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Mycobacteriophage L5 integrates into the genome of Mycobacterium smegmatis via site-specific recombina-
tion between the phage affP site and the bacterial attB site. These two sites have a 43-bp common core sequence
within which strand exchange occurs and which overlaps a tRNA®Y gene at attB. We show here that a 29-bp
segment of DNA is necessary and sufficient for at#tB function and identify the positions of strand exchange.

Mycobacteriophage L5 is a temperate phage of the myco-
bacteria and forms stable lysogens in Mycobacterium smegma-
tis; these lysogens contain a single copy of the L5 genome
integrated into the M. smegmatis chromosome (4, 22). Com-
parison of the phage attachment site (a#tP), the site of insertion
in the bacterial genome (a#tB), and the novel junctions formed
by integration (a#tL and attR) reveals a common core sequence
of 43 bp that is identical in all four DNAs (14). A similar se-

A 20 0 +20 RNAIY 3!
i —

1 i
attB 5' ~CAATGGTAGAGCCCTAGQTCTTCCARACTAGCTACGCGGGTTCGATTCCCGTCGCCCGCTCRG
3 ' -GTTACCATCTCGGGAT! GAAGGTT*TGATCGATGCGCC AAGCTAA AGCGGGCGAGIC

45b 5’ -TGGTAGAGCCCTAGTCTTCC. CTAGCTACGCGGGTTCGATTCC OL-165
P 3’ -ACCATCTCGGGATCAGAAGGTTTGATCGATGCGCCCAAGCTAAGG OL~168
35bp 5’ -GGTAGAGCCCTAGTCTTCCAAACTAGCTACGCGGG OL-263

3 -CCATCTCGGGATCAGAAGGTTTGATCGATGCGCCC OL-264

33bp 5’ ~GTAGAGCCCTAGTCTTCCAAACTAGCTACGCGG OL-275
3’ -CATCTCGGGATCAGAAGGTTTGATCGATGCGCC OL-276

31bp 5’ -TAGAGCCCTAGTCTTCCAAACTAGCTACGCG OL-265
3’ ~ATCTCGGGATCAGAAGGTTTGATCGATGCGC OL-266

29bp 5’ -AGAGCCCTAGTCTTCCAAACTAGCTACGC OL-280
37 -TCTCGGGATCAGAAGGTTTGATCGATGCG OL-281

27b, 5’ -GAGCCCTAGTCTTCCAAACTAGCTACG OL-303

P 3’ -CTCGGGATCAGAAGGTTTGATCGATGC OL-304

25bp 57 -AGCCCTAGTCTTCCAAACTAGCTAC OL-254
3’ -TCGGGATCAGAAGGTTTGATCGATG OL-255

Hybrid 1 5’ ~AGAGCCCTAGTCTTCCAAACTAGCTACGC 0L-280
3" ~CTCGGGATCAGAAGGTTTGATCGATGC OL-304

Hybrid 2 5’ -GAGCCCTAGTCTTCCAAACTAGCTACG OL-303
3’ -TCTCGGGATCAGAAGGTTTGATCGATGCG OL-281
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quence is also present in Mycobacterium bovis bacille Calmette-
Guérin (BCG), although there is a single base difference be-
tween the BCG attB and L5 attP core sequences (14). This
difference does not appear to prevent the use of this region as
an attachment site for phage L5 DNA in BCG (14, 23). The
43-bp common core at the M. smegmatis attB site overlaps the
3’ end of a tRNASY gene such that the integrity of the tRNA
gene is maintained following integration. Analysis of deletion
derivatives of the L5 attP site suggests that M. smegmatis is not
viable if this tRNA gene is interrupted (18).

We have previously described an in vitro reaction for LS5-
mediated integrative recombination (13). This reaction re-
quires a supercoiled DNA substrate containing the a#tP site, a
linear segment of DNA containing the a#B site, the LS inte-
grase protein, and a protein (mycobacterial integration host
factor [mIHF]) present in crude extracts of M. smegmatis (13,
17a). In this study, we determined the minimal segment of
DNA required for a#tB function and identified the positions of
strand exchange for integrase-mediated recombination.

The entire 43-bp common core is not required for a#B func-
tion. Previous experiments showed that a DNA segment of
approximately 600 bp containing the a#B 43-bp common core
is a good substrate for recombination in vitro (13). However, it
is unlikely that this entire segment is needed for integration,
and we note that only 20 to 25 bp of a#B DNA is needed for
lambda integrase-mediated recombination (16). We have re-
cently observed that LS integrase binds to the left side of the

FIG. 1. Characterization of the attB site for LS integration. (A) Oligonucle-
otide substrates used for in vitro recombination. The top part of the figure shows
the sequence of a#tB DNA, including the 43-bp common core (boxed) and the 3’
end of the tRNA gene. Shown below this sequence are a series of DNA duplexes
of different lengths derived by annealing synthetic oligonucleotides. The length
of each duplex and the identity of each oligonucleotide are indicated. Hybrid
duplexes 1 and 2 were derived by annealing oligonucleotides of different lengths.
The positions of strand exchange as determined by the scheme illustrated in Fig.
2 are shown by vertical arrows. (B) In vitro recombination of a#tB oligonucleotide
substrates. Each of the duplexed DNAs shown in panel A were tested as sub-
strates for L5-mediated integration in vitro. Recombination reactions were per-
formed similarly to those described previously (13) and contained 0.025 pmol of
supercoiled pMH94 DNA (which contains attP), approximately 6 pmol of duplex
attB DNA, 1.5 pmol of L5 integrase, and 0.2 pl of purified mycobacterial inte-
gration host factor (17a) and were incubated for 2 h at 37°C prior to electro-
phoresis through a 0.7% agarose gel. Recombination between the supercoiled
attP DNA and attB DNA produces a linear product of 6.2 kb as indicated. Each
lane contains recombination reactions performed with the oligonucleotide sub-
strates indicated, with the exception of the DNA size markers (M), pMH94 DNA
partially digested with EcoRI (pMH94/R1), and a negative control in which the
45-bp duplex was included but no integrase was added (no integrase). The 29-
and 31-bp DNA fragments support similar levels of recombination as the 45-bp
substrate when only 0.06 pmol of a#tB DNA is used (data not shown).
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FIG. 2. Determination of positions of strand exchange. (A) Experimental scheme for determining positions of strand exchange. Recombination substrates are
generated by extension of primer-template pairs (shown in uppercase letters) with the Klenow fragment of DNA polymerase I. The positions of the primers are
indicated by horizontal arrows, with the arrowheads at the 3’ ends of the primers; nucleotides introduced by extension are shown in lowercase letters. Separate extension
reactions are performed with each primer-template pair substituting one deoxynucleotide triphosphate (ANTP) with an a-thiosubstituted deoxynucleotide triphosphate
(dNTPaS). If the position of strand exchange lies within the extended region (for example, by extension of primer 1.1), it is expected that incorporation of one dANTPaS
will inhibit recombination (dCTPaS in the example shown) whereas incorporation of the other three dNTPaSs will not (for example, dTTPasS). However, if the position
of strand exchange is within the primer (as in primer 1.2), then no inhibition will be observed when any of the dNTPasSs are incorporated. Thus, by careful choice of
primers, the precise position of strand exchange can be deduced. It is important to note that the two recombination substrates generated by inclusion of dCTPasS in
extension of either primer 1.1 or 1.2 differ only in the nature of one phosphodiester bond, which is an oxophosphate (0) when primer 1.2 is used and a thiophosphate
(s) when primer 1.1 is used. The deduced position of strand exchange is indicated by the vertical arrow. (B) Primer-template oligonucleotide substrates used for mapping
positions of strand exchange in LS. Two primer-template pairs (with primers 1.1 and 1.2) are shown for mapping the top strand exchange, and three (with primers 2.1,
2.2, and 2.3) are shown for the bottom strand exchange. The top and bottom template strands were provided by oligonucleotides OL-165 and OL-168, respectively, as
shown in Fig. 1A. Substrates for recombination were generated by primer extension with the scheme illustrated in panel A. (C) Determination of position of top strand
exchange. In vitro recombination reactions were performed with a#B DNA substrates generated by extension of the primer-template pairs shown in panel B with
thiosubstituted nucleotides as indicated. Reaction conditions were similar to those described in the legend to Fig. 1 except that 5’-radiolabeled a#tB substrates were used
and crude extracts of M. smegmatis were used in place of purified mycobacterial integration host factor (see reference 13). Products were analyzed by electrophoresis
through 0.8% agarose. Control reactions are shown in which the substrate was generated by extension of primer 1.1 with four dNTPs and incubated with all reaction
components (+) or without the addition of integrase or M. smegmatis extract (—). Other lanes show recombination reactions performed with substrates generated with
either dATPaS, dCTPaS, dGTPaS, or dTTPasS substituting for the cognate oxophosphate dNTP in extension of either primer 1.1 or primer 1.2. (D) Determination
of position of bottom strand exchange. Reactions were performed as described for panel C but with substrates generated by extension of primers 2.1, 2.2, or 2.3 as
indicated. Control reactions are shown in which the substrate was generated by extension of primer 2.2 with four dNTPs and incubated with all reaction components
(+) or without the addition of integrase or M. smegmatis extract (—).

core of the LS artP site (i.e., closest to the P1, P2, and P3
arm-type sites) and that the right part of the 43-bp core is not
protected (18). Thus, while the extreme right part of the a#tP
core may be required to restore the integrity of the chromo-
somal tRNA gene, it may not be needed for recombination
(18). Likewise, not all of the 43-bp common core may be
needed for a#B function. We tested this by designing a 45-bp

synthetic attB substrate containing the left side of the core and
found it to be a good substrate for recombination in vitro (Fig.
1). Thus, the entire 43-bp common core at a#B is not required
for recombination.

A 29-bp segment of DNA is necessary and sufficient for attB
function. To determine the minimum length of DNA necessary
for a#B function, we designed additional oligonucleotides of
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FIG. 3. Positions of strand exchange relative to tRNA structure. The pre-
dicted secondary structure of tRNASY of M. smegmatis is shown, with bases
corresponding to the 43-bp a#tB core in bold type. The diagonal arrows indicate
the corresponding positions at which strand exchange occurs at attB, and the
region between these arrows also defines the anticodon loop. Vertical arrows
indicate the sequences constituting the anticodon stem, and the anticodon 5'-
UCC is underlined. The circled base in the variable loop is a G nucleotide in the
corresponding tRNASY of BCG (14).

different lengths (Fig. 1A) and tested them as recombination
substrates (Fig. 1B). These were designed such that the posi-
tions of strand exchange (described below) are at the center of
each substrate. These experiments show that all of the sub-
strates equal to or greater than 29 bp in length support efficient
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recombination (Fig. 1B). However, none of the substrates
smaller than 29 bp recombined, including the 27-bp DNA
segment (Fig. 1B). Thus, this 29-bp segment of attB DNA is
both necessary and sufficient for recombination.

To test whether fully paired bases are required at the ends of
the 29-bp substrate, we made two hybrid DNAs, each formed
by annealing one of the 27-base oligonucleotides with one of
the 29-bp oligonucleotides (hybrids 1 and 2) (Fig. 1A). No
recombination was observed with either of these hybrid sub-
strates, indicating a requirement for a fully duplexed 29-bp
DNA segment for a#B function (Fig. 1B).

Determination of the positions for strand exchange. The
positions of strand exchange in the L5 a#B site were deter-
mined with an experimental strategy described previously for
phage HKO022 integration (12). This approach utilizes the ob-
servation from the lambda integration system that a phospho-
thioate bond at the position of strand exchange strongly inhib-
its recombination, whereas phosphothioates at other positions
do not (9-11). A detailed description of the experimental
scheme is illustrated in Fig. 2A.

To map the positions of both top and bottom strand ex-
changes, thiosubstituted a#tB substrates were generated by ex-
tension of primed oligonucleotide templates (Fig. 2B). As
shown in Fig. 2C, inclusion of o-thiosubstituted dCTP
(dCTPasS; but not dTTPaS, dGTPaS, or dATPaS) in the ex-
tension of primer 1.1 resulted in strong inhibition of recombi-
nation; however, no inhibition was observed when dCTPaS
was used in extension of primer 1.2. Thus, the position of
strand exchange must be the phosphodiester linkage between
bases —3 and —4 on the top strand, the only position at which
there is a chemical difference between these extension prod-
ucts (an oxophosphate bond in the primer 1.2 extension prod-
uct and a thiophosphate bond in the primer 1.1 extension
product). A similar analysis shows that the bottom strand ex-
change occurs between positions +3 and +4 (Fig. 2D). We
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FIG. 4. Comparison of the core sequences of attP and attB. (A) Sequences of the L5 attP and M. smegmatis attB sites are aligned by the points of strand exchange.
The horizontal arrows above and below the attB sequence indicate the sequences corresponding to the anticodon stem in the tRNASY; similar sequences are indicated
by the arrow and lines above and below the attP sequence. The 3’ end of the tRNASY gene is shown by the thick horizontal arrow above the a#tB sequence. The
horizontal line between the top and bottom strands of aftP represents the approximate region protected by L5 integrase from DNase I digestion (18). Sequences
corresponding to the 43-bp common core are shown within the box. (B) Alignment of the half-site core sequences at a#tB and attP. The sequences from the left and
right halves of attP and a#tB are aligned by the positions of strand exchange (shown by the arrow), and the bases in common for all half sites are shown in boxes.
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deduce that LS5 integrase cleaves DNA to produce 7-base 5’
extensions similar to those produced by the integrases of
lambda (15), HK022 (12), HP1 (6), and P22 (21). This is,
therefore, a highly conserved aspect of bacteriophage integra-
tion. The numbering system for the L5 attachment sites is
based upon these observations, with the 0 position correspond-
ing to the central base of the overlap region, and is similar to
that used for phage HK022 (12).

Relationship between the tRNA anticodon loop and the
7-base overlap region. Several temperate bacteriophages use
tRNA genes as attachment sites (1-3, 5-8, 12, 17, 19-21). Of
these, the only two phages for which the points of strand
exchange have been determined are HP1 (6) and P22 (21). In
both HP1 and P22, the points of strand exchange lie 7 bp apart
(as in phages lambda and HK022 [12, 15]), and these 7-base
overlap regions correspond to the anticodon loops of the
tRNA™" and tRNA™™ genes, respectively (6, 21). Hauser and
Scocca (6) proposed that one explanation for the use of tRNA
genes as integration sites is that the dyad symmetry elements
present within tRNA sequences provide appropriately spaced
sites for integrase binding and cleavage. Similarly, the 7-base
overlap region for LS5 integration corresponds to the anticodon
loop of the tRNASY gene at attB (Fig. 3). Although the reason
for this association is not clear, it is possible that phages have
acquired the use of tRNA genes as integration sites because of
the shared requirements of both integrase and tRNA functions
for two short inverted sequences separated by 7 bp. An alter-
native, more speculative explanation is that phage integrases
are direct descendants of nucleases whose primary function
was in tRNA processing.

The sequences of dyad symmetry that contribute to the
tRNA anticodon stem may represent possible binding sites for
integrase recognition, and related sequences are present in the
left part of the LS5 a#P site (Fig. 4A). Alignment of these
core-type sequences from the left and right parts of the a#P
and aftB crossover sites suggests that the sequence 5'-CNA
NTYT may be important for recognition by the core-type bind-
ing domain of L5 integrase (Fig. 4B).
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