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ABSTRACT

Homing endonucleases are site-specific DNA
endonucleases that typically function as mobile
genetic elements by introducing a double-strand
break (DSB) in genomes that lack the endonuclease,
resulting in a unidirectional gene conversion event
that mobilizes the homing endonuclease gene and
flanking DNA. Here, we characterize phage T4-
encoded mobE, a predicted free-standing HNH
family homing endonuclease. We show that mobE
is promoterless and dependent on upstream
transcription for expression, and that an internal
intrinsic terminator regulates mobE transcript
levels. Crucially, in vivo mapping experiments
revealed a MobE-dependent, strand-specific nick
in the non-coding strand of the nrdB gene of
phage T2. An internal deletion of the predicted
HNH catalytic motif of MobE abolishes nicking,
and reduces high-frequency inheritance of mobE.
Sequence polymorphisms of progeny phage that
inherit mobE are consistent with DSB repair
pathways. Significantly, we found that mobility
of the neighboring I-Tevlll, a defunct homing endo-
nuclease encoded within a group | intron interrupt-
ing the nrdB gene of phage T4, was dependent on
an intact mobE gene. Thus, our data indicate that
the stagnant nrdB intron and /-Tevlll are mobilized
in trans as a consequence of a MobE-dependent
gene conversion event, facilitating persistence of
genetic elements that have no inherent means of
promoting their own mobility.

INTRODUCTION

Bacteriophage genomes are littered with homing
endonucleases, site-specific DNA endonucleases that
function as mobile genetic elements by cleaving at
cognate sites (the homing site) in genomes that lack the
endonuclease (1). Homing endonucleases are a significant

source of genomic variability in phage, as repair of DNA
damage introduced by the endonuclease leads to inheri-
tance of the endonuclease gene and flanking genetic
markers, essentially shuffling large segments of DNA
between genomes. Indeed, a number of homing
endonucleases are responsible for a phenomenon called
marker exclusion in T-even and HMU phage, whereby
genetic markers of the donor (endonuclease-containing)
phage predominate in the progeny of crosses with recipi-
ent (endonuclease-lacking) phage because of gene con-
version events associated with repair of endonuclease-
mediated double-strand breaks (DSBs) (2-4). For
example, in progeny resulting from co-infection of
Escherichia coli with phages T2 and T4, the strongest
regions of exclusion of T2 markers correspond to the
cleavage sites of T4-encoded homing endonucleases
(2,5,6). Homing endonucleases are often encoded within
group I introns and inteins but in phage genomes are
commonly found as so-called free-standing endonucleases
because the endonuclease is not obviously encoded within
a self-splicing element. In particular, phage T4 encodes
fifteen homing endonucleases, 12 of which are free-
standing (7).

Phage T4 has served as a model system for studying
homing endonuclease mobility with most efforts focused
on I-Tevl, encoded within a group I intron interrupting
the thymidylate synthase (¢d) gene. Detailed analyses of
[-Tevl-mediated homing pathways have revealed that
homing occurs within the context of recombination-
dependent replication, and relies on the activities of a
number of T4 recombination/repair and replication
proteins (8—10). A crucial feature of the homing pathway
is the introduction of a DSB by I-Tevl that serves as a
substrate for recombination-dependent repair and subse-
quent intron homing (11). Similar mobility pathways are
likely used by free-standing endonucleases of the seg
(similar to endonucleases of group I introns) family in
T4 (2,6,12-14). Seg endonucleases, like I-Tevl, are
GIY-YIG homing endonucleases that introduce a DSB
at their homing sites (2,6,12,13,15). In contrast, five of
the 12 free-standing endonucleases in phage T4 belong
to a group of related genes termed mob (mobility)

*To whom correspondence should be addressed. Tel: +1 519 661 3133; Fax: +1 519 661 3175; Email: dedgell@uwo.ca

© The Author(s) 2009. Published by Oxford University Press.

This is an Open Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/2.5/uk/) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



endonucleases (16). All Mob proteins share a
conserved N-terminal HNH nuclease domain, whereas
the C-terminal domain (presumably the DNA-binding
domain) is specific to each protein. The presence of an
HNH domain suggests that the mob enzymes are nicking
endonucleases, as many characterized HNH-containing
endonucleases nick their target substrates rather than
introducing a DSB (17,18). Nonetheless, free-standing
and intron-encoded HNH homing endonucleases in
various phage systems promote homing to phage lacking
the intron or endonuclease. In Bacillus HMU phage,
mobility of the intron-encoded I-Hmul and I-Hmull
endonucleases was associated with inheritance of
flanking genetic markers, suggesting that intron mobility
proceeded through a DSB-repair pathway (3,19).
However, it is not known if the nick introduced by the
HNH endonuclease is processed to a DSB by host or
phage-encoded proteins to initiate a repair event, or if
other mechanism(s) are used to promote mobility.
Similarly, it is not known if the mob endonucleases of
phage T4 are nicking enzymes, and if they are mobile
endonucleases that promote mobility through DSB-
repair pathways.

In contrast to the detailed studies on mobility pathways,
comparatively little attention has focused on the regula-
tion of endonuclease function within the context of the T4
infective cycle. The three intron-encoded endonucleases, I-
Tevl, I-TevIl and I-Tevlll, are all subject to translational
regulation that limits expression to late times after infec-
tion (20), and I-Tevl also functions as a transcriptional
autorepressor by binding to an operator site that
overlaps the late promoter that drives I-Tevl expression
(21). However, regulatory mechanisms that control
expression of the twelve free-standing endonucleases in
phage T4 are unknown. Because free-standing endo-
nucleases are inserted in the intergenic region between
genes, free-standing endonucleases have the potential to
influence transcription of surrounding genes by displacing
promoters or other regulatory elements of neighboring
genes. Thus, a free-standing endonuclease must success-
fully integrate into the T4 transcriptional program to
minimize any transcriptional impact on surrounding
host genes.

To resolve the issue of whether the mob genes encode
site-specific endonucleases that function as mobile
elements, and to investigate how mob genes are integrated
into the transcriptional program of T4, we have focused
here on mobE that is encoded within the genomes of a
number of T-even phage (7,22). In T4 and related
phage, mobE is inserted between the genes for the large
(nrdA) and small (nrdB) subunits of aerobic ribonucleotide
reductase. The nrd genomic region of T-even phage is
a hotspot of endonuclease insertion, as evidenced by
numerous homing endonuclease insertions. One relevant
insertion is that of I-Tevlll, an HNH homing endo-
nuclease encoded within a self-splicing group I intron
that interrupts the nrdB gene of phage T4, but not the
closely related T2 (23) (Figure 1). An internal deletion
within [-TevIII renders the endonuclease non-functional
and unable to promote homing of its host intron;
however, a related phage, RB3, contains an intact
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I-TevIIl gene that functions to promote intron mobility
(24,25). Intriguingly, previous studies showed that
I-TevIIl and the group I intron is inherited at high fre-
quency in the progeny of crosses between T4 and T2 (6).
To account for this discrepancy between lack of I-TevIIl
activity and high-frequency inheritance, it was suggested
that the neighboring endonuclease mobE (~700bp
upstream) promotes I-Tevlll and intron mobility by
cleaving within the T2 nrdB gene, facilitating inheritance
in progeny phage by recombination of sequences flanking
the cleavage site.

Here, we show that mobE is promoterless, and depen-
dent on upstream promoters for expression. Moreover, an
intrinsic terminator within the mobFE-coding region limits
mobE transcript abundance. We provide evidence that
mobE is a mobile endonuclease with a target site in the
5’-end of the nrdB gene of phage T2. Crucially, we have
shown that a functional mobE gene product is required
for a strand-specific nick in the T2 nrdB gene, and that
the nick is recombinogenic as sequencing of progeny
phage from a mixed infection of T4 and T2 revealed
co-conversion of sequence flanking the nick site.
Significantly, high-frequency inheritance of the defunct
[-TevIlIl was absolutely dependent on a functional
mobE. Our results are consistent with a model whereby
I-TevIIl and its host intron are mobilized in trans, thus
providing a mechanism by which the non-mobile intron
can persist in phage populations despite having no
inherent means of promoting mobility.

MATERIALS AND METHODS
Bacterial and phage strains

Bacteria and phage are listed in Table 1. Escherichia coli
DH5a was used for plasmid manipulations, while E. coli
sup” and supF were used for propagation of phage (6).
E. coli strains were grown in LB medium supplemented
with the appropriate antibiotics (100 pg/ml ampicillin or
50 ng/ml kanamycin).

Mutagenesis of phage T4

Mutagenesis was performed by plasmid-to-phage recom-
bination. Plasmids containing the desired mutations were
generated by SOEing PCR reactions (26). Two gene-
specific segments were amplified and used as templates
for a subsequent SOEing PCR reaction. Each construct
was assembled such that ~500 bp of flanking sequence was
included to enhance recombination. PCR reactions were
performed with PWO polymerase (Roche) following the
manufacturers protocol with 25 cycles and the templates
and primers listed in Table S1. The SOEing products were
phosphorylated using OptiKinase (USB Corporation) and
ligated into dephosphorylated pCRZap using T4 DNA
ligase (New England Biolabs) following the manufacturers
protocol. The ligation mixtures were transformed into
DHS5a, and plasmids sequenced to confirm the mutation.
Plasmids for mutagenesis were transformed into E. coli
sup’, grown to an ODgg of 0.4 and infected with T4 at
an multiplicity of infection (m.o.i.) of 4. The cells were
incubated for 10min at 37°C then diluted 10™* into
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Table 1. Bacteria, phage and plasmids used in this study

Table 2. Phage-to-phage crosses

Bacteria Genotype Source Phage Cross mobE/input® I-TevilI/input I-Tevl/input
E. coli DH5a fhuA2 A(argF-lacZ)U169 Invitrogen T2 x T4 1 1.8 1.8 1.9
phoA glnV44 ®30 2 2.0 2.0 2.0
A(lacZ)M15 gyrA96 3 2.3 2.3 2.4
recAl relAl endAl thi-1 2.1+0.2° 2.0 +0.3 2.1 +0.3
hsdR17 T2 x T4AAmobE33-62 1 1.4 1.2 1.9
E. coli BA0 sup®  F~, argll40(am), str® J.D. Smith 2 1.2 1.9 2.3
E.coli B40 supF  F~, argll40(am), str®, sup” J.D. Smith 3 1.8 ND ND
Phage 1.5+03 1.6 £0.4 2.1+03
T4D Wildtype N .
T2L Wildtype _The number of progeny phage positive for each endonuclease gene
T4K 10 am38 ams1 denA denB Selick et al. 1988 is expressed as ratio of the observed number of progeny phage
T4 AmobE33-62 Deletion of amino acids 33-62  This study positive by hybridization with endonuclease-specific probes relative
of mobE, removing to the expected number of endonuclease-positive phage (the number
HNH motif of T4 input phage for each independent cross). See Supplementary
X Table S2 for raw data.
Plasmids . . PAverage and standard deviation calculated for each set of
pCR2.1 TA clomng vector ) In\{ltrogen endonuclease/input ratios.
pCRZap pCR2.1 with a cloned in This study

Stul site (DE-369/DE-370)
using EcoRI

pre-warmed LB medium and grown for an additional 3 h,
treated with chloroform and incubated at room tempera-
ture overnight. The lysates were plated on sup? cells, and
screened for the mutation of interest by Southern blot
analysis using plaque lifts. Hybridizing plaques were
cored, grown and sequenced.

Isolation of phage DNA

Approximately 1 ml of a 1 x 10'%-pfu/ml phage stock was
precipitated as previously described (27), except that
PEG6000 was used in place of PEG8000. Phage DNA
was isolated using a Sigma gDNA kit (Sigma), following
the gram-negative bacterial genomic DNA isolation
protocol. Isolation of DNA from mixed phage infections
was performed as above, except that 1 ml of cells was
collected prior to phage infection, and at 10, 20 and
30min post-infection. The culture was pelleted, flash
frozen and stored at —80°C. Cell pellets were resuspended
in 300pul of lysis solution (100mM NaCl, 50 mM
Tris—HCl pH 7.2, 1% SDS, 10mM EDTA, 5mM
CaCl, and 0.3mg/ml proteinase K), and incubated at
65°C for 1h followed by three phenol:chloroform
extractions. The aqueous layer was treated with 1pl
RNase A/T1 (Ambion) for 10min at room temperature,
and DNA was precipitated with ethanol and resuspended
in 100 ul TE buffer.

Mixed phage infections and mobility assays

Mobility assays were performed using mixed phage
infections. E. coli sup” or supF was grown to an ODggq
of 0.4 and infected with equal amounts of T2 and T4 at a
m.o.i. of 4. The infections were incubated at 37°C for
10min, and subsequently diluted 1:10* into pre-warmed
LB medium and grown at 37°C for 4 h. Chloroform was
added to each culture, left overnight at room temperature,
and then stored at 4°C. To screen for mobE and other
endonucleases by oligonucleotide hybridization, progeny

were plated on sup’ cells and transferred to positively
charged nylon membranes (Millipore) by placing the
membrane directly onto HA-top agarose LB plates for
3—5min. The membrane was soaked in alkaline transfer
buffer (1 M NaCl, 0.4 N NaOH) for 2min, and then neu-
tralization buffer (1 M NaCl, 0.5M Tris—HCI pH 7.2) for
Smin. The membranes were air-dried, UV cross-linked,
and prehybridized in 0.5M sodium phosphate pH 7.2,
ImM EDTA pH 8.0, 7% SDS, 1% bovine serum
albumin for 2h at 68°C. Fresh buffer was then added
with the end-labeled oligonucleotide (1 x 10° c.p.m.).
Oligonucleotides were end labeled with [y**P] ATP
(PerkinElmer) using Optikinase following the manufac-
turer’s directions (USB Corporation). The unincorporated
nucleotide was removed using QIAGEN nucleotide
removal columns. The membranes were hybridized over-
night at 50°C for mobE probes, 47°C for I-TevIII probes,
and 50°C for I-Tevl probes. The membranes were then
washed at the hybridization temperature in
phosphate—SDS wash I buffer (40 mM sodium phosphate,
I mM EDTA, 5% SDS, 0.5% BSA) for 5min, and then
with phosphate—SDS wash II buffer (40mM sodium
phosphate, 1TmM EDTA, 1% SDS) for Smin, and
rinsed with 0.1 x SSC. The membranes were dried
briefly, and exposed to a phosphoimager screen (GE
Healthcare).

Sequencing of progeny phage

Genomic DNA was isolated from plaques that were
mobE™ |I-TevIII~ or mobE™ |I-TevIII". The nrdA region
was amplified using primers DE-416/DE-421, and the
nrdB region was amplified using primers DE-422/DE-
488. PCR products were directly sequenced using the
same primers, and two additional primers (DE-423 and
DE-424) were used to sequence the I-TevIII™ phage.
The sequences were aligned using ClustalW (28) and a
user-generated program created (available upon request)
to display the nucleotide polymorphism graph shown
in Figure 5.



RNA extraction and purification

Approximately 8.2 x 107 cells/ml of E. coli sup” was
infected with T4 at an m.o.i of 8. Samples (6 ml) were
immediately suspended in equal volumes of -chilled
RNAlater and stored on ice (Ambion). RNA was
extracted using a QIAGEN RNeasy minikit following
the manufacturers protocol. The RNA was eluted in
80wl of RNase-free water, and then treated with
TURBO DNase (Ambion) following the manufacturers
protocol. The treated RNA was ethanol precipitated and
resuspended in 50pl RNase-free water and stored at
—80°C. The RNA samples were quantified using a
spectrophotometer and the concentration was normalized

to 2 pg/pl.

RT-PCR

RT-PCR was performed using 8 ug of total RNA and
20 pmol of DE-367. The RNA and primer mixture was
heat denatured and snap cooled on ice. Reaction
mixtures were incubated at 42°C for 1h, and 75°C for
10min with M-MuLV reverse transcriptase (New
England Biolabs), with 0.5ul RNAsin (Promega),
1.25mM dNTPs, and the manufacturers supplied buffer.
The RT products were purified using PCR cleanup
columns (QIAGEN). PCR amplification was performed
using 5ul of the RT product as template, with primer
pairs specific for nrdA or mobE (DE-365/DE-367 and
DE-387/DE-367), and Taq DNA polymerase (New
England Biolabs). Cycling conditions were 94°C for 30s,
53.3°C for 30s, and 72°C for 1 min, with 30 cycles. The
amplified products were resolved on 1% TAE-agarose gels.

5-RLM RACE

RNA-ligase mediated rapid amplification of 5 cDNA
ends was as described with minor modifications (29).
The primers for reverse transcription were DE-415 for
nrdA and DE-368 for mobE. The nrdA-specific nested
primers were DE-415/DE-196 and DE-414/DE-197 with
an annealing temperature of 56°C for 30 cycles. The
mobE-specific nested primers were DE-368/DE-196
and DE-367/DE-197 with an annealing temperature of
53.3°C for 30 cycles

3-RLM RACE

3’RACE was adapted from Gibb and Edgell (29). Primer
DE-194 was used for reverse transcription and the first
nested PCR amplification was performed with primers
DE-366/DE-194. The second nested amplification used
primers DE-387/DE-195 with annealing temperatures of
53.3°C for 30 cycles.

RNase protection assays

PCR products corresponding to a 226 bp region centered
on the mobE transcriptional terminator were generated
with DE-352 and DE-353. DE-352 included 13nt of
non-homologous sequence and a T7 RNA polymerase pro-
moter, while DE-352 contained 13 nt of non-homologous
sequence. The PCR product was gel purified and used
as template for in vitro transcription with T7 RNA
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polymerase (New England Biolabs) and [0*’P] UTP
(PerkinElmer). The RNA probe was gel-purified, and
RNase protection assays were performed following the
manufacturers protocol with a 1/50 dilution of RNAse
A/T1 (Ambion). The digested products were electro-
phoresed on a 8%-denaturing polyacrylamide gel, and
exposed to a phosphoimager screen (GE Healthcare).

Northern hybridization

Northern hybridzations were performed as previously
described with the following adaptations (29). An end-
labeled 100bp ladder was loaded on each gel, and
membranes were UV crosslinked prior to hybridization.
The mobE-specific probe was generated by PCR with
DE-365/DE-367 and the nrdA4 specific probe was
generated using primers DE-363/DE-364. The PCR
products were gel purified using a QIAGEN gel purifica-
tion kit, and used as template for nick translation using
the Invitrogen nick translation kit supplemented with
[2*P] dCTP (PerkinElmer). Each northern hybridization
used 5x 10° c.p.m. of the nick-translated probe for
hybridization. The membranes were washed in 100 ml
of 0.1 x SSC, 0.2% SDS for 10min at 46°C and three
times in 100ml of 0.5 x SSC, 0.2% SDS for 10min at
68°C. The membranes were then dried and exposed on a
phosphoimager screen.

Primer extension assays

To map strand-specific nicks in phage DNA, 1/20th of
the gDNA isolated from mixed phage infections was
used as template in 20-pl primer extension reactions.
The reactions contained Taq polymerase and the
manufacturers supplied buffer (New England Biolads),
1.25mM dNTPs, and 5pmol of end-labeled oligonucle-
otide. The annealing temperatures used were 46.6°C for
DE-465, and 60°C for DE-522. The reactions were cycled
in a thermocycler with the following parameters: denatura-
tion at 94°C for 30s, annealing for 30s at temperatures
specific for each primer, and 30 s extension at 72°C for 30
(plasmid) or 40 (gDNA) cycles. For primer extension
assays on plasmid templates, E. coli sup’ bearing
pT2nrdB was grown to an ODgoo of 0.4, and infected
with T4K10 at an m.o.i. of 4. Samples (20ml) samples
were collected prior to infection, and at 5, 10 and 15 min
post-infection. Cells were pelleted at 5000 x g for Smin,
flash frozen, and stored at —80°C. Pellets were thawed and
plasmid DNA isolated using the Biobasic miniprep Kkit.
To map the nicking site, a sequencing ladder was genera-
ted using a cycle sequencing kit (USB Corporation).
The reactions contained 1.5pmol end-labeled DE-465,
pT2nrdB, and were cycled at 94°C for 30s, 46.6°C for
30s, and 72°C for 30s for 51 cycles. The reactions were
loaded on an 8% denaturing polyacrylamide gel.

Sequence comparison of T-even phage

The nrdB nucleotide sequences of T-even were divided into
two groups, phage containing mobE and phage without
mobE. The region corresponding to the mobE-nicking
site was aligned in both groups using ClustalW (28),
and a sequence logo generated (30). The accession
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numbers or database sources for the sequences are as
follows: T4 (NC_000866), T2 (AY262132.2/phage.bioc
.tulane.edu), T6 (AY262134.2), RB2 (DQ178120.1), RB3
(AY262130.2), RB14 (AY262126.2), RB15 (DQ178121.1),
RB27 (AY262128.2), RB32 (DQ904452.1), RBS5I
(phage.bioc.tulane.edu), RB61 (AY262131.2), RB69
(NC_004928.1), LZ7 (DQ178119.1), JS10 (NC_012741.1)
and JS98 (NC_010105.1).

Oligonucleotides

Oligonucleotides are listed in Table S1.

RESULTS
mobE is co-transcribed with nrdA

As a first step to determining the function of mobE,
we examined the transcriptional regulation of the
endonuclease gene. Bioinformatic analysis of the nrdA-
nrdB region of phage T4 failed to identify obvious T4
promoters immediately upstream of mobE (Figure 1).
However, characterized early, middle and late promoters
lie upstream of nrdA (31), suggesting that mobE may be
part of a transcriptional unit that includes nrdA4. To inves-
tigate the transcriptional regulation of mobE, we isolated
total RNA at various time points post-infection for use in
RT-PCR. Using primers specific to mobE, we amplified
RT-PCR products at 3min post-T4 infection and all
times thereafter (Figure 2A and B, left panel). A
separate RT-PCR experiment utilizing a set of primers
spanning the nrdA/mobE junction revealed a similar
pattern, with products amplified from RNA sampled at
all times post-3 min infection (Figure 2B, right panel).
The RT-PCR data suggested that mobE and nrdA are
co-transcribed. To confirm that nrdA and mobE are

td nrdA.2nrdA."1

present on a common transcript, we performed northern
blot analyses using mobE and nrdA specific probes that
detected the presence of a ~4 kb hybridizing band, consis-
tent with a polycistronic message that included nrdA
and mobE (Figure 2C). The hybridizing band may also
include transcripts that initiated upstream of the ¢d
gene and contain nrd4 but not mobE, because we
mapped a transcriptional terminator in the 5-end of
mobE (Figure 3). A smaller 3kb fragment was also
detected with both probes (Figure 2B and C), suggesting
the presence of a transcript that terminated at the mobE
terminator (Figure 3). To map potential transcription ini-
tiation sites, we used 5 RLM-RACE with RNA pooled
from early (3-7min) or late (9-15min) time points in
separate reactions with primers specific for nrd4 or
mobE. With nrdA-specific primers, we detected a single
amplification product of sufficient size to correspond to
transcripts that initiated upstream of nrdA4. We did not,
however, detect products that corresponded to transcripts
that initiated immediately upstream of mobE (data not
shown). The 5 RLM-RACE products were cloned and
sequenced, and the 5'-ends mapped to a previously charac-
terized middle promoter upstream of nrdA4 (31). Collec-
tively, these results provide evidence that mobE lacks a
promoter immediately upstream of its coding region and
is dependent on promoters upstream of nrdA, and that the
nrdA and mobE genes are part of a polycistronic message.

A hairpin internal to mobE acts as a transcriptional
terminator

In the course of analyzing the mobE sequence for
transcriptional regulatory elements, we noted the
presence of a stem-loop structure 27-nt downstream of
the T4 mobE AUG codon (Figure 3). This stem-loop
structure has characteristics of Rho-independent

)

mobE M

nrdA nrdB denA

% nt
identity
40

o all

Vv W Vv

PE/M/L

31=0

T2

td nrdA.2 nrdA.1
1kb

=0

nrdA nrdB denA

Figure 1. Overview of the genomic organization of the nrd region of phages T4 and T2. Shown is a plot of nucleotide identity over a 10-nt sliding
window. Genes are indicated by rectangles with right-facing arrowheads, with italicized gene names indicated underneath. Dashed lines indicate self-
splicing group I introns, while the solid line indicates the T4-specific mobE insertion. Early (E), middle (M) and late (L) promoters are indicated by

right facing arrows.
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Figure 2. mobE and nrdA are co-transcribed. (A) Schematic of the nrdA and mobE genes of phage T4, with promoters and putative RNA hairpin
sequences indicated. The position of primers used for RT-PCR or northern blot analyses are indicated by arrows, and the length of the products
indicated. (B) RT-PCR analyses with primers specific to the mobE gene (left panel) or to the nrdA/mobE junction (right panel). gDNA, PCR with
genomic DNA; RNA(-), RT-PCR reaction without added RNA; RT(-), reaction without added reverse transcriptase. (C) Northern blot analyses
using probes specific to mobE (left panel) or to nrdA (right panel). Gene-specific probes were generated using primers (1) and (3) as indicated in panel

(A) and listed in Table SI.

(intrinsic) transcriptional terminators, including a 9-nt
stem, a 4-nt loop and a poly(U) tract following the stem
(Figure 3B). Previous studies have noted the presence of a
potential stem-loop structure, but did not test if it func-
tioned as a terminator (31,32). To test if the terminator
was functional, we used 3’ RLM-RACE to map the
3’-ends of transcripts. We sampled RNA at early (5min)
and late (15min) time points, and found that the
sequences of 7 of 11 3’ RACE clones mapped to a termi-
nation event at the poly(U) tract immediately following
the hairpin (Figure 3B). The sequences of the remaining
clones mapped to various positions downstream of the
terminator, most likely representing transcriptional read
through products.

To estimate the efficiency of the transcriptional termi-
nator, we used a RNase protection assay with a 252-nt
probe centered on the terminator (Figure 3A). In this
assay, the probe contained 26nt of non-homologous
sequence that would not anneal to T4 transcripts, and

thus be a substrate for digestion by RNases. This feature
of the probe served as an internal control, allowing us to
distinguish undigested full-length probe (252nt) from
transcriptional read through (226nt) and termination
products (~125nt based on 3’'RLM-RACE data). As
seen in Figure 3C, the amount of termination at early
time points was ~30%. At later time points, termination
increased to 50% (Figure 3C, 15 and 20 min) reflecting an
accumulation of transcripts over the course of phage infec-
tion. Thus, the predicted intrinsic terminator functions
weakly, consistent with the short poly(U) tract following
the hairpin. We also analyzed mobE sequences from addi-
tional T-even phage for the presence of the terminator,
and found that two phages (LZ7 and RBI15) possessed
a number of nucleotide substitutions relative to
other mobE-containing phage (Figure 4). Although the
substitutions shorten the predicted stem and increase
the loop length, the overall structure and poly(U)
tract of the terminator is conserved, suggesting that
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by 3’RACE are indicated by asterisks.

transcriptional termination is an important regulatory
mechanism in controlling gene expression in the nrd
genomic region.

mobE is a mobile genetic element

To provide evidence that mobE is a mobile genetic
element, we performed co-infections with T4 and T2 and
screened progeny phage for the presence of mobE by
Southern blots of plaque lifts using mobE-specific
probes, as previously described (6). In this experiment,
T2 serves as a recipient because it lacks mobE. We
expressed the results of each phage cross as the ratio of
progeny phage positive for mobE (and other endonuclease
genes) relative to the input T4 phage, allowing direct com-
parison between experimental replicates that differed in
the number of T4 input phage (Table 2 and Table S2).
In crosses between wild-type T4 and T2, the inheritance
of mobE in progeny was very high, with a ratio of
2.1 £ 0.2, suggesting a non-Mendelian inheritance charac-
teristic of mobile endonucleases (2,6,12,13) (Table 2).
Moreover, the inheritance of two other T4 homing
endonucleases, I-Tevl and I-TevIll, were also very high,
with ratios of 2.0 £ 0.3 and 2.1 + 0.3, respectively. To
determine if the HNH motif of MobE is essential to
promote high-frequency inheritance, we made an
internal in-frame deletion that removed 29 amino acids
of the predicted HNH motif, and used this T4mobEA33-
62 phage in co-infection experiments with T2. As shown in
Table 2, the inheritance of mobE in crosses with T2 and
T4mobEA33-62 was reduced relative to inheritance in
crosses with wild-type phage (1.5 £ 0.3 versus 2.1 + 0.2),
suggesting that deletion of the HNH motif abolishes
mobility of MobE. The observation that mobE was
present at a ratio of 1.5 £ 0.3 in progeny rather than the
expected ratio of 1.0 based on the sequence similarity of
the two phages is consistent with the fact that T4 generally
excludes T2 genetic markers from progeny of a mixed
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infection (4). Moreover, the magnitude of reduction in
mobE inheritance observed with the mobEA33-62 mutant
phage is similar to that observed with other T4 homing
endonucleases (2,6,12,22). Collectively, the results of the
phage co-infection experiments show that mobE is a
mobile endonuclease, and that the HNH motif is critical
for MobE to function as a mobile element.

Inheritance of the defunct T4 homing endonuclease
I-TevlIl is dependent on mobE

Previous experiments had suggested that mobE might
also be responsible for the high-frequency inheritance of
[-Tevlll, a defunct homing endonuclease encoded within
the nrdB group I intron. To test this hypothesis, we
screened progeny from co-infection experiments with
wild-type T4 and T2, and from co-infection experiments
with T4 mobE mutants and T2, for the presence of
I-TevIII (Table 2). With wild-type T4, the ratio of
I-TevIIl mirrored the ratio of mobE (2.0 £ 0.3).
However, in mixed infections with T4 mutant phages
and T2, the ratio of I-TevIII (1.6 £ 0.4) was reduced by
the same amount as mobE inheritance. Thus, mobility of
the defunct I-TevIIl endonuclease is dependent on mobE.

Sequencing of progeny phage localizes the mobE-induced
recombination point to the 5'-end of nrdB

In screening progeny from wild-type T4 and T2
co-infections, we noticed a number of phage did not
inherit I-TevIIl even though they did inherit mobE
(mobE ™" I-TevIIT™). This observation suggested to us that
the MobE recognition and cleavage site lies in the 5
region of T2 nrdB because a recombination event that
was initiated in the 5 region of T2 nrdB would result in
inheritance of both mobE and I-TevIII if exonucleolytic
degradation extended in both directions from the cleavage
site, into the 3’ regions of T2 nrdB and nrdA. If, however,
exonucleolytic degradation was not extensive, and recom-
bination events were initiated and resolved in the 5 region
of T2 nrdB near the MobE cleavage site, progeny phage
would not inherit I-TevIII. To resolve this issue, we
sequenced four mobE" I-TevIII~ phage and found that
three of the progeny were identical in sequence, allowing
us to localize a recombination point (i.e. the transition site
from T2 to T4 sequence) within the first 189 nt of T2 nrdB
based on sequence polymorphisms of the parental T4 and
T2 phages (Figure 5). The other mobE ™ I-TevIII~ progeny
phage had two recombination points, one in the 3’ region
of nrdA near nucleotides 2237—2242 and another in the 5’
region of nmrdB, near nucleotides 505—515 (Figure 5).
Sequencing of the nrd genomic region from progeny
phage that inherited both mobE and I-TevIII (mobE"
I-TevIII'") revealed T4 nucleotide polymorphisms
throughout the 5 region of nrdB and the 3’ region of
nrdA (Figure 5). It is unlikely that the recombination
events are influenced by co-conversion events initiated
by cleavage of the upstream endonuclease I-Tevl, which
is ~3kb distant from mobE, because I-TevI-mediated
recombination events extend to a maximum of 2 kb down-
stream from the I-TevlI cleavage site in the td gene (6).
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In vivo mapping of MobE-dependent nicks to the 5
region of T2 nrdB

Sequencing of progeny phage revealed a recombination
point in the 5 region of the T2 nrdB gene, consistent
with the hypothesis that mobE encodes a site-specific
homing endonuclease with a recognition site in the nrdB
gene. To provide evidence that mobE encodes a site-
specific endonuclease, we mapped MobE-dependent
breaks in the T2 nrdB gene in vivo over the course of a
T4 and T2 co-infection (Figure 6). In this experiment,
total DNA was isolated at various time points before
and after co-infection, and used in primer extension
experiments with a primer (DE-465) specific to the non-
coding strand of the T2 nrdA/nrdB intergenic region, and
with a primer (DE-522) that will anneal to the coding
strand of the 3’ region of T2 and T4 nrdB. As a positive
control for the primer extension reactions, genomic
DNA was digested with Dral, which cleaves within the
T2 nrdB gene.

As shown in Figure 6B, a nick was mapped to the non-
coding strand of the T2 nrdB gene at 10 min post-T4 and
post-T2 co-infection (Figure 6B, lanes 4-6), correlating
with our mobE expression data (Figure 2). In contrast,
no nicks were mapped to the coding strand of the nrdB
gene (Figure 6C; an independent gel with longer exposure
is shown in Figure S1). Control reactions using Dral-
digested DNA-generated a product of the expected size
on the coding strand (Figure 6C, lane 2 and Figure SI,
lanes 1-3), suggesting that the lack of extension products
on the coding strand is not due failure of the extension

reaction. Furthermore, the nick in the non-coding strand
was dependent on a functional mobE gene product, as no
nicks were mapped to the same position on DNA isolated
from T4mobEA33-62 and T2 co-infections (Figure 6B,
lanes 8-10). However, a band was evident at 10min
post-infection on the non-coding strand, but at a different
position (Figure 6B, lane 8), likely representing a spurious
primer extension product.

To validate that the 5 region of the T2 nrdB gene was
the sole determinant for MobE-dependent nicking, we
amplified and cloned the T2 nrdA/nrdB intergenic region
and the first 661 nucleotides of the T2 nrdB gene to create
pT2nrdB, which was subsequently transformed into E. coli
sup’. The resultant strain was infected with T4K 10, a T4
phage that cannot degrade host DNA upon infection in
sup” cells. Plasmid DNA was isolated at various times
post-T4K 10 infection, and used in primer extension
reactions. Nicking of the non-coding strand of the nrdB
gene in pT2nrdB was detected at all time points, but not
in uninfected cells (Figure 7A, compare lane 3 with
lanes 4-6). We mapped three prominent nicking sites to
between nucleotides 122-126 of the T2 nrdB gene by
electrophoresis of the primer extension reaction alongside
a sequencing ladder generated from pT2nrdB with the
same primer (Figure 7B and C). Moreover, the nick
sites present in vivo on DNA isolated from T2 and T4
co-infections also mapped to the identical positions
as the nicking sites on pT2nrdB (data not shown).
It should be noted, however, that the multiple nicking
sites could result from the nucleotide addition activity of
Taq polymerase during primer extension reaction (33).
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Figure 6. Mapping of MobE-generated nicks in vivo. (A) Schematic of
the 5’ region of the nrdB gene showing the position of the primers used,
the position of the Dral cleavage and MobE nicking sites, and the
predicted lengths of the primer extension products. (B) Representative
gel of primer extension reactions on the non-coding strand of DNA
isolated at various time points (min) from co-infections with wild-type
phages, or isolated from infections with T4 mobE deletion phage and
T2. The sizes of a 100-bp ladder are labeled on the left edge of the gel,
and the asterisk indicates the MobE nicking site present in wild-type
but not mutant phage infections. —, no DNA added to primer exten-
sion; Dral, primer extension on Dral-digested gDNA. (C) Primer
extension reactions on the coding strand, labeled as (B). For this rep-
resentative gel, the Dral primer extension reaction was diluted 3-fold
prior to electrophoresis. Note that the predicted size of the primer
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Collectively, these data are consistent with mobE encoding
a site-specific nicking endonuclease with a target site in the
5" region of the T2 nrdB gene.

DISCUSSION

Phage T4 is unique among T-even phage in that it encodes
15 homing endonucleases, accounting for ~11% of the
coding potential of the genome (7). Each of the 15
endonucleases are embedded within transcriptional units
that include essential T4 gene products. In the case of
mobE, the gene lies in the intergenic region separating
the functionally critical nrd4 and nrdB genes encoding
the large and small subunits of aerobic ribonucleotide
reductase, respectively (7). Multiple lines of evidence
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Figure 7. Primer extension reactions on plasmid substrates, and
mapping of the MobE nicking sites. (A) Gel showing primer extension
reactions on pT2nrdB plasmid DNA isolated at various time points
(min) post infection with T4K10. The primer used in this experiment
is the same primer used to maps nicks on the non-coding strand of the
nrdB gene as shown in Figure 6. Nicks are indicated by a left-facing
arrow. (B) High-resolution mapping of the MobE nicking sites by
electrophoresis of the primer extension reaction alongside a sequencing
ladder generated with the same primer. The sequence of the T2 nrdB
gene is indicated to the right of the gel, with the nicking sites indicated
by left-facing arrows. (C) Alignment of nrdB nucleotide and amino acid
sequences from phages T2 and T4 in the MobE nicking-site region.
Nucleotide differences are indicated by bold-type font and asterisks,
and the nicking sites are indicated on the coding strand of the T2
sequence by triangles.

suggest that T4 and mobE have undergone extensive selec-
tion and adaptation to ensure that mobE is successfully
integrated into the surrounding transcriptional program
so as to limit any affect on function of the nrd genes.
For instance, a middle promoter that drives expression
of nrdB is located in the 3’ region of the mobE gene (32).
In phage that lack mobE (Figure 8), an equivalent middle
promoter is located in the extreme 3'-end of nrdA, or the
nrdA-nrdB intergenic region. The location of the nrdB
middle promoter in the mobE coding region, while
critical for expression of nrdB, also selects against
deletion of mobE from T4, as any deletion event that
removed the middle promoter would be detrimental to
the phage. Another function of the middle promoter in
the 3’ region of mobE is likely to compensate for the
presence of the Rho-independent transcriptional termina-
tor in the 5’ region of mobE, ensuring sufficient nrdB tran-
script levels during phage infection. Intriguingly, in phage
that lack mobE, no transcriptional terminator is located
in the nrd4A—nrdB intergenic region, whereas all phage
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Figure 8. Logos representation of the nrdB nucleotide sequence up- and down-stream of the MobE-dependent nicking site for phage that possess
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The MobE nicking sites are indicated by triangles, and the conserved and functionally critical tryptophan residue in the NrdB protein is boxed by a
rectangle. Note that the MobE-dependent nicking sites were mapped to the non-coding strand, but are indicated on the coding strand.

that encode mobE possess a terminator (Figure 5). This
observation suggests that the terminator is an adaptation
to down regulate expression of mobE, presumably because
overexpression of MobE is in some way detrimental.

Previous studies on homing endonucleases in the
nrd genomic region of T-even phage provided genetic
evidence that mobE functioned as a mobile endonuclease,
but MobE endonuclease activity could not be detected
using in vitro synthesized protein and PCR-generated
substrates (6,22) (G.W.Wilson and D.R.Edgell, unpub-
lished data). Here, we have taken a different approach,
and mapped a strand-specific nick in vivo to the T2 nrdB
gene using genomic DNA isolated after co-infection with
T2 and T4 (Figure 6). Furthermore, the nick was depen-
dent on an intact mobE gene product, because an internal
in-frame deletion that removed the predicted HNH
catalytic motif abolished the appearance of the nick
(Figure 6B). Thus, the available evidence suggests that
MobE functions as a nicking HNH endonuclease to
promote mobility, but we cannot rule out the possibility
that MobE introduces a DSB, as does the phage RB3
HNH endonuclease, I-TevIII (24). Definitive evidence of
MobE nicking or cleavage activity using purified protein
and in vitro assays would resolve this issue. However,
in vitro studies have been hindered by the fact that we
cannot clone the mobE gene in a number of different
expression vectors for purification. Finally, we acknowl-
edge the possibility that MobE may not function as a
homing endonuclease, but rather act as a regulator of
another T4-encoded endonuclease that nicks or introduces
a DSB in the T2 nrdB gene to promote mobE and I-TevIII
mobility.

Interestingly, the MobE-dependent nicking sites map to
a conserved region of the nrdB gene (Figures 7C and 8), as
was found from studies of the recognition sites of other
homing endonucleases that also map to conserved regions

of their target genes (18,34,35). This region of nrdB
contains nucleotide sequence that codes for a conserved
and essential tryptophan residue that is involved in
transfer of a radical to the NrdA subunit of ribonucleotide
reductase to initiate reduction of NDPs to dNDPs (36,37)
(Figures 7C and 8). Two prominent nicking sites are
located in codon 42 of the T2 nrdB gene, which specifies
a lysine (AAGQG) residue in T2 and all phages that do not
encode mobE. The equivalent codon in the nrdB gene of
mob E-containing phage is either a lysine (AAG, AAA) or
arginine (CGG, CGA) (Figure 8). Based on these
observations, we suggest that the potential MobE recog-
nition site in the nrdB gene is bi-partite, mirroring
the bipartite and modular structure of MobE itself;
nucleotides encoding the conserved block of amino acids
(FFWRPEE) would be a substrate for the DNA-binding
module of MobE, whereas the N-terminal HNH catalytic
domain would recognize the polymorphic region encom-
passing nucleotides 114—131. This mode of interaction
of MobE with substrate would allow the endonuclease
to recognize and nick its target site in related phage
genome, but also prevent nicking of the host (mobE-con-
taining) genome due to nucleotide polymorphisms that are
suboptimal for nicking activity. Moreover, genetic and
structural studies of other homing endonucleases have
revealed similar modes of interaction with their substrates,
including the HNH enzyme I-Hmul that possesses an
extended two-domain structure consisting of a DNA-
binding domain connected to a HNH catalytic domain
by a linker (38,39).

In addition to promoting mobility of its own coding
region between genomes, we have shown that an intact
mobE gene is also responsible for high-frequency inheri-
tance of the non-mobile nrdB intron and I-TevIll,
resolving a number of experimental observations in
the literature regarding the non-functional nature of
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Figure 9. The trans homing pathway. Shown is a schematic of two potential gene arrangements in a donor phage genome, one where a functional
endonuclease and non-mobile intron are encoded within recombination distance of each other (left), and one where they are not (right). Also shown is
the recipient genome that lacks the endonuclease gene and intron. Nicking or cleavage of the recipient genome by the endonuclease initiates a recom-
bination event that results in mobility of the endonuclease gene and intron (left), or only of the endonuclease gene (right). Note that co-conversion
declines as a function of distance from the nicking or cleavage sites. Thus, the non-mobile intron will not be inherited in 100% of progeny if it is
sufficiently distant from the nicking or cleavage site. Dashed lines between donor and recipient genomes indicate recombination points.

T4-encoded I-Tevlll. Belfort and colleagues initially
showed that cloned fragments of the nrdB intron were
not mobile in plasmid-to-phage assays (40), an observa-
tion supported by the later finding that T4 I-TevIII pos-
sessed an inactivating internal deletion (25). Subsequent
work, including data presented here, showed that the nrdB
intron and I-TevIIl, in spite of the inactivating deletion,
were mobilized at high frequency in phage-to-phage
crosses (6,22). These seemingly contradictory results can
be rationalized by the fact that cloned fragments of T4
DNA used in the initial plasmid-to-phage assays con-
tained only the C-terminal 67 residues of MobE,
whereas mobE is fully functional in phage-to-phage
assays and able to initiate a gene conversion event that
results in high-frequency inheritance of the defunct
I-TevIII and nrdB intron.

The mobilization of a defunct homing intron in the
nrdB gene by the adjacently encoded MobE endonuclease
is very similar to the recently described collaborative
homing pathway involving a free-standing endonuclease
mobilizing an endonuclease-lacking group I intron
by cleaving at the intron insertion site of intronless
alleles (41,42). One notable difference between the two

pathways is the position of the endonuclease’s target
site; in the pathway described here, MobE does not nick
at the intron insertion site in the intronless T2 nrdB gene,
whereas in collaborative homing the free-standing
endonuclease cleaves at the intron insertion site.
Nonetheless, in both situations, cleavage or nicking by
the free-standing endonuclease initiates a gene conversion
event that ultimately mobilizes the endonuclease and
intron. Thus, the nrdB intron can persist in the population
in spite of having no inherent means of promoting its
own mobility. This type of mobility is, in principle,
similar to the mobilization of non-autonomous elements
that lack the machinery to promote their own spread and
instead are mobilized in trans by the machinery of func-
tional full-length elements, which do not have to be in
close proximity (43—45). However, the success of collab-
orative homing, and frans homing of the nrdB intron
described here, is ultimately dependent on the close prox-
imity of the free-standing endonuclease’s cleavage site to
the intron insertion site, because exonucleotyic processing
of the DSB or nick in the recipient genome will extend a
limited distance before recombination is initiated with the
donor genome (Figure 9). Previous studies have shown
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that endonuclease-mediated homing events in T4 result in
co-conversion of flanking sequence to a maximum of 2 kb
from the endonuclease’s cleavage sites (6,10), suggesting
that a free-standing endonuclease could mobilize a non-
mobile intron only if they are both encoded within this
critical distance. Such gene arrangements could occur by
chance, but we propose that these arrangements may be
common in small, endonuclease- and intron-rich genomes
based on the finding that homing endonucleases and
introns tend to target conserved sequences of functionally
critical host genes (34,35,42). As these sequences occur
infrequently, the probability that a free-standing
endonuclease and group I intron are encoded within the
critical recombination distance are relatively high.
Moreover, a similar pathway could be used to mobilize
adjacently encoded introns (or inteins), where only one
intron encodes a functional endonuclease. Indeed, in
bacterial and phage genomes, there are many examples
of multiple insertions of endonuclease-containing and
endonuclease-lacking introns (or inteins) in the same
gene (46-50). Thus, the trans mobility of defunct or
non-mobile genetic elements by an adjacently encoded
functional homing endonuclease may be common in
phage and bacterial genomes.
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