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REAGENTS FOR RECOMBINOGENIC
ENGINEERING AND USES THEREOF

RELATED APPLICATIONS

This application claims the benefit of U.S. Provisional
patent application Ser. No. 60/450,474, entitled “Improved
Reagents for Recombinogenic Engineering and Uses
Thereof™, filed Feb. 26, 2003 (pending). The entire content of
the above-referenced patent application is hereby incorpo-
rated by this reference.

GOVERNMENT RIGHTS

This invention was made at least in part with government
support under grant no. R21-GM62482 awarded by the
National Institutes of Health. The government may have cer-
tain rights in this invention.

BACKGROUND OF THE INVENTION

A new method for engineering bacterial chromosomes has
emerged in recent years that takes advantage of the high
proficiency of bacteriophage recombination systems acting
on linear DNA substrates (for review, see Court et al., 2002).
The A Red recombination system, consisting of Bet (a ssDNA
annealing protein) and Exo (a 5'-3' dsDNA exonuclease) pro-
motes gene replacement of electroporated linear DNA sub-
strates into the Escherichia coli K-12 chromosome at a very
high efficiency (Murphy, 1998; Murphy et al., 2000). Inacti-
vation of host RecBCD exonuclease activity, either by muta-
tion or production of the anti-RecBCD A Gam function, is
required for efficient Red-promoted recombination with lin-
ear dsDNA substrates (Murphy, 1998). Zhang and co-work-
ers (Zhang et al., 1998), using the E. coli rac prophage RecET
recombination system, recognized that PCR-generated sub-
strates with as little as 40 bp of homology could serve as
efficient substrates for gene replacement in . co/i. The use of
such substrates has also been demonstrated with the A Red
system, with Red and Gam being supplied from either a
prophage (Yu et al., 2000), a low-copy number plasmid (Dat-
senko and Wanner, 2000), or from a ArecBCD::Ptae-gam-red
chromosomal substitution (Murphy, 1998; unpublished
observations). The high efficiency of Red and RecET-pro-
moted recombination with such short regions of homology
has allowed E. coli geneticists to perform oligo-directed gene
replacements that yeast geneticists have performed for years
(Baudin et al., 1993; Lorenz et al., 1995; Wach et al., 1994).

SUMMARY OF THE INVENTION

The present invention features improved methods and sys-
tems for promoting recombination in bacteria. In particular,
the invention features an improved A Red recombination sys-
tem. This improved system is particularly suited for recom-
bination in pathogenic strains of bacteria.

The present invention provides isolated nucleic acid mol-
ecules and vectors encoding bacteriophage recombinases,
e.g., bacteriophage » Red and Gam, which are operably
linked to a promoter, e.g., Ptac promoter, and the Lacl repres-
sor. The bacteriophage recombinases promote homologous
recombination between nucleic acid material. Preferably the
vectors of the invention further consist of a temperature-
sensitive origin of replication that confers low copy number
upon the vector.

The present invention also features recombinant organ-
isms, e.g., bacteria or pathogenic bacteria, which contain
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vectors of the present invention and methods of using the
recombinant organisms to promote efficient recombination of
genetic material. The genetic material undergoing recombi-
nation can be endogenous or exogenous, and can be derived
from a prokaryote or a eukaryote.

The present invention further provides methods of identi-
fying potential drug targets in a recombinant microorganism
of the invention, e.g., a pathogenic bacterium, by promoting
recombination between a gene of the microorganism and an
integrating segment introduced by a test construct. Preferably
the integrating segment encodes a selectable marker.

The present invention also provides methods of producing
vaccines and vaccine antigens.

Other features and advantages of the invention will be
apparent from the following detailed description and claims.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1. Schematic showing substrates used for A Red-
mediated recombination, and the relative positions of various
PCR primers used to generate the substrates and/or verify the
structures of chromosomal gene replacements. Chromosomal
gene replacements were verified by PCR using primers
complementary to sequences upstream (U), downstream (D),
N-terminal (N) or C-terminal (C) to the replaced gene, out-
side the region targeted by PCR (O), within the drug marker
(M) and/or within the target gene (T). The absence ofthe wild
type locus (shaded grey) was verified for strains listed in
Table 1.

(A.) Plasmids containing marked deletions of target genes
were generated as described in Table 2, using primers U, N, C
and D as described previously (Murphy, et al., 2000). Plasmid
digests (or purified DNA fragments) containing a drug
marker flanked by 1-1.5 kb of sequences upstream and down-
stream of the target gene were electroporated into EHEC and
EPEC cells containing Red-producing plasmid pTP223.

(B.) PCR products, containing a drug marker flanked by
40-60 bp of target DNA, were generated by primers desig-
nated 3KO and 5KO (see Table 3) and electroporated into
EHEC containing pKM201 or pPKM208 (or EPEC containing
pTP223).

FIG. 2. Plasmid-borne tir is expressed and translocated at
higher levels than chromosomally-encoded tir.

(A.) Tir molecules expressed in EPEC are depicted. EHEC
Tir sequences are shown in open boxes, EPEC Tir sequences
are shown in shaded boxes, and N-terminal HA-epitope tags
are shown in black. Tir-PPP is wild type EPEC Tir; chimeric
Tir-PHP consists of the N- and C-terminal cytoplasmic
domains of EPEC Tir and the extracellular (intimin-binding)
domain of EHEC Tir; chimeric Tir-HHH, . contains the
twelve amino acid Nck-binding site of EPEC Tir in the con-
text of an otherwise EHEC Tir. Each of these versions-of Tir
were encoded on a low copy number plasmid in strain KC26,
an EPEC strain which expresses the EHEC versions of cesT
and eae and contains an in-frame deletion of tir (Campellone
et al., 2002). Alternatively, each of these versions of tir were
inserted into the chromosome of KC13 at the endogenous Tir
locus (see Experimental Procedures).

(B.) HeLa cells were infected with EPEC strains express-
ing three HA-tagged versions of Tir depicted in (A) either
chromosomally or on plasmids. Non-intimately associated
bacteria were killed with gentamicin, and the remaining
infected Hela cell monolayers were collected, processed by
immunoblot, and probed with anti-HA antiserum to visualize
Tir. Blots were also probed with anti-N-WASP and anti-
OmpA antisera to identify the relative cellular and bacterial
protein levels, respectively, in each sample. HeLa cell lysates
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infected with strains harboring tir on a plasmid (“P””) contain
higher protein levels of bacterially-associated (~78 kDa) Tir,
as well as greater levels of translocated (~90 kDa) Tir, than
lysates infected with strains harboring tir encoded chromo-
somally (“C”).

FIG. 3. EPEC expressing chromosomally-encoded Tir-
HHH, 5 generates pedestals of increased length on mamma-
lian cells.

(A.) Hela cells were infected with EPEC expressing plas-
mid-derived Tir molecules and examined microscopically.
Monolayers were stained with anti-HA antiserum to visualize
translocated Tir (green) and TRITC-phalloidin to visualize
F-actin (red). F-actin staining indicated that each version of
Tir triggered the formation of pedestals of similar appear-
ance.

(B.) HeLa cells were infected with EPEC expressing chro-
mosome-derived Tir molecules and examined microscopi-
cally. Monolayers were processed as in (A). F-actin staining
indicated that bacteria expressing chromosomally-derived
Tir-HHH,__generated pedestals of greater lengths than other
Tir molecules.

FIG. 4. Uncontrolled » Red expression is mutagenic. A
single fresh colony of EHEC (with indicated plasmids) was
suspended in 1 ml LB containing 100 pg ml~* ampicillin. The
cell suspension was diluted with LB-ampicillin to a final
concentration of 5x10% cells/ml and aliquoted to 24 culture
tubes. Overnight cultures (0.3 ml each) of EHEC strain
TUV93-0 with control plasmid (circles), pKIM201 (squares),
pKM208 (triangles) and pKM208 with IPTG added (dia-
monds) were plated on LB plates containing 100 pug ml™
rifampicin. Plates were incubated overnight at 37 degrees and
rifampicin resistant colonies were counted 24 hours later.

FIG. 5. Time course for promotion of hyper-rec phenotype.
EHEC strain TUV93-0 containing pKM208 (five cultures, 20
ml each) was grown for electrocompetence as described in
Experimental Procedures. At various times prior to collec-
tion, IPTG was added to four of the cultures to a final con-
centration of 1 mM; the fifth culture received no IPTG. The
cells were heat shocked for the final 15 minutes, prepared for
electroporation and electroporated with DNA (~0.25 pg) con-
taining the kan gene flanked by 40 bp of EHEC DNA (result-
ing in a deletion of O-islands #130 and #131). After suspen-
sion in LB, the cells were grown for 90 minutes at37° C., and
plated on LB plates containing 20 pg ml™ kanamycin. The
number of kan® transformants per 10® survivor and total num-
ber of kan”® transformants are plotted as a function of IPTG
concentration. The data points are averages of two experi-
ments (ranges are shown). A random check of 160 colonies
showed that 95% re-struck successfully to fresh LB plates
containing 20 pug mI~* kanamycin; 10 of 10 of these colonies
were verified by PCR analysis to be true recombinants (data
notshown). Insert: 0.1 ml of electrocompetent cells, prepared
with and without 1 hour IPTG induction, were spread on LB
plates containing 100 pg/ml rifampicin to determine total
number of Rif* mutants. Dilutions of the cells were titered on
LB plates to determine total cell number; experiments done in
triplicate (+/- standard error).

DETAILED DESCRIPTION OF THE INVENTION

The A Red recombineering technology has been used
extensively in Escherichia coli and Salmonella typhimurium
for easy PCR-mediated generation of deletion mutants, but
less so in pathogenic species of E. coli such as EHEC and
EPEC.

The present invention is based, at least in part, on the
identification of factors that improve the efficiency of Red
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recombineering in these pathogenic strains of E. coli. The
inventors have identified conditions that optimize the use of A
Red for recombineering in EHEC and EPEC. Using plasmids
that contain a P, -red-gam operon and a temperature-sensi-
tive origin of replication, multiple mutations (both marked
and unmarked) were generated in known virulence genes. In
addition, five O157-specific islands (O-islands) of EHEC
suspected of containing virulence factors were easily deleted.
The inventors have discovered that the both PCR-generated
substrates (40 bp of flanking homology) and plasmid-derived
substrates (~1 kb of flanking homology) work well, each
providing particular advantages. The establishment of the
hyper-rec phenotype requires only a 20 minute IPTG induc-
tion period of red and gam. This recombinogenic window is
important as constitutive expression of red and gam induces a
10-fold increase in spontaneous resistance to rifampicin.
Other factors such as the orientation of the drug marker in
recombination substrates and heat shock effects also play
roles in the success of Red-mediated recombination in EHEC
and EPEC.

Thus, in the present invention, the A Red recombineering
technology has been optimized for use in pathogenic species
of E. coli, namely EHEC and EPEC. Exemplifying the utility
of this technology, five O-islands of EHEC were easily and
precisely deleted from the chromosome by electroporation
with PCR-generated substrates containing drug markers
flanked with 40 bp of target DNA. The discoveries described
herein are applicable to A Red recombineering in these and
other strains of pathogenic bacteria for faster identification of
virulence factors and the speedy generation of bacterial
mutants for vaccine development.

Accordingly, the present invention features improved
methods and systems for promoting recombination in bacte-
ria. In particular, the invention features an improved A Red
recombination system. This improved system is particularly
suited for recombination in pathogenic strains of bacteria. In
particular, the invention features isolated nucleic acid mol-
ecules and vectors encoding bacteriophage recombinases,
e.g., bacteriophage » Red and Gam, which are operably
linked to a promoter, e.g., Ptac promoter, and the Lacl repres-
sor. The bacteriophage recombinases promote homologous
recombination between nucleic acid material. Preferably the
vectors of the invention further consist of a temperature-
sensitive origin of replication that confers low copy number
upon the vector.

A featured vector of the invention is pKM208. pKM208
expresses Red and Gam and possesses a low copy number
replicon which is temperature sensitive. Red and Gam are
expressed from the Ptac promoter, a promoter capable of
directing high levels of expression of the red and gam genes.
High levels of Red and Gam result in efficient gene replace-
ment, preferably, when this plasmid is used in pathogenic
bacteria (e.g., pathogenic E. coli species). The data exempli-
fied herein shows that pPKM208 promotes both long and short
homology gene replacement in enterohemorrhagic E. coli
0157:H7 (EHEC, a pathogen for come concern in the cattle
industry).

The present invention also features recombinant organ-
isms, e.g., bacteria or pathogenic bacteria, which contain
vectors of the present invention and methods of using the
recombinant organisms to promote efficient recombination of
genetic material.

The recombination systems of the invention are particu-
larly useful in drug target validation. For example, the sys-
tems can be used to make knockouts of suspected virulence
and/or essential genes, thereby identifying potential drug tar-
gets. The recombination systems are also useful in vaccine

















































































