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Cosmids are plasmids that contain the phage A sequences (cos) required for packaging of the phage DNA
into the virion. Induction of a A prophage in an Escherichia coli strain carrying a cosmid results in lysates
containing phage particles that are filled with cosmid DNA. However, the lysates also contain a large excess of
infectious phage particles which complicate use of the packaged cosmids. I report that cosmids packaged by
induction of a strain carrying a prophage with an altered cos region results in lysates containing very high
levels (>10"%/ml) of particles that contain cosmid DNA together with very few infectious phage particles. These
lysates can be used to transduce cosmid DNA into all of the cells of a growing culture with minimal
physiological disturbance. When the cosmid carries a conditionally active origin of replication, transductional
introduction of the cosmid under nonreplicative conditions provides a system of transient expression. Tran-
sient expression has been used to make a rec4 strain temporarily recombination proficient and to temporarily
introduce a site-specific recombinase. Transductional introduction of a cosmid also allows absolute off-to-on
transcriptional control of nonessential genes. Two examples are given showing that when a strain carrying a
null mutation in the gene of interest is transduced with a packaged cosmid carrying a functional copy of that
gene, the expression of the gene rapidly goes from absolutely off to high-level expression. Additional possible

uses of in vivo-packaged cosmids are proposed.

The techniques generally used to introduce plasmid DNA
into bacterial cells, chemical transformation (19, 24) and elec-
troporation (13, 19), suffer from two disadvantages in physio-
logical studies. First, these methods either introduce DNA into
only a small fraction of the cells, or the treatment required for
DNA uptake seriously disturbs cellular metabolism, resulting
in death of a large fraction of the cells. In chemical transfor-
mation, <10% of the cells take up plasmid (19), whereas in
electroporation, although 80% of the surviving cells are trans-
formed (19), only 10 to 50% of the cells survive the electro-
shock treatment (13). In contrast, infection with bacterio-
phages is generally highly efficient (1). All of the cells of a
culture can be infected, and evolution has optimized the infec-
tion process to ensure minimal metabolic disturbance of the
host.

To take advantage of these properties, bacterial genes have
been introduced into the genomes of several phages, the most
popular being phages M13 and A. These recombinant phages
were then used to efficiently introduce bacterial and foreign
DNA segments into the cells of growing Escherichia coli cul-
tures (4, 45). However, these phages have advantages and
disadvantages as DNA introduction vehicles. A major advan-
tage of phage M13 is that the double-stranded replicative form
of the phage genome can be treated as a plasmid in cloning
procedures, and vectors have been constructed that contain a
multiple cloning site plus lacZ a-complementation screening
(53). Moreover, plasmids that carry the M13 fragment contain-
ing the phage replication origin and DNA packaging determi-
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nant can also be replicated and packaged into M13 virions by
use of a helper phage (53). However, a major disadvantage is
that infection of E. coli with M13 is slow and incomplete,
thereby resulting in mixed populations of uninfected and asyn-
chronously infected cells (37). Moreover, M13 DNA replica-
tion is of low fidelity, and deleted versions of the viruses or
phagemids often accumulate (53). Phage \ has different ad-
vantages and disadvantages. Unlike M13, N very rapidly and
efficiently infects its host. However, \ has a large genome (48.5
kb) and, thus, unique restriction sites are few and difficult to
introduce. Moreover, most N\ vectors are designed to accept
only large (15- to 20-kb) DNA inserts and have lost the ability
to form lysogens (33). Bacterial genes can be placed on \
phages by homologous recombination, but this requires con-
struction of suitable acceptor phages and donor plasmids plus
a screen or selection to identify recombinant phages (e.g., see
reference 4). Moreover, the emergence of high-capacity plas-
mid vectors such as bacterial artificial chromosomes has re-
sulted in decreased familiarity with the techniques of lambda
cloning. In contrast, plasmid cloning is a dominant technique
of molecular genetics and, thus, a plasmid that could be pack-
aged into \ phage particles would provide both ease of cloning
and efficient introduction of plasmid DNA without major phys-
iological disturbance. Such plasmids, called cosmids, which
carry the cos region of N were described many years ago (9, 23).
The 223-bp cos region contains the determinants for processive
packaging of the oligomeric phage DNA and includes the site
(cosN) at which the cohesive ends of A virion DNA are gen-
erated (16, 51).

When the cos sequence is present in a plasmid and the
plasmid DNA is of sufficient length (about 37 to 52 kb), it can
be packaged into phage particles either in vitro (22) or in vivo
(15, 31). In vitro packaging is often used for preparation of
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FIG. 1. Construction of the prophages of strains pCY1591 and
pCY1592. The thin lines denote the cohesive ends of A DNA, whereas
the wavy lines denote the rest of \ (the circular molecule). The thick
lines denote the nucleotides added by the DNA polymerase, and the
upright solid rectangles at each end of the Kan" determinant represent
the FRT sites. Construction of the prophage of strain pCY1590 fol-
lowed the same scheme as that for pCY1591 except that the Kan®
determinant lacked FRT sites, and so a strain analogous to pCY1592
could not be made. The drawing is not to scale.

clone banks, but the titers (<10® cosmid-containing particles/
ml) of packaged cosmids are too low for facile physiological
experiments. In vivo packaging of cosmids upon induction of a
\ lysogen was discovered over 20 years ago (47, 48), but has
only occasionally been utilized in genetic analysis (e.g., [50]).
In vivo packaging is known to result in particles that contain
either cosmid DNA or phage DNA (31, 48). The major draw-
backs of the prior cosmid packaging systems were low yields of
packaged cosmids and the large excess (10- to 1,000-fold) of
infectious phage particles over the particles containing cosmid
DNA. I report the construction and properties of a modified A
lysogen in which the cosmid DNA is much more efficiently
packaged than the phage DNA. Examples of the use of this
system to give transient expression and absolute transcriptional
control of genes in all of the cells of a growing culture are
reported.

MATERIALS AND METHODS

Construction of \ helper phages (Fig. 1). A phage DNA (Promega) carrying
cIgs; and Sam7 was heated to melt the cohesive ends which were filled-in with E.
coli DNA polymerase I (Klenow fragment) and the four deoxynucleotide triphos-
phates. Another sample of N phage DNA was similarly treated with phage T4
DNA polymerase. The resulting blunt-ended N DNAs were then ligated to
blunt-ended kanamycin resistance cassettes derived by digestion of plasmid
pKD4 (11) with either Xbal or HindIll, followed by treatment with Klenow
polymerase as above. The ligation mixtures were used to transform strain
DHI10B (19) by electrophoresis, and transformants resistant to 25 pg of kana-
mycin/ml were selected at 30°C and screened for an inability to grow at 42°C. The
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plasmid pKD4 (11) kanamycin cassette is flanked by directly repeated Flp re-
combinase target (FRT) sites allowing excision of the cassette upon expression of
Flp recombinase. Strain CY1591 was cured of the kanamycin resistance deter-
minant (Fig. 1) by transforming the strain with plasmid pCP20 (7) and growing
the transformed strain in Luria-Bertani (LB) medium lacking antibiotic for many
generations at 33.5°C followed by screening single colonies for sensitivity to both
kanamycin and chloramphenicol. The resulting lysogen (strain CY1592) had
cosmid packaging properties very similar to those of the parental strain.

Cosmid and plasmid constructions. The 223-bp Haelll cos fragment of
pCY128 (21), which is the minimal cos sequence that retains full function (32),
was inserted into the Smal site of pMTL23P (6). Both orientations of cos were
obtained; the cos of pCY566 has the same orientation as the truncated lacZ gene,
whereas pCY567 has the opposite orientation (Fig. 2A). Derivatives of both
plasmids (called pCY572 and pCY573, respectively) were made in which cos was
tagged with a chloramphenicol resistance determinant by insertion of the SstI-
derived chloramphenicol resistance cassette of pGCl1 into the SstI site adjacent
to cos. Plasmid pGCl is a ABspHI ampicillin-sensitive derivative of p34S-Cm2
(12) constructed by G. Cronan of this laboratory. Plasmid pCY574 was con-
structed by digestion of pCY566 with Nsil and HindIIl and ligation of the
cos-Cm2 fragment of pCY572 to pTrueBlue-rop (Genomics One) digested with
the same enzymes, followed by selection for transformants resistant to both
ampicillin and chloramphenicol. Plasmid pCY575 was constructed by parallel
manipulations, except that the enzymes used were AatIl and Clal and the recip-
ient plasmid was pHC123 (8). Plasmid pCY580 was constructed in two steps.
First, plasmids pAM34 (18) and pFT-K (36) were digested with Sa/l and Bbul
and ligated, and transformants resistant to ampicillin and kanamycin were se-
lected at 30°C on plates lacking isopropyl-B-p-thiogalactopyranoside (IPTG) and
then screened for an IPTG requirement at 42°C. The resulting fusion plasmid
was then digested with Clal and SstI and ligated to the Clal-SstI cos-containing
fragment of pCY573, resulting in pCY580 (Fig. 2D). Plasmid pCY579 was
constructed by ligation of the BamHI recA fragment of pBEU14 (46) to BglII-
digested pCY566. The resulting plasmid was digested with Xhol and SstI, and the
recA plus cos fragment was ligated to pAM34 digested with Sa/l and Ss¢I followed
by transformation in the presence of 0.5 mM IPTG to give pCY579 (Fig. 2C). A
PCR product containing the recA gene of Salmonella enterica serovar Typhi-
murium strain LT-2 was obtained using chromosomal DNA and the primers
STM RecAFor (5'-CCACAGCACGCATTATGC) and STM RecARev (5'-GT
TAAGCAACCCGCGT) by N. De Lay of this laboratory. The PCR product was
inserted into pCR2.1 TOPO (Invitrogen) and transformed into a recA strain.
Two recombinants were shown to have functional recA genes by their ability to
act as recipients in P1 transduction. One of these plasmids was digested with
SnaBI, which cuts downstream of the recA coding sequence, and ligated to a
cos-containing fragment of pCY567 obtained by digestion with Bbul plus PstI,
followed by treatment with T4 DNA polymerase as described above. A recom-
binant plasmid having cos in the orientation opposite that of rec4 was digested
with Spel and HindIII and ligated to pAM34 digested with Xbal and HindIII
followed by transformation in the presence of IPTG to give plasmid pCY576
(Fig. 2B). The phage T7 RNA polymerase expression plasmid pCY598 was
constructed by ligation of the Nsil-NgoMIV AraC plus T7 gene 1 fragment of
pTara (52) to the PstI-NgoMIV fragment of plasmid pDLK29 (35), which carries
the RSF1030 replication origin plus kanamycin resistance.

Media and bacterial methods. The media used were LB (30) and RB (10 g of
tryptone, 1 g of yeast extract, 5 g of NaCl per liter). Maltose, arabinose, glucose,
and IPTG were added to final concentrations of 0.2, 0.2, and 0.4% and 0.5 to 1
mM, respectively. Final antibiotic concentrations were sodium ampicillin (100
pg/ml), kanamycin sulfate (25 to 50 wg/ml), chloramphenicol (10 wg/ml), and
tetracycline HCI (10 pg/ml). The FLP gene of pCY575, which is expressed from
the tetA tetracycline promoter, was induced by addition of anhydrochlorotetra-
cycline (synthesized by dehydration of chlorotetracycline [44]) to a final concen-
tration of 250 ng/ml. All bacterial growth was at 37°C unless otherwise stated.
Cosmids were introduced into lysogenic strains by chemical transformation fol-
lowed by plating for antibiotic-resistant colonies at 30°C (19). Cultures of anti-
biotic-resistant transformants were grown at 30°C to mid-exponential phase in
glucose-supplemented LB medium supplemented with glucose and 50 mM Tris-
HCI buffer (pH 7.5), then induced by temperature shift to 43°C for 15 to 25 min,
and then shifted to 37°C (3). Induction was then allowed to proceed for 3 to 5 h.
The cells were then harvested, resuspended in a 1/10 volume of \ dilution buffer
(20 mM Tris-HCI [pH 7.5], 0.1 M NaCl, 10 mM MgSO,, 0.01% gelatin), and
lysed by addition of chloroform and shaking at 37°C for 10 to 15 min. The lysates
were then treated with a few crystals of DNase for 5 min, and the cellular debris
was removed by centrifugation. The titer of packaged cosmids was expressed in
cosmid transduction units (ctu) of lysates that were determined by transduction
of a sensitive host strain to resistance to the antibiotic determinant carried by the
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FIG. 2. Plasmids constructed. (A) The polylinker and cos region of plasmid pCY566 (the backbone of the plasmid is very similar to that of
pUC18). Plasmid pCY567 has cos in the opposite orientation. (B to D) Structures of cosmids pCY576 (B), -579 (C), and -580 (D), which contain
the IPTG-dependent replication origin of pAM34 plus the recA of S. enterica serovar Typhimurium, the recA of E. coli, or the FLP gene of
Saccharomyces cerevisiae, respectively. The recA genes are expressed from their native promoters, whereas FLP is expressed from the Tnl0 tetA

promoter.

cosmid (15, 31). Titers of infectious phages were determined as PFU on the supF
strain LE392. In the case of cosmids derived from pAM34, glucose was omitted
from the growth medium and IPTG was added to 1 mM in order to give full
induction of the lac promoter that drives plasmid replication (18). Cultures to be
transduced with cosmids with high efficiency were grown in the presence of
maltose (43). Generally, a Mg>* concentration that approximated that normally
used for N\ adsorption (1 to 2 mM) was obtained upon adding the lysate to the
cultures. If not, additional Mg>* was added. Transductions with phage Plvir
were done as previously described (28).

RESULTS

Construction of the cosmid packaging strains. The A\ lyso-
genic strains used in preparation of cell extracts for in vitro
packaging of N or cosmid DNAs (22, 40) are not suitable for in
vivo packaging of small cosmids because the prophages of
these strains lack functional gam and red genes, both of which
are required for efficient packaging of small cosmids (15, 31,
47). The gam gene product is required to inactivate the host
recBC nuclease to allow rolling circle replication (15, 47). In-
duction of N DNA replication in a host strain carrying a cosmid
is known to shift cosmid molecules into the rolling circle mode
of DNA replication, although the mechanism is not well un-
derstood (15, 31, 47). Rolling circle replication is required in
order to synthesize concatemers of small cosmids that are
sufficiently large (37 to 52 kb) to be packaged by A. Function of
the red genes gives a marked increase in the level of package-

able cosmid DNA, presumably due to the potent homologous
recombination activity of the Red proteins. Recombination
generates packageable DNA molecules by combining DNA
molecules that are not otherwise substrates for packaging (e.g.,
the circles resulting from conventional plasmid theta replica-
tion) (15, 31, 47).

In prior work, it was found that the in vivo packaging of
cosmid DNA was 10- to 1,000-fold less efficient than that of the
\ helper phage responsible for packaging (15, 31, 48, 50). The
low titers of packaged cosmids are a problem, but more im-
portant is the presence of a large excess of N phage in the
lysates, because under conditions where all of the cells in a
culture receive a cosmid each cell will also become infected
with N phage. If a \ lysogenic recipient strain were used, a
10-fold excess of N phage over packaged cosmid particles, the
prophage-encoded immunity would block phage infection.
However, appreciably higher phage/cosmid ratios would over-
whelm immunity, resulting in phage infection. To avoid these
problems, I constructed N helper phages that have a cis-acting
defect in packaging. This was expected to prevent phage infec-
tion of the recipient cells and perhaps also to increase the
yields of packaged cosmids, since there would be no \ helper
DNA to compete with the cosmids for packaging. Nclgs; Sam7
phages defective in packaging were constructed (Fig. 1) by
inserting a kanamycin resistance gene between the filled-in
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cohesive ends followed by electroporation and selection for
kanamycin-resistant lysogens. Two temperature-sensitive
strains were tested, one constructed with T4 DNA polymerase
(CY1590) and the other constructed with Klenow polymerase
(CY1591). These strains had identical packaging efficiencies
and were used interchangeably in the early experiments. How-
ever, CY1591 became the favored strain, since the FRT sites of
the N prophage allowed removal of the kanamycin resistance
marker. The cI mutation allows thermal induction of lysogens,
and the amber mutation in the S gene (Sam?7) blocks lysis of
the host, thereby allowing increased time for packaging plus
the means to readily obtain concentrated preparation of phage
particles in a defined buffer (3). The filling of the cohesive ends
together with insertion of the kanamycin resistance cassette
prevents packaging by disrupting the strict spacing of the three
DNA sequence elements (cosQ, cosN, and cosB) required for
N DNA packaging (10, 51). When the host was made recom-
bination proficient such that high-titer phage P1vir stocks could
be made, the cos::kan prophages were easily moved to other
host strains by transduction.

Properties of the cosmid packaging strains. In the first ex-
periments, the lysogens were induced and the lysate titers for
infectious phage were determined. Both lysogens gave very low
phage yields (about 5 orders of magnitude less than those of
lysogens carrying the parental phage). The N phage produced
are attributed to Ared-mediated recombination with the cos
sequences of defective prophages resident in the E. coli K-12
chromosome (5, 16). The packaging defect of the phage DNAs
having a disrupted cos was confirmed by assays done on plas-
mids derived from the mutant phages. DNA from induced
cultures was digested with BspLU11I and ligated to Ncol-
digested plasmid pMTL23P, and transformants resistant to
both kanamycin and ampicillin were selected. Restriction map-
ping of the resulting plasmids showed that the two cos::kan A
phages each contained a single kanamycin resistance fragment
oriented in the direction opposite to that of the A genes. These
cos::kan plasmids were then shown to be resistant to in vitro
cutting by \ terminase (Epicentre) and to be inactive as pack-
aging substrates in vivo (data not shown).

Although the cos::kan prophages were unable to package
the viral DNA, induction of these lysogens resulted in very
efficient cosmid packaging. Note than when the packaging
strain contained a cosmid, the resulting lysates showed about a
10- to 100-fold increase in the infectious phage titer over that
seen in the absence of a cosmid. Since the host strain is recA,
this increase is presumably due to A\red-mediated recombina-
tion with the cos sequence of the multicopy cosmid. However,
depending on the cosmid tested, the titer of packaged cosmids
(ctu) exceeded the number of infectious particles (PFU) by
100- to 10,000-fold. The infectious phage particles present in
the lysates very occasionally gave rise to a detectable infection
of transduced cultures. These infections presumably resulted
from a helper phage that had acquired a functional S gene by
recombination or by reversion of the amber mutation. To elim-
inate this problem, transduced cultures were plated in the
presence of 1.25 mM sodium pyrophosphate to disrupt any
phage particles released (49). Use of cosmids carrying a min-
imal cos fragment (223 bp) did not significantly decrease cos-
mid-prophage recombination relative to that with a cosmid
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with 1.6 kb of A sequence, consistent with the high activity of
the A\red recombination pathway on short DNA sequences (11).

It should be noted that the packaging strains were derived
from a A(hsdSMR) strain and lack E. coli K-12 modification.
Since many of the standard E. coli K-12 strains (including all
those used in the present work) carry AsdR mutations, this is
not generally a problem. However, derivatives of strains
CY1590, CY1591, and CY1592 carrying a wild-type hsd region
have been constructed by introduction of F101, an F’ that
carries the wild-type Asd genes (27). F101 maintenance was
selected by complementation of the leu-ara deletion of these
strains or by tetracycline selection of an F101 derivative
marked by a Tn/0 insertion into mdoB, a gene closely linked to
hsd. N\ phage released by these strains plated equally well on
wild-type and isogenic AsdR strains. The cos::kan N prophage
of strain CY1591 has also been transduced into several strains
having wild-type E. coli K-12 modification.

Packaging of cosmids. Several cosmids were constructed by
use of a 223-bp cosmid-containing fragment bracketed by two
polylinker sequences that was used as a portable cassette to
convert plasmids to cosmids (Fig. 1A). Cosmids with differing
replication origins (ColEl, p15A, and F) have previously been
shown to be packaged into N phage particles (31, 47, 48).
However, it was unclear whether the orientation of cos relative
to the replication origin was important in the efficiency of
packaging. I tested the effects of cos orientation in plasmids
with the unidirectional ColE1 origin and found that reversal of
the cos orientation had no effect on packaging efficiency. Cos-
mids constructed from plasmids (29) carrying the m protein-
dependent origin of plasmid R6K were also tested and were
found to be packaged with extremely low efficiencies regardless
of cos orientation. I therefore switched to another conditional
replication plasmid, pAM34, which has a ColE1 origin con-
trolled by a lac promoter in place of the native P2 promoter
(18). In the presence of IPTG, pAM34-derived cosmids were
packaged as efficiently as cosmids having the native replication
origin, and lysates of >10'" ctu/ml (assayed in the presence of
IPTG) were readily obtained.

Cultures to be infected with cosmid-containing N\ particles
were grown in the presence of 0.2% maltose, resulting in a
homogeneous distribution of 6,000 to 9,000 N\ receptors/cell
(41, 43). Schwartz (43) has measured a rate constant of X\
adsorption to such cells of 2.1 X 10~ '° ml/bacterium per s, and
from his data it can be calculated that at a cell density of 5 X
10%/ml, 80% of added \ particles adsorb to cells within 19 s.
Therefore, at a ratio of 5 packaged cosmids (ctu) per cell, 98%
of the cells will adsorb a cosmid-containing phage particle in
19 s and virtually all of the cells will adsorb a particle by 35 s.
Hence, the introduction of cosmids into the cells of a culture
was expected to be both rapid and quantitative. To test the
efficiency and rate of cosmid entry into the intracellular gene
pool, a cosmid was constructed from the lacZ «-complemen-
tation vector pTrueBlue-rop. This cosmid (called pCY574) was
packaged in strain CY1591 and used to transduce strain
DHS5aZ, which expresses the LacZ AMIS protein (an
a-complementation recipient) at a multiplicity of 5 ctu/cell.
IPTG was added together with the \ particles in order to
derepress both the plasmid and chromosomal lac promoters,
and samples were then taken for B-galactosidase assays. IPTG
was also added to a parallel control culture of strain DH5aZ
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FIG. 3. Time course of B-galactosidase synthesis following cosmid
transduction. Strain DH5aZ was grown in LB medium to about 6 X
10® cells/ml and then infected with 3 X 10° CFU of a lysate of pCY574
packaged in pCY1591 (see Materials and Methods). IPTG was added
to 1 mM at the time of phage particle addition. Samples were taken at
the times indicated, treated with chloroform-sodium dodecyl sulfate,
stored on ice, and then assayed as described by Miller (30). A culture
of strain CY1617, which is DH5aZ transformed with pCY574, was
grown in LB plus ampicillin medium to about 6 X 10® cells/ml and then
induced with IPTG (1 mM), and samples were taken in parallel with
the cosmid-transduced culture. After all samples had been taken, they
were assayed for P-galactosidase activity (30). Symbols: @, strain
DH5aZ transduced with cosmid pCY574 in the presence of IPTG; [J,
strain CY1617 induced with IPTG. The recipient strain DH5aZ con-
tained no detectable B-galactosidase activity.

previously transformed with the same cosmid. The two cultures
had very similar induction profiles, indicating that entry of
cosmid DNA was essentially immediate within the time scale
required to begin gene expression (Fig. 3). Note that 3-galac-
tosidase activity was first detected at 7 to 8 min after cosmid
and/or IPTG addition in the two cultures, which is about twice
the time reported for the first B-galactosidase molecules to be
observed upon IPTG induction of cells containing the intact
lacZ gene (2). The greater lag shown in Fig. 3 can be attributed
to assembly time of the a-complementation complex and the
relative insensitivity of the assay due to the low B-galactosidase
activities (which are maximally only about 10 to 15% of those
given by a wild-type cell). It should be noted that cosmid
transduction had no effect on cell viability and that >99% of
the colonies resulting from plating dilutions of cultures trans-
duced with cosmid pCY574 gave sectored blue colonies when
plated in the absence of ampicillin, indicating that virtually all
of the cells had received a cosmid.

Absolute off-to-on control of gene expression. The B-galac-
tosidase experiment (Fig. 3) is an example of absolute off-to-on
control of gene expression. The lacZ AMI15 allele is a null
mutation and, thus, prior to introduction of the cosmid the
recipient cells lacked functional B-galactosidase. A second ex-
ample took advantage of the properties of the phage T7 RNA
polymerase, which is insensitive to rifampin, an antibiotic that
completely blocks activity of E. coli RNA polymerase (14). In
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prior work my laboratory showed that mutational trapping of
the normally periplasmic enzyme E. coli thioesterase I (TesA)
in the cytosol resulted in massive accumulation of newly syn-
thesized free fatty acids, indicating a great increase in the rate
of fatty acid synthesis (8). Two models were proposed to ex-
plain this phenomenon: one was independent of mRNA syn-
thesis, whereas the second model required mRNA synthesis.
Our prior experiment had an experimental deficiency that
weakened interpretation in that tes4 mRNA synthesis was not
totally blocked, and thus detectable amounts of trapped TesA
were present at the beginning of the experiment. With the in
vivo cosmid packaging system, a more rigorous test of the two
models could be done. T7 RNA polymerase was expressed in
a strain that lacked the mutant tesA gene, and then rifampin
was added. N particles containing pCYS575, a cosmid that ex-
pressed the mutant fes4 gene under control of a T7 promoter,
were added and free fatty acid (FFA) production was assayed
(Fig. 4). FFA production was observed in the absence of chro-
mosomal gene transcription, demonstrating that thioesterase
production alters lipid synthesis independently of chromo-
somal transcription. In the control culture, the strain was trans-
duced with the a-complementation cosmid pCY574 (Fig. 3),
thus providing both a null control for thioesterase expression
plus assay of rifampin action (which completely blocked B-ga-
lactosidase synthesis).

Transient expression of recombinases. Cosmids encoding
either the Flp or rec4 recombinases were constructed from the
conditional replication plasmid pAM34. These cosmids were
then packaged, and the lysates were used to transiently express
the recombinase in growing cultures. The assay for Flp recom-
binase activity was excision of a chloramphenicol resistance
cassette (by catalysis of site-specific recombination between
the FRT sites that flank the cassette) from strains carrying
marked deletions constructed by the A\red expression system
(11). In the simplest protocol used, cells of a culture grown in
the presence of maltose were transduced with a lysate of the
packaged FRT cosmid pCY580 (5 ctu/cell) and then plated on
a medium that contained anhydrochlorotetracycline and pyro-
phosphate and lacked selective antibiotics and IPTG. After
overnight incubation of the plates at 37°C, 20 to 50 of the
resulting colonies were patched to three anhydrochlorotetra-
cycline (to induce FLP expression) plates lacking IPTG. One
plate contained ampicillin (the cosmid marker), another con-
tained chloramphenicol (the marker to be cured), and the third
lacked chloramphenicol and ampicillin. After growth at 37°C
for 5 to 7 h, colony patches that had been cured of resistance
to both chloramphenicol and ampicillin were occasionally
seen, but in general the patches failed to grow on the ampicillin
plate and grew slowly on the chloramphenicol plate. The slow
growth in the presence of chloramphenicol indicated growth of
a minority population of uncured cells within the patches. Cells
were picked from the patches on the plate lacking chloram-
phenicol and ampicillin that corresponded to the patches that
grew slowly in the presence of chloramphenicol, and then they
were streaked for single colonies on an anhydrochlorotetracy-
cline plate lacking chloramphenicol and ampicillin. After over-
night incubation, virtually all of the resulting colonies were
found to be sensitive to both chloramphenicol and ampicillin.

In the case of recA, we tested the ability of a recA strain to
be transduced by a phage P1 lysate grown on a strain with a
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FIG. 4. Production of free FFA in rifampin-treated cells. Strain
DHS5aZ carrying the T7 RNA polymerase production plasmid pCY598
was grown on RB medium supplemented with kanamycin and maltose.
When the culture reached about 3 X 10%® cells/ml, the cells were
harvested by centrifugation and resuspended in the same medium
except that 0.2% arabinose replaced the maltose. Following growth for
1 h, the cells were again harvested by centrifugation and resuspended
in RB medium supplemented with kanamycin. Following 30 min of
additional growth, rifampin was added to a final concentration of 0.2
mg/ml. After 30 min of additional incubation, the culture was split in
half. One half was transduced with a lysate of the 'tes4 cosmid pCY575
packaged in pCY1591, whereas the second half was transduced with
the same lysate of pCY574 packaged in pCY1591 used in the experi-
ment shown in Fig. 3. After 2 h of further incubation, both cultures
were labeled for 30 min with [1-'*CJacetate and then extracted with
chloroform-methanol for assay of FFA production (8). The figure
shown is an autoradiogram of a thin-layer chromatographic separation
of the chloroform-methanol-soluble lipids of the cultures. Lane 1 is the
lipids of the pCY574-transduced control culture, whereas lane 2 is the
lipids of the 'fesA pCY575-transduced culture. Maltose was removed
to avoid inhibition of arabinose induction of T7 RNA polymerase
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chromosomal antibiotic maker. Protocols similar to those used
with FLP were followed. A maltose-grown culture of a recA
strain was transduced first with a lysate of the packaged recA
cosmid pCY579 and, after 10 min, 5 mM CaCl, and the phage
P1 transducing lysate were added (Ca*" inhibits A adsorption
[3]). Following P1 adsorption, the cells were then plated on LB
medium lacking IPTG and containing the appropriate antibi-
otic and pyrophosphate. The transduction frequencies ob-
tained were comparable to those of wild-type strains, whereas
no transductants were observed in the absence of cosmid. Vir-
tually all of the colonies formed were ampicillin sensitive, in-
dicating loss of the cosmid. In a few cases, cosmid-free colonies
that had the wild-type recA allele (as assayed by resistance to
UV light) were observed. These colonies were attributed to
homologous recombination between the chromosome and the
wild-type recA gene on the cosmid, thereby transferring a wild-
type recA allele to the chromosome. Although these colonies
could be detected by their faster growth rates, their presence
complicated the protocol. Therefore, pCY576, a cosmid carry-
ing the recA gene of S. enterica serovar Typhimurium, was
constructed. Although the recA genes of the two bacteria are
fully interchangeable in regards to expression and protein
function, they differ by 10% at the DNA level. The DNA
sequence heterogeneity (due largely to mismatches at the third
positions of codons) is scattered throughout the sequence and
therefore is expected to result in inhibition of recombination
by the mismatch repair system (39).

DISCUSSION

Efficient in vivo packaging of cosmids allows several unique
physiological and genetic manipulations as well as facilitation
of other operations that can be done by more laborious pro-
cedures. The main attribute of the use of cosmids packaged in
vivo is that a given gene can be synchronously introduced into
every cell of a growing bacterial culture. This quantitative
aspect of cosmid transduction is particularly important in ex-
periments that require chemical analyses to be done on an
unfractionated cell population where the presence of cells
lacking the gene would increase the background and thus could
obscure the experimental results. Although recombinant A\
phages have been similarly used to introduce bacterial genes
(4, 45), in vivo-packaged cosmids have several advantages. The
main advantage is that construction of cosmids is much simpler
and more straightforward than cloning into phage A, and ex-
isting plasmids can be readily converted to cosmids. Another
advantage is that greatly elevated gene dosages are obtained
with in vivo-packaged cosmids, whereas \ is limited to one or
a few gene copies. However, most advantages of in vivo-pack-
aged cosmids over plasmids depend on \ biology. For example,
cells can simultaneously receive several different cosmids, as in
the mixed infections with different X mutants that form the
basis of \ genetics. Moreover, the kinetics and distribution of
cosmid introduction events can be directly calculated from
those known for \, since the cosmid transducing particle is a A

synthesis, and arabinose was subsequently removed to prevent accu-
mulation of acetate and dilution of the radioactive label.
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particle. Therefore, it can be calculated that 99.3% of the cells
will receive cosmid DNA at a ctu/cell ratio of 5 and that, of
these cells, only 3% will receive a single cosmid. Therefore,
immediately after transduction the number of cosmid copies
per cell will be variable, although with growth the control
mechanisms controlling plasmid replication should ameliorate
these differences. In a recA strain, the transduced cosmid will
remain as circular oligomers, but in recombination-proficient
strains the extent of oligomerization will drift towards lower
states of oligomerization (31), as also seen with multimeric
plasmids (26).

The facile and efficient adsorption of \ particles allows plas-
mid molecules (as cosmids) to be readily moved into a large
number of individual colonies. In vivo-packaged cosmids
should also be useful in detecting gene expression and assign-
ing proteins to genes. An approach discovered by Ptashne (38)
that was very useful in aligning the genes and proteins of phage
N (20) was infection of a heavily UV-irradiated host cell fol-
lowed by labeling with radioactive amino acids. DNA damage
caused by UV irradiation effectively blocked transcription of
chromosomal genes and, thus, radioactive label was incorpo-
rated only into phage-encoded proteins. By use of \ specialized
transducing phages, this method was used to identify the prod-
ucts of many important bacterial genes such as RecA (28) and
DnaK (17). However, due to the difficulties of making recom-
binant \ phages, this method fell into disuse and was replaced
by the maxicell procedure (42), which used plasmids in place of
phage. However, the maxicell procedure gave much less robust
labeling of cellular proteins, due to the lengthy incubation
under nongrowing conditions required for chromosomal DNA
degradation. It seems obvious that in vivo-packaged cosmids
could be used in place of \ phage in the Ptashne method and,
thus, the proposed method should give both the convenience
of plasmid cloning as in the maxicell procedure plus the robust
expression of the Ptashne method. Although the need for as-
signing proteins to E. coli genes is passé, the cosmid-UV irra-
diation method could be useful in assigning genes from other
organisms. Such manipulations are not limited to E. coli, since
expression of the E. coli lamB gene in other enterobacteria
confers the ability to adsorb and express packaged cosmids (34).

Possible improvements to the present cosmid packaging
strains are readily envisioned. The main improvement would
be production of in vivo-packaged cosmid preparations that
contain no N DNA. This would require blocking homologous
recombination between the helper phage and the cos se-
quences present in both the cosmid and the defective proph-
ages of the E. coli chromosome. Recombination with the cos-
mid could be avoided by constructing a deletion within the
helper phage cos region that removes all of the \ sequences
that are present in the cosmid. Blocking recombination with
the defective prophages would prevent any remaining acquisi-
tion of cos by the helper phage, but it is more difficult to
achieve. An ideal host strain would be the E. coli K-12 strain of
Kolisnychenko and coworkers (25), in which all cryptic proph-
ages have been deleted. Note that a strain that in vivo packages
only cosmid DNA together with the well-developed methods
for production of pure preparations of N phage particles (3)
would provide a means to make large preparations of cosmid
DNA free of contaminants such as other DNA molecules,
RNA, and endotoxin.
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