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ABSTRACT
The propagation of A phages carrying long perfect palindromes has been compared with that of
phages carrying imperfect palindromes with small regions of central asymmetry. The perfect palin-
dromes confer a more deleterious phenotype than those with central asymmetry and the severity of
the phenotype declines with the length of asymmetry in the range from O to 27 base pairs. These
results argue that a center-dependent reaction is involved in the phenotypic effects of palindromic
DNA sequences, consistent with the idea that cruciform extrusion occurs in vivo.

NA palindromes longer than 100-150 base pairs
(bp) cannot be propagated in wild-type Esche-
richia coli and replicons carrying such sequences suffer
two fates. They are very poorly replicated leading to
the phenotype described as inviability or the palin-
dromes they contain are partially or completely de-
leted, a phenotype denoted instability (CoLLINS 1981;
LiLLEy 1981; CoLLINS, VOLCKAERT and NEVERS
1982; HAGAN and WARREN 1982; MizuucHi, Mizu-
UCHI and GELLERT 1982; HAGAN and WARREN 1983;
LEACH and STAHL 1983; LEACH and LINDSEY 1986;
SHURVINTON, STAHL and STAHL 1987; LINDSEY and
LEAcH 1989). These two fates are interrelated since
replicons that have deleted their palindromes will have
a selective advantage over their parents. However, it
is not yet known how, or indeed whether, the mech-
anism of inviability is related to the mechanism of
instability.

The propagation of palindromic sequences is also
affected by the host genotype. It was initially demon-
strated (LEACH and STAHL 1983) that a A phage car-
rying a long palindrome could plate on recBC sbcB
hosts which were subsequently shown to harbor an
additional mutation in the sbcC gene (LLOYD and
BuckMAN 1985). Further work demonstrated that it
was the sbcC mutation that specifically relieved the
inviability of this phage (CHALKER, LEACH and LLOYD
1988). We now know that sbcC is part of a two gene
system (the second gene has been named sb¢cD) impli-
cated in the inhibition of propagation of palindromic
DNA and the cosuppression of recombination defi-
ciency of recBC mutants (LLOYD and BUCKMAN 1985;
GIBSON, LEACH and LLoyD 1992). In addition to these
specific interactions, mutations that improve the rep-
lication or packaging of A contribute indirectly to its
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ability to propagate palindromes (CHALKER, LEACH
and LLoyD 1988; CHALKER 1990). In the case of red
gam phage, mutations in recB or recC perform this
function by permitting rolling-circle replication (see
ENQUIST and SKALKA 1975) and mutations in recD do
so, both by permitting rolling circle replication and
by stimulating recombination (CHAUDHURY and
SMITH 1984; AMUNDSEN ¢t al. 1986; BIEK and COHEN
1986). These indirect effects have been discussed
previously (CHALKER, LEACH and LrLoyp 1988). Fi-
nally, it has been shown that the gam gene of A
facilitates the propagation of palindromes (LEACH,
LINDSEY and OKELY 1987; KULKARNI and STAHL
1989) and that this effect occurs via a novel mecha-
nism in addition to the known inhibition of RecBCD
by Gam since it can be observed in a recBCD deletion
mutant (KULKARNI and STAHL 1989). The latter au-
thors suggest that Gam may work by inactivating the
SbcC protein.

The question of whether palindromic DNA se-
quences can adopt cruciform structures in vivo has
been difficult to answer conclusively. Initially, work
suggested that the palindromes tested could not be
detected in a cruciform conformation (COUREY and
WANG 1983; SINDEN, BROYLES and PETTIJOHN 1983).
These studies however used palindromes which were
short (68 and 66 bp) and did not cause a severe
phenotype in vivo. It might therefore be predicted
that they would not reside predominantly in a cruci-
form conformation. More recently, different assays
and the use of specifically designed palindromes with
AT rich centers, coupled to the use of physiological
conditions expected to favor extrusion, have permit-
ted the detection of cruciform structures inside cells
(PANAYATATOS and FONTAINE 1987; MCCLELLAN et
al. 1990; DAYN et al. 1991; ZHENG et al. 1991; SINDEN
et al. 1991). The work reported below adds support



144 A. F. Chalker et al.

to the idea that cruciforms can form in vive and
extends the evidence to normal physiological condi-
tions and to palindromes that do not contain particu-
larly AT-rich centers. Since such palindromes have
been shown to have high kinetic barriers to cruciform
extrusion in vitre (COUREY and WANG 1983, 1988;
GELLERT, O’DEA and M1zuucHI 1983; MURCHIE and
LiLLEY 1987) it seems likely that their extrusion in
vivo is catalyzed.

MATERIALS AND METHODS

Bacterial strains: The bacterial strains used are deriva-
tives of AB1157 F~ DEL(gpt-proA)62 argE3 his-4 leu-6 thr-
I ara-14 galK2 lacY1 xyl-5 thi-1 supE44 rpsL31 tsx33 and
were obtained from R. G. LLoyp.

Bacteriophage strains: The palindrome containing
phages are all derived from DRLI116, X pal spi6 cI857, as
shown in Figure 1. Initially, DRL133 was constructed by
cleavage of DRL116 with §stl and religation to delete the
central 109 bp. The central Ss¢I site of DRL133 was then
used for the insertion of oligonucleotide sequences obtained
from the Oswel DNA service (T. BROWN, Department of
Chemistry) to construct DRL134, AD1 and AD2. To facil-
itate the isolation and identification of the desired clones,
the oligonucleotides used introduced a new restriction tar-
get sequence and inactivated the SstI site. The oligonucleo-
tides were not phosphorylated. This should prevent the
insertion of multimers and no multimers were detected in
any of the constructions. DRL137 was constructed by inser-
tion of the polylinker sequence of the plasmid pMTL24
(CHAMBERS ¢t al. 1988) into the Sstl site of DRL133, and
DRL148 was made by cleavage of DRL137 with Sall and
religation. All manipulations were by standard methods, as
outlined in SAMBROOK, FRITSCH and MANIATIS (1989).

Bacteriophage plating: Overnight cultures of cells were
diluted 1:10 into L broth with 5 mM MgSO, and 0.2%
maltose and grown for 2 hr at 37°. An equal volume of 10
mM Tris-HCl (pH 8), 10 mM MgSO, was then added.
Aliquots of 0.25 ml of these plating cells were then incu-
bated for 15 min at room temperature with an appropriate
dilution of phage and poured onto Baltimore Biological
Laboratories (BBL) plates in 2 ml of BBL top agar. The
relative efficiency of plating on different hosts was calculated
as:

(pal phage on strain x)/
[pal phage on JC7623 (recBC sbcBC)]
(DRL112 on strain x)/
[DRLI112 on JC7623 (recBC sbcBC)]

DRL 112, X AB spib cI857, is an isogenic palindrome free
phage used to normalize the plating efficiencies on various
hosts for minor differences not attributable to the palin-
dromes.

Recovery of supercoiled DNA and its analysis: The
methods used were as described in LEACH and LINDSEY
(1986) with the following modifications. Infection was al-
lowed to proceed for 10 min before DNA extraction. Two
successive CsCl gradients instead of one were employed to
ensure minimal contamination of supercoils with linear and
relaxed DNA. Densitometry of bands was performed on a
Shimadzu CS-930 densitometer. The control, palindrome-
free, phage used in these experiments was MMS659, A
Ab1453 ¢I857, obtained from F. STAHL.

EXPERIMENTAL RESULTS

A set of palindromes with different central se-
quences: A\ Phages carrying palindromes that differ
only in their central sequence were constructed.
These phages were derived from DRL116, that has
previously been used to study the behavior of palin-
drome bearing phage (CHALKER, LEACH and LLoYD
1988). All of the phages carry the same 446 bp (2 X
223 bp) inverted repeat but have different central
sequences that vary in their degree of symmetry. Four
of the phages have perfect centers and three have
imperfections at or near the center, 8, 15 and 27 bp
in length. These palindromes are depicted in Figure
1.

Plating behavior of palindrome phage: A subset
of the above phages (DRL116, DRL133, DRL134,
DRL137 and DRL148) was initially assessed for plat-
ing on strains of E. coli known to affect the propaga-
tion of DNA palindromes. The results of this experi-
ment are shown in Table 1. It can be seen that the
efficiency of plating (eop) of the different phages
varied considerably and that the phages with perfect
palindromes showed a lower eop than those with
imperfect centers. This poor plating was particularly
marked for phages DRL.133 and 134. DRL148, which
also has a perfect center, gave an eop intermediate
between this pair and the phages with imperfect cen-
ters. Of these DRL137, with a 27-bp (off-set) asym-
metry, plated with more facility than DRL116, with a
15-bp center asymmetry, as shown using N2362 and
N2692, the least permissive hosts. We were in fact
able to define a hierarchy of plating which is as follows
(the number of base pairs of asymmetry is shown in
brackets):

DRL137 (27) > DRL116 (15) > DRL148 (0) >
DRL133 (0), DRL134 (0).

This is a hierarchy that applies across the set of host
strains tested which argues that it is independent of
the host genotype.

Recovery of supercoiled DNA: In order to deter-
mine whether the effect, observed at the level of
plating, was reflected by an effect at the DNA level,
experiments were performed to determine the recov-
ery of supercoiled DNA. Previous work had shown
that the recovery of supercoiled DNA of the phage
with the 15-bp asymmetry at the center of the palin-
drome (DRL116) was affected by the sbcC genotype
of the host (CHALKER, LEACH and LLoYD 1988). We
now confirm that, after a period of 15 min postinjec-
tion, recovery of DRL116 DNA in supercoiled form
is close to 100% from an sbcC mutant but reduced to
30% when purified from a wild-type host. However,
when DRL134, one of the phage with a perfect pal-
indrome conferring the severe phenotype was tested,
recovery from an sb¢C mutant was reduced to 30%
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FIGURE 1.—The structure and derivation of the palindromes studied. The restriction sites involved in the construction of the palindromes
are indicated as follows: E (EcoRI), S (SstI), Sa (Sall), St (Stul), X (Xbal). The numbers of base pairs in the arms and (if asymmetric) the
centers of the palindromes are listed under each representation. DRL133, DRL134, AD1 and DRL148 are perfect palindromes, whereas
DRL116, AD2 and DRLI187 are imperfect. AD2 has an asymmetric center of 8 bp, DRL116 has an asymmetric center of 15 bp and DRL137
has an asymmetry of 27 bp which is located 15 bp from the center of the palindrome. The left hand side of the figure depicts the central 70

bp of each of the palindromes.

and that from wild type to 2%. The behavior of
DRL148, the phage with a perfect palindrome con-
ferring an intermediate plating phenotype, was also
intermediate at the DNA level. It showed a recovery
of 90% from an sbcC mutant and 6% from wild type.

Plating behavior of a phage with an 8-bp asym-
metry: To extend these observations to a palindrome
with a shorter asymmetry, AD2, a phage with an 8-bp
central insertion, was constructed and its behavior was
compared with that of an isogenic phage with a perfect
palindrome (ADI). The control phage with the perfect
palindrome behaved similarly to phages DRL133 and
DRL134, but AD2 showed a phenotype intermediate
between that conferred by the perfect palindromes
and the palindrome with a 15-bp asymmetry. These
results have been incorporated into Table 1.

DISCUSSION

A center-dependent pathway exists in vive: In vitro,
it has been shown that the central sequence dictates

the cruciform extrusion rate for palindromes of av-
erage base composition (MURCHIE and LiLLEY 1987;
Courey and WANG 1988; ZHENG and SINDEN 1988).
However, in vivo, the effects of central sequence have
been less well documented. The experiments of WAR-
REN and GREEN (1985) demonstrated that inviability
could not be overcome unless large insertions of 50
bp or more were made at the center of the palin-
drome. They argued, therefore, that the structure
responsible for inviability was generated by a mecha-
nism involving interaction of the arms of the palin-
drome and was independent of the center. By con-
trast, our results demonstrate that when more sensi-
tive assays are used, effects of much smaller changes
in the central DNA sequence can be detected. In
agreement with WARREN and GREEN, all six phages
studied here are unable to plate on wild-type hosts.
We can, however, see a marked effect of central
asymmetry even in wild-type hosts when we look at
the recovery of supercoiled DNA. Effects are also
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TABLE 1
Plating behavior of palindrome-containing phages on mutant E.
coli hosts
A Strain
DRL133
E. coli strain DRLI134

and genotype DRL137 DRL116 AD2 DRLI148 ADI

N2861 rec* sheC* - - - - —

N2362 recB21 +4 -

N2692 recD1009 +b -
recA269::Tnl0

N2678 recD1009 + +

N2364 sbcC201 + +

N2365 recB21 + +
sbcC201

N2680 recD1009 + + + + +
sbeC201

o
o

d

++ i
+ 4+ i

+
+

+ indicates an eop of >107', — indicates an eop of <1072 Certain
combinations of phage and bacteria are on the borderline between
plating and not plating and the precise eop in these situations is
very sensitive to minor variations in environmental conditions, such
as the thickness of the plates, the age of the plates, the batch of
agar, and the temperature of incubation. Platings were therefore
done under standard conditions but in some cases it has still been
necessary to report the observed range of eop that was observed in
repeated experiments.

2 eop of 107'~107% (small plaques).

b eop of >107! (small plaques).

¢ eop of 107'~1072 (very small plaques).

4 eop of 1-1072 (very small plaques).

evident when we examine plating behavior on mutant
hosts. This suggests that a center-dependent pathway
for phenotypic effects of palindromes does exist in
both wild-type and mutant E. coli.

We have shown that palindromes carrying small
central asymmetries confer a less severe phenotype
than do perfect palindromes and the severity of the
phenotype correlates inversely with the length of
asymmetry. Thus a central asymmetry of only 8 bp
(AD2) clearly alleviates the severe phenotype caused
by the perfect palindromes in ADI, DRL133 and
DRL134. In vitro work has indicated that cruciform
extrusion of perfect palindromes requires denatura-
tion of the central 8-10 bp (MURCHIE and LILLEY
1987; Courey and WANG 1988) and that most cruci-
form loops include 4 bases (GOUGH, SULLIVAN and
LiLLEY 1986). That a difference can be detected in
vivo between perfect palindromes and a palindrome
with 8 bases of asymmetry argues strongly for a cen-
ter-dependent pathway of extrusion. It is interesting
that one of the perfect palindromes (DRL148) confers
an intermediate phenotype, similar to that of the
palindrome with the 8 bp asymmetry and less severe
than those of the other perfect palindromes. It is true
that the center of DRL148 is slightly more G/C rich
than those of the other perfect palindromes. However,
there are other features of the DRL148 structure
which may share responsibility for its more moderate
phenotype. The central region carries several palin-

dromic recognition sequences for restriction enzymes
which might abortively attempt to nucleate extrusion
and thus inhibit extrusion from the central sequence;
additionally, there is a sequence 5-CCCGGGG-3’,
13-bp on either side of the center, which may interfere
with extrusion. Finally, perhaps the central sequence
itself is inherently less prone to initiate extrusion.
Further work is required to determine why DRL148
behaves differently from the other perfect palin-
dromes.

If cruciform extrusion occurs in vivo, it must be
catalyzed: It has previously been demonstrated that
cruciform extrusion in vitro occurs so slowly, in nor-
mal DNA sequences under physiological conditions,
that no in vive effects would be expected (COUREY and
WanG 1983, 1988; GELLERT, O’DEA and MIZUUCHI
1983; MURCHIE and LiLLEY 1987). This kinetic ar-
gument against cruciform extrusion in vive has been
supported by several studies in which cruciform struc-
tures have not been detected in vivo (COUREY and
WANG 1983; SINDEN, BROYLES and PETTIJOHN 1983).
Recent work, however, has revealed that under con-
ditions of elevated superhelical density, palindromes
that have central sequences favoring cruciform extru-
sion in vitro can extrude such structures in vivo
(McCCLELLAN et al. 1990; DAYN et al. 1991; ZHENG et
al. 1991; SINDEN ¢t al. 1991). In addition, the deletion
frequencies of certain palindromes argue for a path-
way involving a cruciform intermediate (SINDEN et al.
1991). Nevertheless, the sum of these observations
has been taken to argue against significant extrusion
of palindromes of average base composition under
normal physiological conditions.

Our results are, however, most easily explained if
cruciform extrusion does occur in vivo in perfect
palindromes with centers of normal base composition
and even in palindromes with asymmetric centers of
8, 15 and 27 bp. In order to reconcile the in vitro data
with our results we must suggest that cruciform extru-
sion is catalyzed in vivo. If so, why have previous
studies in vivo required unusual palindromes and/or
unusual physiological conditions to detect extrusion?
We suggest that the relevant difference between the
palindromes studied here and those studied previously
is length. The palindromes employed in the present
work are between 446 and 571 bp in length, whereas
those used by other workers had been kept shorter
than 150 bp to avoid the propagation problems of the
longer sequences. It is, however, this phenotype of
inviability that is likely to correlate with the accumu-
lation of cruciform structures in vivo. We propose
therefore that (as for palindromes in vitro) the center
affects the kinetics of cruciform extrusion in a cata-
lyzed reaction, but the length of the palindrome is
critical in determining the lifetime of the cruciform
structure.
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In vitro, cruciform extrusion occurs either via the
C-type or the S-type pathway (LILLEY 1985). The C-
type pathway involves a large denaturation bubble
which is favored by highly A/T-rich sequences at low
salt concentrations and is therefore unlikely to relate
to extrusion in vive. The S-type pathway proceeds via
a small central denaturation bubble which folds into
a protocruciform that in turn extrudes to the full
cruciform by branch migration. The transition state,
which is probably the protocruciform, is thought to
be stabilized by salt (SULLIVAN and LiLLEY 1987). If
the pathway to cruciform extrusion in vivo is related
to S-type extrusion in vitro, we predict that specific
base-pair changes that alter the rate of in vitro extru-
sion will have predictable effects on the phenotype of
palindrome containing phage in vive. Experiments to
test this prediction are under way.
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