generated by alkaline hydrolysis.

The results of partial digestion with RNase A, RNase T,
and RNase V, are summarized in Fig. 1B. Partial digestions
with RNase V, revealed numerous cleavages from residues 7
to 25, suggesting that nucleotides in this region were base
paired (Fig. 1B, lanes 11 to 13). Most importantly, strong
RNase V, cleavage signals were observed from residues 15 to
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FIG. 1. Enzymatic probing of the Aehl mobE regulatory hairpin. (A) Genomic organization and regulatory elements of the Aehl nrd genomic
region (9). Genes are indicated by arrows indicating the direction of transcription, with the gene names designated above the arrows. (B) Enzymatic
cleavage sites generated by single-stranded nucleases RNase T, (G specific) and RNase A (U and C specific) and double-stranded nuclease RNase
V,. Lane 1, sequencing ladder generated by alkaline hydrolysis; lanes 2, 6, and 10, undigested RNA (labeled C); lanes 3 to 5, RNase A; lanes 7
to 9, RNase T,; lanes 11 to 13, RNase V. Each series of digestions are shown by decreasing concentrations of the RNase. (C) Model of secondary
structure of mobE regulatory hairpin based on enzymatic mapping and Mfold (29) predictions.

19, which are predicted to be involved in base-pairing the
mobE RBS, while these same residues were found to be insen-
sitive to cleavage by RNase A and RNase T, (Fig. 1B, lanes 3
to 10). Residue 20 was found to be very sensitive to RNase A
in addition to RNase V,, which suggests that this residue is
transiently paired. In contrast, the single-stranded loop region
predicted at the top of the hairpin was highly susceptible to
cleavage by RNase A and RNase T, (Fig. 1B, lanes 3 to 10).
Specifically, the U, C, and G residues from positions 24 to 35
were cleaved by RNase A and RNase T, (Fig. 1B, lanes 3 to
10). When the enzymatic digestion data were mapped to the
predicted hairpin, we found that our data supported the model
in which the mobE RBS is sequestered by an RNA structure
(Fig. 1C). To our knowledge, this is the first report of the

structural mapping of an RNA hairpin that functions in trans-
lational repression of a homing endonuclease.

To test the capacity of the mobE hairpin to repress transla-
tion, we constructed a series of plasmids encoding lacZ under
the control of a constitutive Escherichia coli promoter. We
amplified the lacZ gene from E. coli strain HB101 by using
primers DE-333 (5'-CCGGTACCTTGACAATTAATCATC
GGCTCGTATAATGCTAGCAGGGTACATGACTATGAT
TACGGATCC) and DE-334 (5'-CCTCTAGATTATTTTTG
ACACCAGACCAACTGG) and ligated the PCR product into
pSP72 (Promega) by using Kpnl and Xbal to create pLacZ.
DE-333 introduces a BamHI site just downstream of the start
codon of lacZ and a Nhel site immediately upstream of it. The
Nhel and BamHI sites were used to create a series of hairpin
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FIG. 2. Effect of mobE hairpin on B-galactosidase activity. (A) Sequences compared to the native Aehl structure used in this study. RBS(+),
ribosome binding site; RMutHP, restored mutant hairpin; MutHP, mutant hairpin; HP, wild-type hairpin found in Aehl. (B) Summary of
B-galactosidase activity for the HP-LacZ constructs expressed as percentage normalized to pRBS(+). Assays were performed in triplicate for each

plasmid construct.

lacZ constructs by ligating annealed oligonucleotides into
pLacZ. Each pair of oligonucleotides represented a structural
variant of the mobE hairpin. For each construct, we main-
tained the sequence of the mobE RBS (5'-GAGG-3’), because
the translation initiation region of other A. hydrophila genes
functions in E. coli (13). The wild-type hairpin construct, pHP,
was created using DE-335 (5'-CTAGCAGGGTACATTTGC
ACCCTCTAAATAGTCGTGTACGTTAAGAGGGTGCAA
ATATGACTATGATTACG) and DE-336 (5'-GATCCGTAA
TCATAGTCATATTTGCACCCTCTTAACGTACACGACT
ATTTAGAGGGTGCAAATGTACCCTG); a mutant hairpin
construct, pMutHP, in which the RBS is intact but the hairpin
is unable to form, was generated using DE-337 (5'-CTAGCA
GGGTACTAAACGTGGGAGATTTATCAGCTGTACGTT
AAGGGGTGCAAATATGACTATGATTACG) and DE-338
(5'-GATCCGTAATCATAGTCATATTTGCACCCTCTTAA
CGTCAGCTGATAAATCTCCCACGTTTAGTACCCTG); a
restored mutant, pRmutHP, in which the mutant hairpin has
compensatory mutations to restore the hairpin structure, was gen-
erated with DE-339 (5'-CTAGCAGGGTACTAAACGTGCCT
CATTTATCAGCTGTAGCAATTGAGGCACGTTTAATGA
CTATGATTACG) and DE-340 (5'-GATCCGTAATCATAGT
CATTAAACGTGCCTCAATTGCTACAGCTGATAAATGA

GGCACGTTTAGTACCCTG); and a control construct, pRBS(+),
closely resembling the late initiated mobE transcripts that would
not contain sufficient sequence to sequester the RBS, was
generated using DE-341 (5'-CTAGCAGGGTACGTACGTT
AAGAGGGTGCAAATATGACTATGATTACG) and DE-
342 (5'-GATCCGTAATCATAGTCATATTTGCACCCTCT
TAACGTACGTACCCTG) (Fig. 2B). All plasmids were
transformed into DH5a and grown in LB supplemented with
100 pg/ml ampicillin and verified by digests and sequencing.
The constructs were assayed for B-galactosidase activity us-
ing Miller assays. In the HP-LacZ constructs, 3-galactosidase
activity was decreased by ~97% for pHP with a wild-type
hairpin relative to that in the pRBS(+) control (Fig. 2B).
Disrupting base pairing in the stem region to free the RBS
(pMutHP) resulted in increased activity compared to that for
pHP, as expected. However, the pMutHP activity was 4%
higher than that of the pRBS(+), possibly due to an additional
translational initiation from an RBS-like sequence (5'-GGA
G-3') found upstream of the native RBS (Fig. 2A). Restoring
base pairing in the stem to sequester the RBS (pRmutHP)
reduced B-galactosidase activity to 7% of that of pRBS(+).
The pLacZ constructs lacking an RBS had 2% -galactosidase
activity relative to that of pRBS(+) (data not shown). Collec-
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FIG. 3. Examples of hairpins upstream of homing endonuclease genes in T-even-like bacteriophage. Arrows indicate the position of late
promoters in corresponding DNA sequence and the direction of transcription for each endonuclease gene. A star indicates the initiating
nucleotide(s) in cases where it has been mapped (9, 12). The RBS and start codons are shown in boldface type. Nucleotide variants in the I-Tevl
hairpin are indicated for phages Tula and U5 (27), and the alternative structure of the phage U5 I-TevIII hairpin is indicated by a box.

tively, our enzymatic mapping and lacZ fusion data suggest a
model where the translation of MobE is limited by an RNA
hairpin in which the RBS is sequestered by the secondary
structure.

Many T4 late genes are cotranscribed with early genes on
polycistronic messages, but translation of these late genes is re-
pressed due to RNA secondary structures that are predicted to
sequester the RBS. Examples of this arrangement include soc
(capsid protein) (18), e (T4 lysozyme) (19), and gene 49 (endo-
nuclease VII) (1) all of which are translationally repressed by an
RNA hairpin on early transcripts. Similarly, translational repres-
sion regulates the expression of intron-encoded homing endo-
nucleases I-Tevl, I-TevIl, and I-TevIII (7, 12) and has been sug-
gested for the freestanding homing endonuclease gene segB (Fig.
3) (4). In the case of the homing endonucleases, however, the
direct involvement of an RNA hairpin in regulating expression
was not shown. Importantly, the hairpin structures found up-
stream of the intron-encoded endonucleases all possess middle or
late promoters that generate structure-free mRNAs, therefore
allowing the ribosomes access to the RBS (Fig. 3). In the case of
segB, no middle or late promoters were predicted upstream of
segB that would allow transcription in such a way as to prevent
sequestration of the RBS; hence, translation of segB would be
continually repressed throughout a T4 infection (4). However, we
identified a potential late promoter forming the initial stem of the
predicted hairpin with the sequence 5'-CATAAATA-3' (Fig. 3),
which is very similar to the consensus T4 late promoter sequence
5'-TATAAATA-3' (21). If this promoter were functional, segB
would be regulated by a mechanism analogous to that of mobE in
Aehl and the intron-encoded endonucleases in T4.

It is intriguing that similar translational regulatory mecha-

nisms are employed by diverse T-even phage to regulate the
expression of unrelated homing endonucleases that are em-
bedded within different transcriptional units. Strong negative
regulation of endonuclease function may limit spurious cleav-
age of the phage genome during critical stages of replication
and gene expression. For instance, overexpression of cloned T4
mobE in E. coli resulted in nonspecific DNA degradation
within 15 min of induction (24). Similarly, attempts to clone
the Aehl mobE gene in a wild-type form have not yet been
successful, likely due to extreme toxicity of the enzyme (E. A.
Gibb and D. R. Edgell, unpublished data). It is also possible
that regulating endonuclease expression to late stages in the
infective cycle may enhance endonuclease-mediated mobility
because sufficient genome equivalents would be available to
initiate and repair a homing event. Moreover, in phage, T4
endonuclease-mediated homing is dependent on key phage-
encoded recombination and replication proteins (14, 22, 25),
and limiting expression to late stages to coincide with the
recombination-dependent mode of DNA replication may fur-
ther enhance mobility.
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