
Vol. 171, No. 11JOURNAL OF BACTERIOLOGY, Nov. 1989, p. 6197-6205
0021-9193/89/116197-09$02.00/0
Copyright © 1989, American Society for Microbiology

Characterization of the Cryptic Lambdoid Prophage DLP12
of Escherichia coli and Overlap of the DLP12 Integrase

Gene with the tRNA Gene argU
DAVID F. LINDSEY, DAVID A. MULLIN,t AND JAMES R. WALKER*

Department of Microbiology, University of Texas, Austin, Texas 78712

Received 8 May 1989/Accepted 31 July 1989

The argU (dnaY) gene of Escherichia coli is located, in clockwise orientation, at 577.5 kilobases (kb) on the
chromosome physical map. There was a cryptic prophage spanning the 2 kb immediately downstream of argU
that consisted of sequences similar to the phage P22 int gene, a portion of the P22 xis gene, and portions of the
exo, P, and ren genes of bacteriophage X. This cryptic prophage was designated DLP12, for defective lambdoid
prophage at 12 min. Immediately clockwise of DLP12 was the IS3 a4,(4 insertion element. The argU and DLP12
int genes overlapped at their 3' ends, and argU contained sequence homologous to a portion of the phage P22
attP site. Additional homologies to lambdoid phages were found in the 25 kb clockwise of argU. These included
the cryptic prophage qsr' (P. J. Highton, Y. Chang, W. R. Marcotte, Jr., and C. A. Schnaitman, J. Bacteriol.
162:256-262, 1985), a sequence homologous to a portion of X orf-194, and an attR homolog. Inasmuch as the
DLP12 att int xis exo Piren region, the qsr' region, and homologs of orf-194 and attR were arranged in the same
order and orientation as the lambdoid prophage counterparts, we propose that the designation DLP12 be
applied to all these sequences. This organization of the DLP12 sequences and the presence of the argU/DLP12
int pair in several E. coli strains and closely related species suggest that DLP12 might be an ancestral lambdoid
prophage. Moreover, the presence of similar sequences at the junctions of DLP12 segments and their phage
counterparts suggests that a common mechanism could have transferred these DLP12 segments to more recent
phages.

The Escherichia coli argU gene encodes a minor arginine
tRNA, tRNAUg , which corresponds to the rare codon
AGA and possibly AGG (18, 39, 51). (This gene was orig-
inally called dnaY because a temperature-sensitive mutation
caused preferential inhibition of DNA synthesis at high
temperature [24]; it is now redesignated argU after the
convention of Fournier and Ozeki [17].) argU expression has
several unusual characteristics. First, it is transcribed into a
monocistronic message, whereas most tRNA genes are parts
of operons (17). Second, transcription in vitro is terminated
by a rho-dependent process to generate 180- and 190-nucle-
otide products. The precursors are presumably processed at
the 5' and 3' ends to generate the 77-nucleotide mature form.
Third, tRNAUAg is a minor species, suggesting inefficient
transcription. However, the argU promoter should be
strong, based on its sequence and spacing (23). This suggests
negative control of argU, and a potential regulator site of 31
base pairs (bp) of dyad symmetry is located downstream of
the promoter -10 sequence. Fourth, a 387-codon open
reading frame (ORF) extends toward and overlaps the 3' end
of argU (51). This ORF is especially interesting because it
contains the extremely high number of 13 AGA and AGG
codons-the argU tRNA cognates. Understanding argU
regulation and the relationship of the downstream ORF
might provide clues about the role of argU in replication,
which at present is unknown.

In this article, we demonstrate that the ORF adjacent to
argU is a homolog of the phage P22 integrase gene. It is part
of a cryptic prophage which is designated DLP12, which
probably integrated into argU. The argU/DLP12 int pair are
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found in several E. coli strains and related species, suggest-
ing that DLP12 might be an ancestral lambdoid phage.

MATERIALS AND METHODS

Bacterial strains, plasmids, and bacteriophages. E. coli
strains B, C, and F and Salmonella typhimurium LT2
DB7000 were obtained from I. J. Molineux. Enterobacter
aerogenes SD1, Erwinia carotavora EC153 trp-9, Klebsiella
pneumoniae M5al, and Vibrio harveyi B392 were obtained
from J. W. Zyskind. Genomic DNA from a clinical Shigella
boydii isolate (strain 0-1392, serotype 5; Texas Department
of Health) was provided by S. M. Payne.

Strain JM103 was the host for plasmids and M13 phages,
and the recBC sbcB strain JC7623 (32) was used in the
construction of an insertion mutant. Plasmid pSP6/T7-19 and
bacteriophages M13mp8 and -9 were obtained from Be-
thesda Research Laboratories. Plasmid pUC4K (50) was
from Pharmacia. Plasmid pDM1 was constructed by cloning
a 4.5-kilobase (kb) HindIII argU+ (dnaY+) fragment from
pLC22-8 into pBR322 (39). A 2.2-kb HincIl-HindIII argU+
fragment was subcloned from pDM1 into pUC9 cut with
HincII and HindIII to generate pDC1 (Fig. 1A).
Recombinant DNA technology. Standard recombinant

DNA techniques were used for the isolation of plasmid
DNA, restriction endonuclease and Bal3l exonuclease di-
gestions, ligations, transformations, and gel electrophoresis
(37).
DNA sequencing. The nucleotide sequence was deter-

mined by the dideoxy chain termination method (46) accord-
ing to the manual provided by Bethesda Research Labora-
tories. Bal31 deletions of the 2.2-kb argU fragment were
constructed by opening plasmid pDC1 with BamHI, treating
with Bal3l for various time intervals, and cutting with
HindIII to release a set of overlapping fragments which

6197



6198 LINDSEY ET AL.

EBC PBs
II a

P NV
I . .

.mwsO a
I

30

argU ,

1000 1SOO _00 2264

DLPI2 P/r.' 3 IS3 ,
K X

< DLP12 eit
DLP12 xis ' DL12

00-- N

---e

B
BC Bs V KE

sp
FIG. 1. (A) Organization and sequencing strategy of the E. coli argU/DLP12 region. The thick solid line represents chromosomal DNA

present in pDC1; the stippled line represents a portion of the pUC9 polylinker region. Nucleotides are numbered according to GenBank
Release 58. The sequence from positions 1 through 357 was presented in Garcia et al. (18) as -47 through 310. Open bars indicate positions
of genes or regions; those labeled above the bars are oriented left to right (>), and those labeled below the bars have right-to-left orientation
(<). The darkened position of the argU bar is the portion which corresponds to the mature tRNA. The direction and extent of the sequencing
reactions are indicated by the arrows. Restriction enzymes: B, BamHI; Bs, BssHII; E, EcoRI; V, EcoRV; C, HincII; H, HindIII; K, KpnI;
N, NsiI; P, PstI; S, SmaI. (B) Plasmid pDC403, used in the construction of RNA probes, consists of the BamHI-KpnI fragment cloned into
pSP6MT7-19. The direction of transcription from the T7 and SP6 promoters is indicated by arrows.

were cloned into M13mp8 cut with SmaI and HindIII. For
fragments of the opposite strand, pDC1 was opened with
HindIII, treated with Bal3l, and cut with EcoRI, and the
overlapping fragments were cloned into M13mp9 cut with
HincII and EcoRI. The nucleotide sequence of the 2.2-kb
HincII-HindIII genomic region of pDC1 was determined
from these M13 derivatives according to the scheme shown
in Fig. 1A.

Preparation of RNA probes. Radiolabeled RNA probes
were prepared as described before (38). The 1.4-kb BamHI-
KpnI fragment from pDC1 (Fig. 1B) was subcloned into
pSP6/T7-19 to generate pDC403, which was linearized with
appropriate enzymes and transcribed by using SP6 or T7
RNA polymerase in the presence of [a-32P]CTP (800 Ci/
mmol).

Isolation of genomic DNA and Southern analysis. Cells from
150-ml cultures were lysed and treated with RNase A and
protease (5), except that proteinase K (200 ,ug/ml) was used
and the treatment was continued overnight. The lysis mix-
ture was extracted once with phenol, once with phenol-
chloroform-isoamyl alcohol (25:24:1, vol/vol), and once with
chloroform. The DNA was precipitated with ethanol, dis-
solved in TE (10 mM Tris [pH 8.0], 1 mM EDTA), and
dialyzed against TE overnight.

HindIlI-restricted genomic DNA (5 ,ug) was fractionated
on a 0.7% agarose gel and subsequently transferred to
GeneScreen (Dupont-NEN Products) according to the man-

ufacturer's protocol. The membrane was prehybridized in
50% formamide-6x SSC (lx SSC is 0.15 M NaCl, 0.015 M
sodium citrate)-1% sodium dodecyl sulfate (SDS)-5x Den-
hardt solution (1 x Denhardt solution is 0.02% bovine serum

albumin, 0.02% polyvinylpyrrolidone, 0.02% Ficoll)-250 ,ug
of denatured salmon sperm DNA per ml at 50°C for 30 h. The
membrane was then hybridized to 106 cpm ofRNA probe per
ml in fresh hybridization buffer at 50°C for 30 h. The
membrane was subsequently washed twice in lx SSC-0.1%

SDS for 30 min each at room temperature and twice in 0.1 x
SSC-0.1% SDS for 30 min each at 65°C. The membrane was

autoradiographed with Kodak XRP-1 film.
Isolation of RNA and Northern (RNA blot) analysis. RNA

was isolated by a modification of the method of Bovre et al.
(7). Cells were lysed in TES (10 mM Tris [pH 7.5], 10 mM
EDTA, 100 mM NaCl)-0.5% SDS and treated with protein-
ase K (200 ,ug/ml) for 20 min at 42°C. Total cellular RNA was

recovered by extraction with hot phenol, phenol-chloro-
form-isoamyl alcohol, and chloroform and then precipitated
with ethanol. The RNA samples were then treated with
RNase-free DNase I (100 U of RNA per ml) for 15 min at
37°C, reextracted with phenol-chloroform-isoamyl alcohol
and then chloroform, and ethanol precipitated.
For Northern analysis, RNA was fractionated on 1.5%

agarose-2.2 M formaldehyde gels, transferred to Gene-
Screen membranes according to the manufacturer's proto-
col, and hybridized to radiolabeled RNA probes transcribed
from an appropriate template with T7 RNA polymerase as

described before (38).

RESULTS

Nucleotide sequence and analysis of the argU/DLP12 region.
The nucleotide sequence of both strands of the chromosomal
insert in pDC1 was determined (Fig. 2). The sequence within
2 kb downstream of the argU gene contained regions similar
to three different lambdoid phage DNA segments and at least
a portion of an insertion element. DLP12 (for defective
lambdoid prophage at min 12) will be used when designating
the phage homologs found in this region.

Immediately downstream of argU there was an open
reading frame (ORF) of 387 codons. The deduced amino acid
sequence was 71% identical to the 387-amino-acid phage P22
integrase (int gene product) (Fig. 3A) and contained a

40-amino-acid sequence near the C-terminal end which is
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2269 AAGCTTCAG GGCTTCACTGCGAAATTCAG GCGAATGCTGTTTACGGGGT TTTTTACTGGTTGATACTGT TTTTGTCATGTGAGTCACCT CTGACTGAGAG
HindlIl

2169 TTTACTCAC TTAGCCGCGTGTCCACTATT GCTGGGTAMGATCAGATTAC GGTTGCGCCTGTTACCGCGG CAACGTCCTGTGCACAGAAG CTCTTATGCGT

2069 CCCCAGGTA ATGAATAATTGCCTCTTTGC CCGTCATACACTTGCTCCTT TCAGTCCGMACTTAGCTTTA ATTTCTGCGATCTTCGCCAG AGCCTGTGCAC

1969 GATTTAGAG GTCTACCGCCCATAACAGGA ATQTTGTTACT _7TTCAGG TATCGTCTCACCACGOTTAA TTCGCGCTGTCATACAGGTC AGTTCATCGGC

1869 AGCCTTGCG CCGTAATTCCGCGTCAGCCA GCGCATTGGCCCGCATGTTC TGGTACAAGTTGGTAACCAA CCAGTAATGCGCGTTCGATT TCCACGGATAA

1769 GACTCTGCA TCCGGATACAGGCCACGCTT CCGOCATACTCGTACCTCC CGGGATTTCATGAAATTCCG GCTCGGTGGTTTCGAGGCAA TAAAATCGGCT
SinaI

l~~~~~Sa
1669 TACATGGCC CAGGTGCAGTACAGCATGTG GGTGACGCGAAAAGATGCCT GGTACTTTGCCAACTATGAC CCGCGCATGAAGCGTGAAGG CCTGCATTATG

1569 TCGTGATTG AGCGGMTGAAAAGTACATG GCGAGTTTTGACGAGATGGT GCCGGAGTTCATCGAAAAAA TGGACGAGGCACTGGCTGAA ATTGGTTTTGT

1469 ATTTGGGGA GCAATGGCGATGACGCATCC TCACGATAATATCCG¢GTAC CTCACAACACGGCAAGCCTG CATTGCGGCGCTTCAGTCTC CGCTGCATACT
KpnI

3 8 1 f r r n e i as s1R _ k
1369 GTCCAGGTG AGCGCGGGTGATGGCATAAC AGAGGAAAGAAAATGTCACT CTTCCGCAGAAATGAAATAT GGTATGCCTCGTATTCGCTC CCGGGCGGGAA

SiaI
r i k e 8 1

_
t k d k r g a _

e_ 1 h d k r k a e 1 w r v e k 1 g d
1269 ACGAATTAA GGAATCTCTTGGCACAAAGG ACAAACGGCAAGCTCAGGAG TTGCACGACAAGCGAAAAGC AGAACTCTGGCGAGTAGAAA AGCTAGGGGAT

i p d v t f e e a c i r wv e e k a d k k s i d a d k 8 r i e f w i
1169 TTACCTGAT GTCACTTTTGMGAGGCCTG CCTAAGATGGCTTGAGGAAA AAGCTGATAAAAAATCTCTC GATTCAGATAAAAGCCGGAT TGAGTTCTGGC

e h f e g I r i k d i s e a k i y s a v s r a h n r k t k e i v k
1069 TTGAACATT TTGAGGGTATAAGGCTTMA GATATCTCGGAGGCAAAGAT TTACTCTGCTGTMGCAGAA_TGCATAACAGAAAGACGAAA GAAATATGGAA

EcoRV Nail
q k v q a a i r k g k e 1 p v y e p k p v a t q t k a k h 1 a i

969 ACAGAAAGT TCAGGCCGCCATCAGGAAAG GTAAAGAACTGCCTGTTTAT GAACCAAAGCCAGTATCAAC TCAGACAAAGGCAAAGCATC TTGCCATGATA

k a i I r a a e r d w k w 1 e k a p v i k i p a v r n k r v r w 1 e
869 AAGGCCATT CTCCGTGCTGCAGAACGCGA CTGGAAGTGGCTGGAAAAAG CGCCTGTCATCAAGATACCA GCGGTCAGAAACAAGCGAGT CAGATGGCTGG

PatI
k e e a k r 1i d e c p e p 1 k vvkf a 1 a t g 1 r k a n i i

769 AAAAGGAGG AAGCAAAACGCCTTATTGAT GAGTGCCCCGAACCACTGAA ATCTGTCGTCMGTTTGCGC TGGCAACTGGTCTGAGAAAG TCGAACATCAT

n 1e w q q i d * q r r v a v v n p e e a k a nra i g v a 1 n d
669 AAATCTGGA ATGGCAACAAATCGACATGC AGCGACGAGTTGCCTGGGTG AATCCAGAAGAGAGCAAATC AMCCGCGCCATTGGTGTGG CGCTGAACGAT

t a c k v 1 r d q i g k h h k w v f v h t k a a k r a d g t a t p a
569 ACCGCCTGT AAAGTGTTGCGTGATCAAAT AGGCMGCATCACAAATGGG TGTTTGTACATACCAAGGCG GCTAAGCGAGCAGATGGAAC ATCAACGCCTG

v r k * r i d s k t a v 1 a a c r r a g i e d f r f h d 1 r h t w
469 CGGTCAGGA AGATGCGCATCGACAGCAAG ACATCATGGCTATCAGCTTG TCGTCGTGCAGGAATTGAAG ATTTCCGTTTCCATGACCTC AGACACACCTG

a a iq1 q s g v p l vV 1 q e g e i e v r r y a h I a
369 GGCAAGCTG GCTGATTCAGTCAGGCGTCC CATTATCAGTGCTTCAGGAA ATGGGCOGATGGGAGTCCAT AGAAATGGTTCGTAGGTATG CTCACCTTGCG

p n h 1 t e h a r k i d d i f g d n v p n * a h a e i a e d i k k a
269 CCTAATCAT TTGACAGAGCATGCGAGGAA MTAGACGACATTTTTGGTG ATMTGTCCCAAATATGTCC CACTCTGAAATTATGGAGGA TATAAAGAAGG

169 CGTMCTGA TTGAATTGTMTGGCGCGCC CTGCAGGATTCGAACCTGCG GCCCACGACTTAGAAGGTCG TTGCTCTATCCMCTGAGCT MGGGCGCGTT
BssHII PstI

69 GATACCGCA ATGCGGTGTAATCGCGTGAA TTATACGGTCMCCCTTGCT GAGTCMTGGCTTTTGATCT
+1 -10 Hlncll -35

FIG. 2. Nucleotide sequence of the argU/DLP12 region and deduced amino acid sequence of DLP12 int. The DNA strand with the same
sequence as the int mRNA is presented. Gene segments oriented 5'- 3' are designated by overlines; those oriented opposite to the strand
presented are indicated by underlines. IS3, solid underline; DLP12 Plren, dashed underline; DLP12 exo, solid overline; DLP12 xis, dashed
overline. DLP12 int is shown translated. The DNA segment encoding mature argU tRNA sequences is indicated by a solid underline. Also
shown are the argU promoter (-10, -35) and transcription start site (+1). Restriction sites shown in Fig. 1 are underlined and identified.
These sequence data have been deposited in GenBank under accession number M27155.

highly conserved among the lambdoid phage integrases (1, terminating only 18 bp from the argU sequence encoding the
34). This gene presumably encodes an integrase and was 3' CCA of the mature tRNA (Fig. 1, 2, and 3B). As
designated DLP12 int. The argU and DLP12 int genes were summarized by Leong et al. (33), lambdoid phage attach-
arranged in opposite orientation, with the DLP12 int ORF ment sites are adjacent to their int genes. Analysis of the
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E. COLI DLP12 AND OVERLAP OF DLP12 int WITH argU

sequence downstream of the DLP12 int gene also demon-
strated a region overlapping argU which was similar to
approximately one-half of the P22 attP region (Fig. 3B). The
P22 attP region consists of a core, containing two potential
Int recognition sequences arranged as inverted repeats,
flanked by two potential integration host factor (IHF)-
binding sites (33) (Fig. 3B). The DLP12 presumptive attP
half-site consisted of one region similar to the IHF-binding
site consensus sequence plus roughly one-half of the core
containing one potential Int core recognition sequence.
Nucleotides which corresponded to tRNAAUrg positions 51
through 77 constituted the DLP12 attP half-site.

Nucleotide sequence similarity to the phage P22 genome
extended another 95 bp upstream of the DLP12 int gene.
Positions 1329 through 1423 of DLP12 were 91.6% identical
to the corresponding region of the P22 genome. This in-
cluded a portion of the P22 excisionase and was designated
DLP12 xis. In phage P22, the coding region for the Xis
polypeptide is 351 bp long; the 3' end of xis overlaps the 5'
end of int by 124 bp (34). DLP12 xis, including its 124-bp
overlap with DLP12 int, consisted of 219 bp homologous to
the 3' end of P22 xis (Fig. 3C). DLP12 xis was contained
within an "ORF" of 87 codons, of which an internal block of
74 codons were 70% homologous to amino acids 43 to 116 of
P22 xis. However, this ORF did not contain an initiation
codon and, because it encoded only a portion of Xis, might
not encode a functional excisionase. On the other hand,
DLP12 xis may contain sequences involved in the regulation
of DLP12 int transcription. It is interesting that the 95 bp
upstream of the DLP12 int ORF differed only 8.4% from the
sequence of the homologous region of the phage P22 ge-
nome, while the int ORF sequences differed by 32%.
Two additional DLP12 segments were found upstream of

xis. First, the sequence from position 1727 through 1422 was
found to be 97.4% identical to the phage A sequence (12)
from positions 31627 through 31322 (Fig. 3C). In phage A,
this region encodes the C-terminal 92 residues of the 226-
amino-acid exonuclease, the product of the exo gene, and 26
bp downstream of the exo ORF. Therefore, this region was
designated DLP12 exo. Second, nucleotides from positions
1726 through 2126 in the DLP12 sequence were found to be
92.0% identical to nucleotides 39972 through 40372 in the
phage A sequence (Fig. 3C). In A, this region encodes the
C-terminal 102 residues of the 233-amino-acid P gene prod-
uct and the N-terminal 31 residues of the 96-amino-acid ren
gene product. This segment of DLP12 was therefore desig-
nated Plren. Redfield and Campbell (42) have previously
reported that a region counterclockwise of the qsr' defective
prophage is homologous to exo and P region probes.

This region of DLP12 consisted of three contiguous seg-
ments, half-att-int-xis, exo, and Plren, arranged in the same
order and orientation as their phage P22 and A counterparts,
and resembled the left side of A prophage with attL, int, xis,
exo, and Piren in left to right sequence. An analysis of the
junctions between adjacent DLP12 segments (DLP12 xislexo
and DLP12 exoiP) and their phage counterparts revealed

these interesting similarities (Fig. 4). First, the sequence
within the P22 xis gene where homology with DLP12 xis
ended was GAGGTA.AGGGGATTTCGGTT, where the pe-
riod indicates the exact position where homology ended.
Similarly, the sequence within the K exo gene where homol-
ogy with DLP12 exo ended was the very similar GAGG
TA.AACGGGCATTTCAGTT. These two sequences follow
the general pattern of GAGGTA.A(No2)GGGNATTTC
NGTT, where (NO,2) represents 0 or 2 nucleotides. Second,
the A exo and Plren sequences which were homologous with
DLP12 exo at the xis-exo junction and with DLP12 Piren at
the exo-Plren junction, respectively, started with TAC.
Third, the boundaries between the DLP12 xis and exo and
between exo and Piren repeated the 7-bp sequence GAGG-
TAC. These similarities suggest that if DLP12 served as a
primordial source of lambdoid information, a common mech-
anism served to transfer these fragments to more recent
phages.
The IS3 x40 insertion element is adjacent to DLP12 Piren.

Nucleotides 2127 through 2269 of DLP12 were identical to
the first 143 bases of the IS3 element (49). This IS3 sequence
is part of IS3 cr434. Both argU and IS3 C434 have been
mapped near min 12.5 (14, 24, 27), and a comparison of the
restriction map of that region (22) localized the left side of
IS3 a434 to a 4.5-kb HindIlI fragment at 579 kb on the
chromosome (31). Comparison of the restriction enzyme
sites on pDM1 chromosomal DNA located argU, DLP12,
and the 143 bp of IS3 to the same 4.5-kb HindlIl fragment.
Moreover, the 143 bp of IS3 sequence adjacent to the DLP12
Piren segment had the same orientation as the IS3 a434.

argU and DLP12 int occur in other E. coli strains and in
other species. To determine whether argU and DLP12 int
exist in other E. coli strains or in other species, we probed
genomic DNA samples for argU and DLP12 int sequences.
To make an RNA probe specific for argU, pDC403 was
linearized with BssHII and transcribed by using T7 RNA
polymerase; to make an RNA probe for DLP12 int, pDC403
was linearized with EcoRV and transcribed by using SP6
RNA polymerase (Fig. 1B). Genomic DNA isolated from
several E. coli strains and from Salmonella typhimurium,
Enterobacter aerogenes, Erwinia carotavora, Klebsiella
pneumoniae, Shigella boydii, and Vibrio harveyi was di-
gested with HindlIl, fractionated by size on agarose, trans-
ferred to GeneScreen, and probed for argU or DLP12 int
sequences.
The argU probe hybridized to a single restriction fragment

from all the E. coli strains tested (B, C, K-12 C600, and F)
and from Salmonella typhimurium and Shigella boydii (8.4-,
10.2-, 4.5-, 23-, 2.2-, and 9.4-kb Hindlll fragments, respec-
tively) (Fig. 5). Identical results were obtained when the
Southern blots were probed for DLP12 int, indicating that
DLP12 int and argU are probably located on the same
restriction fragment. (One additional fragment of about 22 kb
from E. coli C hybridized to the DLP12 int probe.) These
results are consistent with the hypothesis that the argUl
DLP12 int gene arrangement found in E. coli K-12 is also

FIG. 3. Comparison of DLP12 sequences with phage sequences. (A) The deduced DLP12 Int protein sequence (top line) compared with
P22 integrase (34). Identical amino acids are marked by dashes, conservative changes (13) are shown by a colon, and where nonconservative
differences occur, the residue found in P22 Int is indicated. (B) Comparison of the presumptive DLP12 att half-site with P22 attP sequences
(33). The solid overline designates the nucleotides that encode the argU tRNA, the dashed overline designates the 3' end of the int ORF, and
the solid underline indicates the P22 att core. Potential core Int recognition sequences are designated by dashed arrow, and the sequences
resembling the IHF consensus sequence are indicated by a solid arrow. Bases identical in argU/DLP12 and P22 attP are repeated between
the sequences. (C) Comparison of DLP12 nucleotide sequences (top line) with phage sequences (12, 34). Identical bases are marked by
dahses, and where differences occur, the substitution is indicated. (C-1) DLP12 xis and P22 xis. The DLP12 xis comparison runs to the stop
codon for P22 xis. (C-2) DLP12 exo and A exo. (C-3) DLP12 Piren and X Plren.

VOL. 171, 1989 6201
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FIG. 4. Junctions of DLP12 segments and comparison with homologous segments of P22 and X. Arrows designate transcription direction
or orientation of a gene segment. In A, B, and C, phage sequences in regions homologous to DLP12 junctions are shown. Bold underlines
designate the sequences homologous to DLP12 and therefore indicate the boundaries of the homologies. Nucleotides within boxes are related
sequences found in P22 xis and in X exo, where homology with DLP12 sequences ended. (A) P22 xis ORF, with the segmnent homologous to
DLP12 xis crosshatched. (B) A segment of X including the exo ORF (box) and adjacent nucleotides. The crosshatch indicates homology with
the DLP12 exo region. (C) The X P and ren ORFs. The crosshatch indicates homology with DLP12. (D) DLP12. Nucleotide sequences at the
junctions are presented below the DLP12 bar. The 7-bp direct repeats are indicated by double underline.

present in other E. coli strains and some closely related
species. We detected no argU or DLP12 int sequences in the
other species tested (data not shown).
DLP12 int is transcribed in vivo. Whole-cell RNA was

isolated from strain JM103 containing plasmid pDM1 or
pBR322, fractionated by electrophoresis, transferred to
GeneScreen, and probed for DLP12 int transcripts. Radio-
labeled RNA probes were prepared by transcribing pDC403
(Fig. 1B) linearized with EcoRI by using T7 RNA polymer-

A

9.4-

6.6-

4.4--

2.3-
2.0-

ase. The principal DLP12 int transcripts from the strain
containing pDM1 were about 1,350, 1,100, 850, and 600
nucleotides long (Fig. 6, lanes b and c). In some gels, these
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FIG. 5. Southern blots probed for argU or DLP12 int sequences.
Genomic DNA from E. coli strains B, C, K-12, and F and from
Salmonella typhimurium (Sal) and Shigella boydii (Shi) probed for
argU (A) or DLP12 int (B). The sizes (in kilobases) of the restriction
fragments are shown to the right. Molecular size markers (left, in
kilobases) were from a HindIII digest of X.

FIG. 6. Transcripts from DLP12 int. Northern blots of total
cellular RNA extracted from strain JM103 containing pDM1 (DLP12
int+) or strain JM103(pBR322) strains probed for DLP12 int se-
quences. Lane a, 20 ,ug of JM103(pBR322) RNA; lane b, 20 FIg of
JM103(pDM1) RNA; lane c, 40 Fig of JM103(pDM1) RNA; lane d,
T7 transcripts of the Riboprobe Gemini Positive control template
(Promega Biotec). The sizes (in kilobases) of the T7 transcripts are
shown to the right.
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a b

FIG. 7. Southern analysis of the DLP12 int::KanR insertion
mutant DCK11. Genomic DNA isolated from the int+ strain JC7623
(lane a) and the insertion strain DCK11 (lane b) was probed for
DLP12 int sequences. Probes were transcribed from pDC403 linear-
ized with BamHI by SP6 polymerase (Fig. 1B). The sizes (in
kilobases) of the restriction fragments are shown to the right.

bands appeared as doublets. Also observed was a 2.5-kb
DLP12 int transcript, although it was barely visible. If the
chromosomal DLP12 int is transcribed (Fig. 6, lane a), its
level is much lower than in the pDM1-containing strain.

Construction and characterization of a DLP12 int::KanR
mutant. To determine whether DLP12 int is essential for cell
growth, site-directed insertion mutagenesis (29, 52) was
performed by introducing a gene for kanamycin resistance
(KanR) into the open reading frame of DLP12 int on the
chromosome. The 1.4-kb PstI KanR fragment from pUC4K
(50) was subcloned into pDC1 cut with NsiI, and the
resulting plasmid was linearized by digestion with BamHI
and transformed into the DLP12 int+ recBC sbcB strain
JC7623. Transformants were selected for Kanr and screened
for ampicillin resistance. Of five Kanr ampicillin-sensitive
colonies chosen for Southern analysis, one had a chromo-
somal insertion of KanR into DLP12 int (Fig. 7). The 1.4-kb
Kanr cassette contains one HindlIl site, and its insertion into
DLP12 int, contained on a 4.5-kb HindIII chromosomal
fragment, resulted in the disappearance of the wild-type
4.5-kb HindIl fragment and the appearance of 4.1- and
1.8-kb DLP12 int-containing HindIIl fragments, which is in
agreement with the predicted sizes. The DLP12 int::KanR
strain was designated DCK11.
The DLP12 int::KanR strain (DCK11) grew at the same

rate as the parent strain in rich medium at 18, 37, and 43°C.
At 43°C, both strains grew poorly. Both strains were equally
sensitive to UV, and both grew on minimal medium supple-
mented with the requirements for the parent strain JC7623.

DISCUSSION

The argU gene of E. coli is located, in clockwise orienta-
tion, at 577.5 kb on the E. coli chromosome restriction map.
Cryptic prophage sequences spanning the 2 kb immediately
downstream of argU consist of segments similar to the phage
P22 int gene, a portion of the P22 xis gene, and portions of
the exo, P, and ren genes of X. This cryptic prophage was
designated DLP12. Similarity of a portion of the DLP12 Int
deduced amino acid sequence to the family of Int recombi-
nases has been observed independently (53). These authors
predicted that this region may be the end of a cryptic
prophage.

It is probable that other E. coli K-12 sublines contain
similar DLP12 regions. The DNA sequence of the argUl
DLP12 region (Fig. 2) was determined from a 4.5-kb HindIII
fragment of chromosomal DNA subcloned from plasmid
pLC22-8, originally prepared from a strain of the 58 subline
(3, 10). Probes for DLP12 int hybridized to a 4.5-kb HindlIl
chromosomal fragment of K-12 strain C600, a derivative of
subline 167 (3). The argU/DLP12 region can be localized to
a HindIII fragment of about 4.5 kb at 575 to 579.5 kb by
inspection of the physical map (31) prepared from strain
W3110, a subline of W1485 (3). Thus, the genomes of three
commonly used E. coli K-12 strains, each derived from a
different early isolate, all contain a 4.5-kb HindIII genomic
DNA fragment with argU/DLP12 int.

In addition, the genomes of several different E. coli strains
and of Salmonella typhimurium and Shigella boydii contain
sequences highly similar to argU and DLP12 int. For each
strain or species, the region homologous to argU occurs on
a HindIII fragment of the same size as the fragment homol-
ogous to DLP12 int. It is likely that each of these contains
argU and DLP12 int genes in the same arrangement as the
K-12 strain sequenced in this report. (The DLP12 int probe
hybridized to two HindIII fragments of E. coli C genomic
DNA. Although there might be two DLP12 int-like regions in
this strain, this result could also be accounted for by the
presence of a HindIII site within the E. coli C DLP12 int.)
Thus, the argU/DLP12 int gene organization originated in
nature possibly prior to the divergence of E. coli, Salmonella
typhimurium, and Shigella boydii. This conclusion is further
strengthened by the fact that the Shigella boydii strain used
was a recent clinical isolate. Perhaps the argU/DLP12 int
sequence has been retained because it performs a useful
function.
The 25-kb region clockwise of min 12 on the E. coli

chromosome contains several homologies to lambdoid
phages. Figure 8, which extends the map of Redfield and
Campbell (42), demonstrates that the DLP12 half-att site,
int, xis, exo, and Plren homology is located at 577 to 579.5
kb. The qsr' cryptic prophage consists of genes analogous to
X Q, S, and R, a cos site, and at least part of Nul and
contains IS5-nmpC (4, 9, 25). Comparison of the IS5-nmpC
restriction map (4, 25) with the physical map of the chromo-
some (31) places this region at 587 to 590 kb. Further
clockwise on the chromosome are the app Y (or M5), ompT,
and envY genes (2, 19, 35, 44). Analysis of the appY
sequence (2, 30) reveals a 151-bp sequence 5' of the gene
which is 84% identical to a portion of the X orf-194 (12). The
regulatory region of ompT (20, 21) contains 38 bp which are
identical to 38 bp of argU, including the half-att core region.
The app Y-ompT-envY region (2, 21, 30, 36) is located at 596
to 600 kb (Fig. 8). Thus, this 25-kb region contains a half-att
site on the left, an int xis exo and Piren region, qsr', a region
homologous to X orf-194, and a potential att site on the right
(Fig. 8), all in the same order and orientation as the lambdoid
prophage counterparts (8, 12). It is conceivable that this
entire region evolved from an ancestral prophage, and we
propose that all the phage homologs be designated DLP12.
Inasmuch as Salmonella typhimurium and Shigella boydii
contain a homolog of DLP12 int and presumably a similar
argU (host)-int (phage) gene arrangement, we imagine that
this primordial prophage was present in ancestral members
of the family Enterobacteriaceae. Alternatively, the same
distribution of the argU-DLP12 int region could have re-
sulted from independent insertions of phages at the same
site, provided that phages with that insertion specificity were
common enough.
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FIG. 8. Physical map of the DLP12 cryptic prophage and comparison to A prophage. The top line represents E. coli chromosomal DNA,
with physical map coordinates given in kilobases (31) below the line. Restriction enzymes: B, BamHI; E, EcoRI; H, HindlIl; P, PstI. The
locations of genes and cryptic prophage segments are identified as boxes below the line. The box labeled int-P includes DLP12 int, xis, exo,
and Plren. The bottom line is a X prophage genetic map (8, 12). The lines running between the E. coli and X maps identify the regions of
sequence homology. The exact extent of homology in the qsr' region is unknown.

It is very interesting that several E. coli phages and
plasmids integrate into known and presumptive tRNA genes
(43). Examples include P4 integration into the E. coli C leuX
gene (tRNA'Au ) (41, 48, 54) and P22 into a Salmonella
typhimurium sequence which is probably a threonine tRNA
gene (tRNA jhr) (41). The thrW gene of E. coli (tRNATh' )
(11, 16) is identical to the tRNAThrU gene of Salmonella
typhimurium, and inasmuch as the E. coli attachment site for
P22 has been mapped near min 6 (26), the location of thrW
(11, 16), we propose that P22 also integrates into this tRNA
gene in E. coli. At least two additional tRNA gene se-
quences (tRNAThrU ofPseudomonas aeruginosa [11, 40] and
tRNA.Ucu of Mycoplasma mycoides [45]) share extensive
homology with the P22 attB core, suggesting that they could
also serve as attachment sites. In P22, P4, and DLP12, the
attachment core ends precisely at the position of the gene
which encodes the 3' end of the tRNA. Integration leaves the
mature tRNA coding sequences intact and replaces the 3'
end of the tRNA gene with phage integrase genes. Pierson
and Kahn point out (41) that attachment site locations in
tRNA genes could provide advantages to the host or phage.
DLP12 may have contributed to the evolution of lambdoid

phages. The modular theory of bacteriophage evolution (6,
9, 47) suggests that a bacterial host carrying prophage or
defective prophage sequences could serve as a reservoir for
the exchangeable modules. DLP12 is especially interesting
because it contains both P22 and X "modules," even though
they are highly diverged and grow on different hosts.

It is possible that the present DLP12 structure has under-
gone many changes. These might include recombinational
reshuffling with other phage genomes and homologous re-
combination which interspersed host genes within the pro-
phage. Alternatively, genes such as ompT and app Y might
have been homologous to prophage genes in the correspond-
ing positions of the prophage. Insertion elements cause
deletions and rearrangements in nearby regions (15). The
directly repeated sequences found at the DLP12 junctions
and in the analogous regions of the phage genomes may have
played a role in genetic rearrangements.
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