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ABSTRACT
gam mutants of phage A carrying long palindromes fail to form plaques on wild-type Escherichia coli
but do grow on strains that are mutant in the sbcC gene. gam™ X carrying the same palindrome grow
on both hosts and on a host deleted for the recB, C and D genes. These results suggest that the Gam
protein of A, known to interact also with E. coli’s recBCD protein, can interact with the product of the

sbeC gene.

THE Gam protein of phage A influences both
recombination and replication of the phage.
Phage X mutant in its viral recombination genes, reda
and redp, as well as for gam, recombines primarily by
the RecBCD pathway of recombination. Expression
of gam renders Escherichia coli phenotypically recBC™
(UNGER, EcHoLs and CLARK 1972). Gam is also re-
quired for X’s transition from the theta to the sigma
mode of replication (SKALKA 1977; GREENSTEIN and
SKALKA 1975). This requirement is abolished in a
recBC mutant (ENQUIST and SKALKA 1973). The inhib-
itory actions of Gam on RecBCD recombination and
on the transition in modes of A replication are prob-
ably due to a biochemical inhibition of the E. coli
RecBCD enzyme by the A Gam protein (KARU et al.
1975; UNGER and CLARK 1972).

Phage X carrying a DNA sequence with palindromic
symmetry grows poorly on wild-type strains of E. coli,
relative to its growth on a recBC sbcB multiple mutant
(LEACH and STAHL 1983). The absence of the ExoV
(RecBCD) and Exol (SbcB) enzymes in the recBC sbcB
mutant was thought to stabilize palindromic se-
quences. LLoYD and BuckMan (1985) showed that a
commonly used 7ecBC sbcB strain, that allowed the
efficient growth of the palindrome-containing phage,
also contained an additional mutation, named
sbcC201. The sbcC mutation is necessary to confer full
expression of the RecF pathway recombination in a
recBC sbcB mutant. CHALKER, LEACH and LLOYD
(1988) showed that the sbcC mutation is necessary and
sufficient for the plating of the palindrome-containing
phage. This observation argues that the SbcC product
rather than ExoV and/or Exol is the key player in the
killing of A-carrying palindromic sequences. We have
investigated the role of gam in the stable propagation

The publication costs of this article were partly defrayed by the payment
of page charges. This article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. §1734 solely to indicate this fact.

Genetics 123: 249-253 (October, 1989)

of the palindrome-containing phage, and report evi-
dence for interaction of the A gam gene with the
recombination-related sbcC gene.

MATERIALS AND METHODS

Construction of ApalS gam210 cI857: A 1.1-kb fragment
flanked by two SstI sites was removed from within the EcoRI
B segments of ADRL 32 (Asus32 gam210 cI857) and AMMS
999 (B’ AC gam210 clI68 Psus80) to yield DRL 32’ and
MMS 999, each containing a unique Sstl restriction site
(Figure 1) (LEACH and STAHL 1983). DRL 32’ has a nor-
mally oriented, shrunken EcoRI B fragment (delB), whereas
MMS 999’ has an inverted delB. High titer stocks of these
two phages were prepared by plate lysates. The phages were
concentrated by high speed centrifugation and then purified
by banding in a CsCl equilibrium density gradient. The
phage DNA was isolated by treatment with EDTA, SDS and
phenol, followed by extensive dialysis against TE (10 mM
Tris, 1 mM EDTA, pH 8.0). The DNA from DRL 32’ and
MMS 999" was cut with S§¢I (Bethesda Research Labora-
tory) in a buffer containing 50 mm Tris-HCI (pH 8.0), 10
mM MgCl,, and 50 mM NaCl at 37° for 1 hr. The two
digests were pooled, and segments were joined with T4
DNA ligase in 50 mM Tris (pH 7.4), 10 mm MgCl,, 10 mm
dithiothreitol, I mM spermidine, 1 mM ATP and 0.1 mM
bovine serum albumin at 4° overnight. The ligated DNA
was packaged in vitre as described by ROSENBERG (1987).
The packaged phages were plated on JC9387 (Su™ recBC
sbeB sbeC), and plaques were tested for the presence of the
palindrome (palS) by the criterion of poor plating on a Su~
rect sbeC* strain.

Construction of gam* and gam™ versions of palS: gam™
and gam™ derivatives of A palS were isolated from the
progenies of standard crosses performed in a recBC sbcB
sbeC (JC9387) cross host. gam™ derivatives were made by
crossing palS into a wild-type or an int4 red3 background,
while the gam™ derivatives were made by crossing palS into
an int4 red3 gam210 or a b1453 background. 61453 is a
deletion that removes the int, xis, reda, red and gam genes
(HENDERSON and WEIL 1975). The presence of the palin-
drome in the gam™ constructions was verified by the inability
of the recombinant phage to plate on Su™ sbcC* (DL128)
host. In the gam* derivatives, the presence of the palindrome
was verified by crossing the candidates with A containing
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EcoRI Sst I EcoRI
DRL 32 Asus32 Yy Y gam210 cl1857
77 (4
_>
+ FIGURE 1.—A 1.1-kb fragment flanked
by 8stl sites was removed from phage DRL
EcoR1Sstl ~ EcoRI 32 and MMS 999, resulting in phage DRL
MMS 999 LS . gam210  cll68 _ Psus80 32’ and MMS 999’. DRL 32" has a normally
oriented shrunken EcoRI B fragment, while
MMS 999” has an inverted B fragment. The
Sstl restriction site divides the B fragment
Cat with $t1 gl;;)d?:i(igf)t-i::if?%7ibphfragmflms. Aft}er an
Ligate ges €ach phage, the two phages
Select forsus™ clones were ligated together, in vitro packaged and
plated on a Su” lawn to select for sus*
clones. These clones invariably contained a
palindrome of length 2 X 227-bp, palS,
which was verified genetically and by re-
Sst 1 , o210 1857 striction analysis.
palS
TABLE 1
Escherichia coli and phage X strains
Bacterial
strains Relevant genotype Source
JC9387 recB21 recC22 sbeB15 sbcC201 A. J. CLARK
DL128 recBC™ sbcC* D. R. F. LEACH
DL184 recB21 recC22 sheC* LEACH and STAHL (1983)
N2364 recBC* sbcC201 (linked to Tnl0) supE44 LLoyp and BUCKMAN (1985)
FS2657 recBC* sbcC201 sup™ (N2364 Su™) This study
FS§2821 recBC* sbcC201 This study
F§2820 recB21 recC22 sbcC201 This study
AC113 A(thyA recBCD argA) sbeC* CHAUDHURY and SMITH (1984)
FS2837 A(thyA recBCD argA) sbcC201 This study
Phage Phage
strains Genotype strains Genotype
SKK1 palS gam210 c1857 SKKI11 delB b1453
SKK3 palS int4 red3 gam210 SKK12 delB int4 red3
SKK8 palS b1453 MMS 664 delB c1857
SKK9 palS b1453 x° DRL 32 Asus32 gam210 1857
SKK10 pal§ int4 red3 MMS 999 B’ AC gam210 cI168 Psus80
SKK15 palS DRL 32’ Asus32 gam210 cI857 shrunken B fragment
SKK14 delB gam210
SKK6 delB int4 red3 gam210 MMS 999’ B’ AC gam210 cI168 Psus80, shrunken B’ fragment

See MATERIALS AND METHODS.

b1453 or spi6, another deletion removing the red and gam
genes. Phages from the cross lysate were banded in a cesium
formate gradient to separate populations according to their
densities, which reflect the amount of DNA deleted. Frac-
tions from the gradient were spotted on a palindrome-
permissive host (JC9387) that gives large plaques for Red”
Gam~™ A. Putative palS b1453 recombinants were isolated
from a low density fraction and were tested for the palin-
drome by their inability to plate on a sbcC™ host. All the
delB phages were constructed by standard genetic crosses.
The presence of delB was verified by comparison of the
density of the phage with a reference phage, on a cesium
formate density gradient. The genotypes of phages used in
this paper are given in Table 1.

Physical verification of palindrome presence and sta-
bility: Stocks of the palS gam210 cI857 phage were grown
on JC9387. DNA was extracted and digested with either
Eagl and Sstl, Scal and SstI, or EcoRI. The resulting frag-

ments were separated on a 0.7% agarose gel and stained
with EtBr. Presence of only the expected fragments and of
the central Ssil site confirmed the presence of the palin-
drome and its stability on JC9387.

Construction and verification of bacterial strains: Un-
less otherwise specified, the strains used for the platings
described in RESULTS are Su~ derivatives of E. coli AB1157
(TEMPLIN, MARGOSIAN and CLARK 1978). Isogenic sets of
sbeC* and sbeC™ strains were constructed following a stand-
ard P1 transduction protocol (A. F. TAYLOR, personal com-
munication). P1 grown on E. coli FS2657, a Su™ derivative
of N2364 which has TnI0 linked to sbcC201, was used to
transduce DL128, DL184 and AC113 to tetracycline resist-
ance. Cotransductants of sb¢cC201 (FS2821, FS2820, and
FS2837, respectively) were identified by the ability of the
strains to plate Gam™ palindrome phage. Strain AC113,
which is in a 594 background, contains a deletion from thyA
to argA which removes the recB, recC and recD genes (CHAU-
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DHURY and SMITH 1984). The recBCD genotype of the
deletion mutant and point mutant strains was tested by their
ability to give equally large plaques when plating A Red”
Gam™ x* phage and A Red” Gam™ x° phage and by their
UV sensitivity.

Plating of phages: Phages were diluted to yield between
100 and 700 plaques per plate on a recBC sbcB sbcC strain.
Plating cultures were grown to late log phase in tryptone
broth supplemented with maltose (0.2%), 50 mM magnesium
sulfate, thymine (0.01 mg/ml) and vitamin B1 (0.025 mg/
ml). Subsequently, 0.25 ml of each culture was mixed with
0.1 ml of phage dilution. After 10 min the mixtures were
pour-plated on trypticase (Baltimore Biological Laboratory)
plates and incubated overnight at 34°.

RESULTS AND DISCUSSION

Phage X carrying a 2 X 227-bp palindrome, pals,
and an amber allele of gam, gam210 (ZISSLER, SIGNER
and SCHAFFER 1971), was constructed in vitro using
the method of LEACH and StAHL (1983) (Figure 1).
The palindrome, which has an SstI restriction site at
the center of symmetry, replaces the 4.9-kb long
EcoRI B fragment of A (from 21.2 to 26.1 kb; see
DANIELS et al. 1983). The palindrome is stabily main-
tained, by the criterion of the retention of the central
Sstl restriction site, upon growth of ApalS gam210 on
a recBC sbcB sbcC mutant strain. The palS phage also
displays the highly diagnostic characteristic of A car-
rying a large (> about 30 bp) palindrome, by plating
at drastically reduced efficiencies on wild-type (non-
suppressing) host compared to a recBC sb¢B sbcC mu-
tant strain (see MATERIALS AND METHODS).

A gam™ derivative of ApalS gam210 was produced
by standard genetic methods (see MATERIALS AND
METHODS). Plating properties of ApalS and ApalS
gam210 cI857 were compared with gam™ and gam210
versions of A deleted for the EcoRI B fragment (delB)
(Table 2). All the strains used were Su™ to silence the
gam function. The titers of the palS and delB phages
on the various hosts were normalized to their titers
measured on the same day on the recBC sbcB sbcC
strain. The effects of the palindrome are reported as
the average values of normalized titers of the palS
phage divided by the normalized titers of the control
phage. The platings of each phage on each host were
carried out six independent times.

The delB phages plated well on all hosts. The gam*
palS phage, too, plated well on all hosts. The gam210
palS phage plated well only if the host was mutant for
sbcC. We draw attention to the observation that the
gam210 palS plates poorly on recBC hosts, while the
gam™ derivative of palS plates efficiently on the same
host (lines 3 and 6, Table 2). The surprising result is
that gam has a phenotype in a recBC mutant, even
when that mutant is deleted for the recB, C and D
genes. This suggests that gam is interacting with a
gene other than recBC. The sbcC gene is a likely
candidate for an interaction with gam since the gam

TABLE 2

gam-dependent plating of the palindrome-containing phage

e.0.p. of pal phage relative to delB phage

Relevant
Strain genotype gam™® gam210**
JC9387  recBC (sbcB) 1.00 1.00
sbeC

DL128 recBC* sbcC* 0.98 +0.14 495X 107 +7.00 x 107

DL184 recBC sbeC* 1.11 £0.13 7.28x 107 +2.80 % 107

FS2821 recBC* sbeC  0.99 % 0.16 0.94 +0.11

FS2820 recBC sbcC  1.00 £ 0.14 0.78 £0.10

ACI113 ArecBC 0.86 +0.33 7.67x107°+4.25%x 1073
sheC*

FS2837 ArecBC sbeC 0.89 % 0.39 0.63 +0.15

¢ Efficiencies of plating (e.o.p.) of the palS and delB phages were
calculated by dividing the titers obtained on the above strains for
each phage by titers obtained on JC9387. The e.o.p. of the palS
phages was divided by the e.o.p. of the delB phages. The platings
were carried out six independent times. The mean ratios are given
above along with their standard deviations.

® The palS gam210 and delB gam™ phages also contain a cI857
mutation. We omit this mutation in this table for the sake of clarity.
The ¢I857 mutation has no consequence on the gam-dependent
nature of plating, since the gam-dependent plating is present at low
temperature, when the ¢/857 mutation is not expressed. Also, palS
int4 red3 gam210 showed the same gam-dependent plating property
as palS gam210 cI857 (Table 3).

phenotype in a recBC strain is abolished when the
strain carries in addition an sb¢C mutation. These data
confirm the importance of the sbcC mutation for
allowing the growth of A palindrome phage. They
confirm, also, that the classical target for Gam func-
tion, RecBC(D), does not hinder the growth of A pal
(CHALKER, LEACH and LLOoYD 1988).

The data also show that mutations in \’s recombi-
nation functions Int and Red have no effect on the
gam-dependent growth of the palS phage (Table 3).
palS derivatives containing mutations in the A recom-
bination functions, Int (int4, GINGERY and ECHOLS
1967) and Red (red3, SIGNER and WEIL 1968), and a
b1453 deletion (HENDERSON and WEIL 1975) deriva-
tive which removes int, xis, reda, red@ and gam (Table
1) were also tested. The palindrome-containing
phages plated in the same gam-dependent manner in
the absence or presence of the Int and Red functions.
Thus, our data fail to reveal any requirement of \’s
recombination functions for growth of the palin-
drome-containing phage except for the presence of
Gam or the absence of SbcC functions.

The importance of Gam can also be evaluated by
comparing the growth of palS gam210 ¢cI857 on sup-
pressing and nonsuppressing hosts, A palS gam210
cI857 plates with unit efficiency on our isolate of the
widely used Su™ rec* strain, C600. It also plates better
on suppressing versions of the sbcC* hosts used in this
study, but the plaques are variable in both size and
number (data not shown). We take this variability to
mean that these Su™ AB1157 derivatives do not fully
suppress the gam210 mutation.
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TABLE 3

Lack of effect of Int and Red functions on the gam-dependent plating of palindrome-containing phages

e.0.p. of pal phage relative to e.o.p. of delB phage

Strain Relevant genotype int4 red3 gam™ int4 red3 gam210 b1453 b1453 x°
JC9387 recBC (sbeB) sbcC 1.00 1.00 1.00 1.00
DL128 recBC* sbcC* 1.03 1.80 x 107* 6.00 x 107°
DL184 recBC sbcC* 0.99 2.20 x 107° 8.00 x 107* 8.00 x 10™*
FS2821 recBC* sbcC 1.21 0.50 0.91
FS2820 recBC sbcC 1.09 0.90 1.08 - 0.93
ACI113 ArecBC sheC™* 0.87 1.92 x 1073 1.85 x 107™* 1.14 x 1073
FS2837 ArecBC sbeC 0.97 0.56 0.79 0.72

A x sequence (STAHL, CRASEMANN and STAHL 1975) was crossed into palS #1453 to increase plaque size on recBC* hosts. The x had no
effect on the plating properties of the palindrome-containing phage. The palS 51453 x” titers are normalized to those for delB b1453. From
100 to 700 plaques were counted on each indicator shown above. e.o.p. = efficiency of plating.

LEacH, LINDSEY and OKELY (1987) observed a de-
pendence on gam in the plating of palindrome-con-
taining phage on a rec* host. CHALKER, LEACH and
Lroyp (1988) noted that a Red™ Gam™ A pal plated
on an sbcC mutant bacterial strain. By demonstrating
that an interaction of gam and recBCD is not involved
in the plating properties of A palS, our work suggests
a direct interaction of gam and sbcC gene products.
Alternatively, suppression of sbcC™ by gam™* may in-
volve two different pathways of plaque formation, one
activated by the presence of Gam and the other by
the absence of SbcC.

A cloning vectors carrying “hard-to-clone” DNA
fragments have been shown to be dependent on Gam
for efficient growth on recBC* E. coli (WERTMAN,
WyYMAN and BOTSTEIN 1986).

Hence, we conclude the mechanism of suppression
of the sbcC gene by gam to be an interaction of the
sbcC gene and the gam gene. An alternative hypothesis
that does not require the direct interaction of gam and
sbeC to explain the suppression proposes two different
pathways of plaque formation, one activated by the
presence of Gam and the other by the absence of
SbcC. The conclusions of this hypothesis are also
supported by our data and cannot be ruled out.

What is the physiological significance, if any, for the
interaction of gam and sbcC? N’s ori contains several
sequences with palindromic symmetry and, therefore,
has potential to form secondary structures (FURTH
and WICKNER 1983). Although we see no difference
in plaque size of A gam210 on a Su™ sbcC as compared
to a Su~ sbcC* host, under some conditions these
structures may be substrates for a debilitating action
of the sbcC gene product.

Our results suggest that the products of the E. coli
sbcC and recBCD genes bind the same protein, Gam.
Evidence from other studies suggest that the two
bacterial proteins may also act on similar substrates.
The survival of palindrome-carrying phage in sbcC
mutant cells suggests that the SbcC product attacks

palindromic DNA. SHURVINTON, STAHL and STAHL
(1987) showed that X carrying a large palindrome is
at risk (in an sé¢cC* cell) only if that phage replicates
its DNA (and see LEACH, LINDSEY and OKELY 1987).
This argues that the action of the SbcC product on
the palindrome takes place during replication. The
product may attack hairpins arising when the comple-
mentary chains are separated for replication. A. F.
TAYLOR and C. E. SHURVINTON (personal communi-
cation) have shown that purified RecBCD protein can
cut cruciform DNA (symmetric hairpins resulting
from extrusion of a palindrome) on linear A in vitro.
Thus it seems likely that SbcC and RecBCD both have
domains that specifically recognize and cut DNA hair-
pins.

RILEY and ANILIONIS (1978) have suggested that E.
coli has undergone two genome duplications resulting
in homologous genes lying either one quarter or half
way around E. coli’s circular chromosome relative to
each other. The sbcC gene maps 180° from recBCD
(LLoyp and BUCKMAN 1985), supporting the possibil-
ity that sbcC is homologous to one or more of the
genes of the recBCD locus.

sbcC mutations were recognized as spontaneously
arising suppressors of recBC sbcB mutants (LLOYD and
BuckMaN 1985). The acquisition of an sbcC mutation
conferred upon these strains essentially wild-type rates
of growth and genetic recombination and resistance
to DNA damaging agents; i.e., an sbcC mutation con-
fers full RecF pathway activity upon a recBC sbcB
mutant strain. RecBCD protein has been identified as
an inhibitor of the RecF pathway of E. coli (LUISK
DEeLuca, LoverT and KOLODNER 1989). We suggest
that the SbcC protein (assuming such exists) shares a
similar inhibitory activity so that its removal fully
opens the RecF pathway. THALER et al. (1989) sug-
gested that RecBCD protein is antirecombinogenic
until it loses its RecD subunit. We speculate that SbcC
protein is functionally equivalent to (part of?) the
RecBCD protein but, unlike that protein, is unable to
be converted to a recombinase.
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