JOURNAL OF BACTERIOLOGY, Feb. 1999, p. 1352-1355
0021-9193/99/$04.00+0

Vol. 181, No. 4

Copyright © 1999, American Society for Microbiology. All Rights Reserved.

Bacteriophage T4 gp2 Interferes with Cell Viability and with
Bacteriophage Lambda Red Recombination

KRISHNARAO APPASANIL't DAVID S. THALER,?> aN0 EDWARD B. GOLDBERG"'*

Department of Molecular Biology and Microbiology, Tufts University Medical School, Boston,
Massachusetts 02111-1800," and Sackler Laboratory of Molecular Genetics and
Informatics, Rockefeller University, New York, New York 10021-6399>

Received 24 June 1996/Accepted 7 February 1997

The T4 head protein, gp2, promotes head-tail joining during phage morphogenesis and is also incorporated
into the phage head. It protects the injected DNA from degradation by exonuclease V during the subsequent
infection. In this study, we show that recombinant gp2, a very basic protein, rapidly Kkills the cells in which it
is expressed. To further illustrate the protectiveness of gp2 for DNA termini, we compare the effect of gp2 ex-
pression on Red-mediated and Int-mediated recombination. Red-mediated recombination is nonspecific and
requires the transient formation of double-stranded DNA termini. Int-mediated recombination, on the other
hand, is site specific and does not require chromosomal termini. Red-mediated recombination is inhibited to
a much greater extent than is Int-mediated recombination. We conclude from the results of these physiological
and genetic experiments that T4 gp2 expression, like Mu Gam expression, kills bacteria by binding to double-
stranded DNA termini, the most likely mode for its protection of entering phage DNA from exonuclease V.

The gp2 protein (10) of bacteriophage T4 gene?2 (5) is asso-
ciated with phage particles (25) and protects newly injected
T4 DNA from degradation by exonuclease V (ExoV) (16, 17),
an activity of the Escherichia coli holoenzyme composed of
gpRecB, gpRecC, and gpRecD (12). Several aspects of this
protection, as follows, have led to the proposal that T4 gp2
binds to and thereby mechanically shields the ends of injected
T4 DNA. (i) T4 gp2~ phage do not form plaques on Rec™
E. coli but do form plaques on ExoV™ E. coli. The ExoV ™
mutation can suppress the T4 gene2 mutation whether the
complete holoenzyme recombinase function is destroyed (recB
or recC nulls [18]) or even if only the nuclease function is
disabled (recD), while leaving other activities intact or en-
hanced (2, 13). (ii) Labeled DNA of T4 gp2 is degraded by
ExoV upon injection (17). (iii) The inability of T4gp2 to grow
on Rec™ E. coli can be suppressed by the simultaneous pres-
ence of certain alleles of gene23 (13). These gene23 alleles
result in long phage heads filled with a long chromosome
comprised of about three T4 genomes connected in tandem
(4). When a T4 gene2 gene23 double-mutant phage injects its
DNA, the same amount (but a lower fraction) of DNA is
degraded as for a T4 gene2 mutant (13). Thus, the chromo-
some is left with more than one genome of T4 DNA by the
time the anti-ExoV activity, which is encoded by the entering
DNA and expressed early during infection (21), inhibits fur-
ther degradation. (iv) T4 gp2 does not protect in trans. Simul-
taneous infection by gene 2 and gene2™ bacteriophage results
in the degradation of only the latter phage’s chromosome (16).
The lack of protection in frans implies that RecBC activity is
not inhibited by gp2 but that resistance to RecBC activity
enters with the phage DNA. Protection of DNA ends, only in
cis, contrasts with Gam protein protection of bacteriophage A,
which functions by inactivation of the ExoV enzyme (7). Al-
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though we prefer the mechanism whereby DNA is protected at
its termini by bound gp2, we have not ruled out, for example,
modification of DNA termini.

Various expression vectors for T4 gp2 with or without simul-
taneous expression of the contiguous T4 gene3 were con-
structed (10). The biochemical purification and analysis and in
vitro assay of gp2 are reported elsewhere (26, 27). In this study
we describe some in vivo observations on cells harboring these
expression vectors (Table 1). The expression of gene2 and
gene3 from vectors used in the studies described herein (10)
was induced by a temperature shift to 42°C, which inactivates
the bacteriophage lambda repressor CI857 controlling the pL
promoter (19).

The expression of T4 gp2 was rapidly lethal to E. coli (Fig.
1). Fifteen minutes of expression, induced by incubation at
42°C, followed by plating under nonexpression conditions and
colony counts, resulted in a loss of viability of greater than
1,000-fold. This lethality is even more rapid than that resulting
from the endogenous activation of EcoRI nuclease in the ab-

TABLE 1. Plasmids, bacterial strains, and lambda phages

Plasmid, bacterial strain, Genotype or relevant Source or
or lambda phage property reference
Plasmids
pT713 Expression vector 19
pKA23am gene2™, gene3 amber 10
pKA20c3 gene2 ochre, gene3™" 10
pKA23 gene2™, gene3 " 10
pGP1-2 T7 RNApol, ts induction 19
Strains
K38 Host for plasmids 15
594 Su~ 28
594d(recA-srIR)306::Tnl0 Su™ recA 24
Lambda phages
Jam J amber, Int™ 24
Rts Rts, Int™ 24
Jam int4 J amber, Int™ 24
Rts intd Rts, Int™ 24
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FIG. 1. Kinetics of bacterial killing by gp2. E. coli K38/pGP1-2 cells containing the pT7-13 derivatives specified below were grown at 30°C (A) and switched after
2.5 h of cell growth to 42°C (B) to induce gp2 production. At the times indicated, the titers of samples of cells were determined on plates with ampicillin and kanamycin
and grown overnight at 30°C. Ordinates represent viable cell titer (A) and viability relative to the preinduction cell titer at 150 min (B). Symbols: m, pT7-13 containing
no gene2 or gene3 insert; @, pKA23 containing insert with intact gene2 and gene3; [J, pKA2o0c3 containing insert with ochre mutation in gene2 and intact gene3; O,

pKA23am containing insert with intact gene2 and an amber mutation in gene3.

sence of its cognate methylase (6). The lethal effect of T4 gp2
was not observed if the expression vector contained an ochre
allele of gp2. The toxic effect therefore requires intact gp2
protein production. A similar strong effect on cell viability has
been found for another putative end-binding protein, the Gam
protein of phage Mu (1).

The lethal effect of gp2 is alleviated by the simultaneous
expression of gp3. This effect is not due to attenuation of the
production of gp2. Biochemical assays showed that the quan-
tity of gp2 synthesized in cells that make both gp2 and gp3 was
the same as that in cells that make gp2 alone (data not shown).
In addition, more recent work has shown that with the same
promoter (27), gp2 is barely detectable at 15 min but comprises
about 10 to 20% of total cell protein 2 h after induction.
Therefore, the toxic effect of gp2 was not the result of a drain
on the cells’ resources for protein synthesis but, more likely,
the effect of the protein product on a vulnerable aspect of
essential metabolism.

Our interpretation of the lethality of gp2 and its rescue by
gp3 is that gp2 binds to a vulnerable and essential target in
E. coli and that gp3 modulates this binding. G. R. Wang (25b)
has shown that gp2 is a DNA binding protein and that gp3 can
bind to gp2 under certain conditions. The work presented
above as well as other evidence to be presented later in this
article suggests that gp2 binds to double-stranded ends of
DNA in vivo.

What in E. coli presents a double-stranded target for gp2
and why sequestering it should be lethal for the cell are not
immediately obvious. It has been proposed (12) that a poten-
tially vulnerable target in E. coli results from a prolapsing of
the replication fork. According to this hypothesis, the leading
and lagging strands of the replication fork occasionally pair
and flare out, thereby presenting a double-stranded end. Other
routes to double-chain breaks at the replication fork have been
proposed to result from breakage at lesions (9). In these cases
also, the double-stranded end is a necessary intermediate in
repairing an otherwise lethal stall of the replication fork. We
suppose that T4 gp2 can bind tightly to these double-chain
ends and that trapping of this structure precludes repair of the

fork. Alternatively, the protection of cell viability by gp3 may
occur via modulation of inclusion body formation during over-
expression rather than through a mechanism which directly
reflects the interaction of gp2 and gp3 in the life cycle of T4.
The experiments shown in Fig. 1 involved enumerating col-
onies on plates with ampicillin (to select for the plasmid).
gene2 may inhibit either the plasmid or the chromosomal rep-
licon or both. We suppose that the reduction of cells is due to
the stabilization of broken chromosomes rather than plasmids,
since the chromosomal DNA provides a much greater target
for breakage than the plasmids and killing would require only
one stabilized break in the chromosome but as many stabilized
breaks as there are plasmids. In fact, some evidence for each
type was seen in the following experiments.
Plasmid-harboring strains were grown at different tempera-
tures for 15 h, and then their titers were determined at 30°C.
Table 2 shows that below 37°C, the temperature for T7 RNA
polymerase induction, there is no toxicity (columns 1 and 2).
Even at 37°C and higher, there is relatively little toxicity unless
gp2 is expressed (compare lines 1 and 3 with lines 2 and 4).
Table 2 also shows that gp3 alone has little effect on viability
(line 3). Under conditions of continuous production, gp3 was
able to protect only partially against the deleterious effects of

TABLE 2. gene?2 toxicity under conditions of
continuous expression®

Titer (10~°) at indicated growth temperature

Plasmid
30°C 34°C 37°C 40°C 42°C
pT713 5.0 6 1 6 0.25
pKA23 7.5 7.5 0.75 0.009 0.006
pKA2o0c3 8.0 7 1 0.4 0.8
pKA23am 7 7.5 0.08 0.004 0.00009

¢ Small inocula of K38 were grown 15 h at various temperatures in Luria-
Bertani medium with kanamycin and ampicillin, both at 40 pwg/ml. The next day
the inocula were diluted and plated on Luria-Bertani medium with antibiotics
and incubated at 30°C. Titers were determined after another day of incubation.
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TABLE 3. T4 gp2 inhibits both plasmid and
chromosomal replicons”

J. BACTERIOL.

TABLE 4. T4 gp2 interferes with Red™ recombination
in E. coli recA*

Titer at 42°C Titer at 30°C

Plasmid
Kan + Amp No drugs Kan + Amp No drugs
pT713 2.4 % 10° 2.5 % 10° 1.0 X 10° 2.0 x 10°
pKA23 <10° 6.0 X 107 1.5 x 10° 2.5 % 10°
pKA20c3 2.5 X 10° 3.3 x10° 1.8 X 10° 3.5 x 107
pKA23am <10* 9.0 x 107 1.0 x 10° 2.1 X 10°

“One batch of K38 cells containing plasmids was grown to saturation in
Luria-Bertani medium containing kanamycin and ampicillin. The cells were then
diluted, and their titers were determined on Luria-Bertani medium with and
without antibiotics at 30°C and 42°C.

gp2 (line 2). Table 3 shows that when there was no selection for
plasmid maintenance (no drugs, columns 2 and 4), gp2 expres-
sion caused a 100-fold decrease in viability in the presence
(line 2) or absence (line 4) of gp3 expression. However, when
plasmid maintenance was selected for in the presence of gp2
expression, viability decreased a further 1,000-fold in the ab-
sence of gp3 expression (compare columns 1 and 2, row 4).
Loss of viability at 42°C, when gp2 is expressed in the absence
of antibiotic, implies toxicity to the chromosome. The further
loss of viability in the presence of antibiotic (plasmid mainte-
nance) implies additional toxicity to the plasmid replicon.
The hypothesis that T4 gp2 acts in vivo by binding to double-
stranded termini was supported further by a set of genetic
crosses with bacteriophage lambda. Generalized recombina-
tion of wild-type bacteriophage lambda is mediated by the
genes reda and redf (14). Red-mediated recombination is
stimulated by double-chain ends created by type II restriction
enzymes (23, 25) and arguably, all normal Red-mediated re-
combination is dependent on double-chain ends of lambda that
occur in the course of phage replication and packaging (22).
In contrast to Red, the site-specific system of Int-mediated
recombination in lambda is not dependent upon either parent
having chromosomal termini (8). The relative frequencies of
Int- and Red-mediated recombination can be assayed by com-
paring the ratios of crossovers in each of two genetic intervals
in crosses of the type shown in Fig. 2 (18), conducted with int™
and int phages, respectively. If am™* and ts* progeny are se-
lected from such a cross, Int-mediated recombination (which
occurs only at atf) can make only J*¢*R™ (turbid) phage.
Generalized (or Red-dependent) recombination from such a
cross can make both J"c"R" (turbid) and J'cR™ (clear)
phage. If the removal of Int function has little effect on the c¢*/c
ratio among J© R™ recombinants, the generalized recombina-
tion activity is judged to be relatively high. However, if the Int™
cross gives a higher ¢*/c ratio among J© R™ recombinants than
in the Int™ cross, generalized recombination activity is rela-
tively low. Normalizing the ratio of ¢*/c™ (obtained from nor-
mal crosses in which both Red- and Int-mediated recombina-
tion are active) to the same ratio obtained when only Red is
active (i.e., in int crosses) allows the quantification of Int ac-
tivity as follows (18): c+/c Int™ cross + ¢*/c Int— cross.

Bacterial +/c int™ +/c int™ Int
strain/plasmid Cross Cross activity

594recA/pKA23am 2.92 1.19 245
594recA/pKA20c3 1.63 1.47 1.11
594recA/pKA23 1.71 1.47 1.16
594/pKA23am 1.42 1.42 1.00
594/pKA20c3 1.45 1.32 1.01
594/pKA23 1.57 1.47 1.07

“\ Crosses to assay the effect of T4 gp2, T4 gp3, and E. coli recA on Red
recombination. Crosses were carried out exactly as described in previous work
with Mu Gam protein (24). Cells harboring temperature-sensitive alleles of
CI857, which controlled the expression of gene2 and gene3, were grown at 30°C
to 2 X 10% at which time they were shifted to 41.5°C. After 15 min at 41.5°C,
phage were added at a multiplicity of infection of 7 of each parent. Clear (c) and
turbid (c+) recombinants in the yield were enumerated on E. coli 594 after
incubation at 42°C.

The results of these crosses (Table 4) show that the expres-
sion of T4 gp2 results in a diminished ratio of Red-mediated
recombination (line 1, column 2) compared to Int-mediated
recombination (line 1, column 1). Inhibition of Red recombi-
nation was dependent on the expression of the gene2 protein;
no effect was seen from expression of the ochre fragment.
Simultaneous expression of gene3 obviated the inhibitory ef-
fect of gene2 (row 3), supporting the idea that gene3 acts in
vivo to modulate the activity of gp2 but does not affect synthe-
sis of the protein.

The results with T4 gp2 on Red recombination are qualita-
tively similar but quantitatively smaller than the results of
similar experiments conducted with another DNA binding pro-
tein purported to have a preference for double-chain termini,
gpGam of bacteriophage Mu (24). Interestingly, the effect of
gp2 on A Red recombination was evident only when the host
cells were recA. A similar effect of recA, suppressing the inhib-
itory effect of Mu Gam on Red-mediated recombination, was
found (24a). The killing by T4 gp2 and Mu Gam appears
entirely different from that mediated by bacteriophage Mu ligts
and other kil functions (3). The latter has been shown only in
the context of an abortive infection. The expression of gene2
was about 20% of total cellular protein (26, 27); therefore, it
seems unlikely that the amount of protein was limiting for its in
vivo activity. Thus, greater inhibition of Red by Mu Gam is
more likely due to differences in their activities and to affinities
for particular substrates.

There is a paradox or, at any rate, an incompleteness at this
stage in the in vivo and in vitro characterizations of gp2. Bio-
chemical experiments (25b) have shown T4 gp2 to be a DNA
binding protein. However, no specific binding to DNA termini
has been found in gel retardation assays (but see also reference
29). The in vivo evidence that gp2 binds to double-chain ter-
mini, which in molar terms represent a tiny fraction of the total
intracellular DNA, is circumstantial but quite strong. Thus,
there is reason to suspect the existence in vivo of an agent to
guide or stabilize gp2 on double-chain termini. The neighbor-

FIG. 2. Crosses conducted with int* and int phages.
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ing gene3 is a candidate for an in vivo modulator of the binding
of gp2. The creation, sequestration, and processing of DNA
termini are among the most important and potentially danger-
ous aspects of genetic metabolism and appear to be under
sophisticated controls in both procaryotes and eucaryotes (20,
25a).
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