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ABSTRACT

The construction in bacteriophage A of a set of long DNA palindromes with paired changes in the
central sequence is described. Identical palindrome centers were previously used by others to test the
S-type model for cruciform extrusion in vitro. Long DNA palindromes prevent the propagation of carrier
phage A on a wild-type host, and the sb¢C mutation is sufficient to almost fully alleviate this inviability. The
plaque areas produced by the palindrome containing phages were compared on an Escherichia coli sbcC
lawn. Central sequence changes had a greater effect upon the plaque area than peripheral changes,
implying that the residual palindrome-mediated inviability in E. coli sbcC is center-dependent and could
be due to the formation of a cruciform structure. The results argue strongly that intrastrand pairing within
palindromes is critical in determining their effects in vivo. In addition, the same data suggests that DNA

loops in vivo may sometimes contain two bases only.

NA palindromes longer than 100-150 base pairs
(bp) cannot be propagated in wild-type Esch-
erichia coli. Either a replicon with a long DNA palin-
drome is so poorly replicated that it is inviable, or the
palindrome itself is so unstable that it undergoes partial
or complete deletion (CoLLINS 1981; LiLLEY 1981; LEacH
and StaHL 1983; LeacH and LINDSEY 1986; SHURVINTON
et al. 1987; LINpseYy and LeacH 1989). These phenomena
are termed inviability and instability respectively, and
their relationship is poorly understood.

The biological effect of palindromic sequences is al-
leviated in certain host strains. A phage carrying a long
palindrome, although unable to plate on wild-type E.
coli, were found to be viable on a recBC sbcB host (LEACH
and StaAHL 1983). Subsequently this strain was found to
have an unrecognized mutation in the sbcC gene (LLOYD
and BuckMmAN 1985). Further work revealed that the sbcC
mutation by itself is necessary and sufficient to allow
plating (CHALKER et al. 1988). SbcC is now known to be
one partner in a two gene system with sb¢cD. Together
they have been implicated in palindrome-mediated in-
viability, in addition to their role in the cosuppression of
recombination deficiency in recBC mutants (LLoYD and
BuckMAN 1985; GIBSON et al. 1992).

DNA palindromes have the potential to adopt cruci-
form structures, and there is no doubt that cruciform
structures do exist in vitro (GELLERT et al. 1979; LILLEY
1980). For palindromes of average base composition un-
der moderate salt concentrations the S-type pathway for
cruciform extrusion in vitro has been proposed, and it
is illustrated in Figure 1. Changes to the central se-
quence of a palindrome affect the in vitro extrusion
kinetics to a greater degree than more peripheral
changes (MURCHIE and LiLLEY 1987; COUREY and WANG

Genetics 137: 361-368 (June, 1994)

1988; ZHENG and SINDEN 1988). A plausible explanation
is that a central AT to GC change raises the free energy
of the transition state, whereas outside the center a simi-
lar change has little effect upon transition state forma-
tion because the altered DNA usually remains unmelted
during that step (MURcHIE and LiLLey 1987). Whether
cruciforms exist in vivo has been in dispute until rela-
tively recently. Initial reports failed to find any evidence
for such structures (CoOUREY and WANG 1983; SINDEN et al.
1983), but in retrospect this may have been due to the
insufficient sensitivity of the assays used. In addition, the
palindromes studied were short (50—60 bp) or of a low
AT content so that the cruciform might not be expected
to be the predominant structure. Generally, unusual
conditions and AT-rich sequences have been required to
detect cruciform structures for short (<100 bp) palin-
dromes (PANAYOTATOS and FoNTAINE 1987; McCLELLAN
et al. 1990; DAYN et al. 1991; ZHENG et al. 1991; SINDEN
et al. 1991). However, evidence consistent with the forma-
tion of cruciform structures under normal conditions by
long palindromes of an average base composition has re-
cently been obtained (CHALKER et al. 1993). These results
gave preliminary indications that the pathway by which pal-
indromes may cause inviability is center-dependent.

We have now further tested the hypothesis that the re-
sidual palindrome-mediated inviability in an sb¢C host is
center-dependent, by measuring the effect of central se-
quence changes in a palindrome on the relative plaque size
of the carrier A. These results argue that intra-strand pair-
ing between the arms of a palindrome is critical in deter-
mining its effect on inviability, and are consistent with cru-
ciform extrusion in vive. The same data suggest that the
structure of a DNA loop in vivois sequence dependent, and
in some cases the loop may consist of two residues only.
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FIGURE 1.—S-type pathway for cruciform extrusion in vitro
adapted from MURCHIE et al. (1992). There is an initial melting
of central base pairs (step 1), followed by intrastrand pairing
and protocruciform formation (step 2), then finally branch
migration to the fully extruded cruciform (step 3). The tran-
sition state is probably the central melted bubble or the pro-
tocruciform. Central base opening is believed to involve about
8-10bp. The whole process is driven by negative supercoiling.

MATERIALS AND METHODS

Media, bacterial strains, bacteriophage strains and plasmid
vectors: Casitone-agar (CA) medium contained 10 g Bacto-
casitone, 10 g Bacto-agar (both from Difco Laboratories), and
14.7 g NaCl (250 mm final concentration) per liter. The added
salt was found to accentuate the differences between bacteri-
ophage strains. All plates were poured at 46°, and to a volume
of exactly 50 ml. A plating took place 3 days after pouring, and
before use each stack of plates was randomly reordered. These
precautions were necessary because small variations between
plates can markedly affect the size of plaques on a lawn. CA top
medium contained half the quantity of Bacto-agar (5 g/liter).

The bacterial strain used for the plaque size assay was N2364
(AB1157 sbcC201 phoR::Tn10), and was obtained from R. G.
Lrown. The palindrome containing phages were all derived
from DRL133 A pal spi6 cI857 (CHALKER et al. 1993). DRL133
was crossed with DRL152 Aspi6 ¢857 xC153 to introduce a Chi
site. The resultant phage DRL167 Aspi6 c1857 x C153 produced
considerably larger plaques on E. coli sbcC than DRL133 due
to the effect of Chi on production of packageable DNA. They
were sufficiently large to enable the area of individual plaques
to be measured with an image analyzer. The palindrome in
DRLI167 is a 462-bp perfect inverted repeat, flanked by two
EcoRI sites and with a unique central Sadl site. The Sacl site
of DRL167 was used to insert oligonucleotide sequences ob-
tained from the Oswel DNA Service (T. BROWN, Edinburgh).
To aid the identification of new clones, the inserts were de-
signed so that the cloning procedure disrupted the Sad site,
and for positive identification another restriction site was in-
troduced into the center. The oligonucleotides were not phos-
phorylated so as to avoid insertion of multimers. The central
sequences of the palindrome phage are described in Figure 2A
and were based on the bke series that MURCHIE and LILLEY
(1987) constructed to test the S-type extrusion pathway. The
phage were named according to the corresponding bke
pAT153 palindromes used by MUrRcHIE and LiLLEy (1987).

The center of each palindrome was subcloned and se-
quenced to confirm that it was as predicted. The palindrome
was gel purified after restriction with EcoRI (or Aval and Pvul
for the palindromes with an EcoRI center). A 32-bp Tagl frag-
ment containing the palindrome center was then ligated into
the Accl site of pMS2B (a derivative of pUC18; D. R. F. LEACH,
M. SHaw and C. BLAkE). It is illustrated in Figure 2B. The plas-
mids with inserts corresponding to the center of the palin-
drome were identified using DNA minipreps and restriction
analysis. The sequences of all the plasmids with inserts were as
predicted, with no multiple inserts being detected. This series
of plasmids was named to match the AAD phage (e.g., pADbke
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FIGURE 2.—Bacteriophage A and plasmid constructs. (A)
Top: partial map of DRL167. The full length of the palindrome
EcoRI restriction fragment is 454 bp. Bottom: the structure and
derivation of the palindromes studied, showing part of the
potential cruciform structure on the right. The top sequence
AADbke is considered the parent and differences from it are
highlighted as open letters. To ease comparisons, each A was
named similarly to the equivalent MURCHIE and LiLLEy (1987)
constructin pAT153. At the bottom is the parent sequence that
MurcHIE and LiLLey (1987) employed and it is presented for
comparison. (B) The structure of pMS2B, a derivative of
pUCI8. Tagl restriction fragments containing the center of
the palindrome were subcloned into the Acc site of pMS2B.
The resultant plasmids were named similarly to their A parents
(pADbke, pAD16T, etc).

and pADI16T). All manipulations used standard methods, as
detailed in SAMBROOK et al. (1989).

Bacteriophage plating: An overnight culture of E. coli sbcC
was diluted 1:10 in L-broth supplemented with 5 mm MgSO,/
0.2% maltose and grown for 140 min at 37°. An equal volume
of 10 mm Tris-HCI (pH 8), 10 mm MgSO, was added. The
diluted cultures were stored at 4° and used within 3 days. Ali-
quots of 0.25 ml of the cell suspension were incubated with a
suitable dilution of phage at 37° for 20 min, and then poured
onto CA plates in 2 ml of molten CA top medium. These con-
ditions were chosen to maximize preadsorption of bacterio-
phage. After an overnight incubation at 37°, the area of in-
dividual plaques on the cell lawn was measured using a
Quantimet 970 Image Analyser (C. JerFreg, Edinburgh). Ap-
proximately 60-100 plaques per plate were analyzed (12 plates
for each bacteriophage strain).

Cruciform extrusion kinetics: Kinetic studies were per-
formed according to MURCHIE and LiLLEy (1987) with some
variations, the major difference being that the SI nuclease was
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replaced by T4 endonuclease VII (T4 endoVIL; a gift from
B. KempER) which cleaved at the four-way junction of the DNA
cruciform under the conditions used. Supercoiled, cruciform-
free plasmid DNA was isolated from an overnight 0.5-liter cul-
ture and then purified through two rounds of CsCl-ethidium
bromide isopycnic centrifugation. The ethidium bromide was
removed with seven or more rounds of butan-1-ol extraction
on ice, followed by extensive dialysis in 10 mm Tris-HCl (pH
7.5), 0.1 mm EDTA at 6°. The plasmid DNA was stored at —70°
and thawed slowly at 6° prior to any experiments.

Cruciform extrusion experiments were initially carried out
ina 10 mM Tris-HCI (pH 7.5), 0.1 mm EDTA buffer containing
a known concentration of NaCl. To determine the extrusion
salt optimum the plasmid DNA was incubated in the buffer for
a given time period with NaCl added to a concentration of
between 35 mM and 75 mMm. Subsequently, in vitro cruciform
extrusion experiments were performed in a more physiologi-
cal buffer (buffer P; 150 mm potassium glutamate, 4 mm mag-
nesium acetate, 10 mM TrissHCI (pH 7.5), 0.1 mM EDTA) . After
incubation, the sample was rapidly transferred to ice to ter-
minate the reaction. The reaction constant for each extrusion
was ascertained by incubating the plasmid DNA in the appro-
priate buffer, and then withdrawing aliquots onto ice over a
given time period. All extrusions took place at 37° (+0.01) in
a Grant LTD6 waterbath. The samples were then diluted into
T4 endoVII reaction buffer (0.5 M Tris-HCI pH 8.0, 50 mm
NaCl, 10 mm MgCl,, 1 mm dithiothreitol, 5 mM spermidine, 250
pg/ml bovine serum albumin; PicksLEY et al. 1990) and incu-
bated with 40 units T4 endoVII at 16° for 40 min. No cruciform
extrusion was detectable in this buffer at 16°. After this, the
DNA samples were ethanol precipitated, resuspended in a suit-
able restriction buffer, and digested to completion with Scal.
The DNA samples were loaded onto a 1.5% agarose gel vertical
electrophoresis unit and run for approximately 2 hr at 70 V.
The gel was stained in 1 pg/ml ethidium bromide and pho-
tographed on a UV transilluminator with Ilford HP5 film. The
proportion of fragments arising from the T4 endoVII-specific
cleavage was determined by assaying the relative intensity of
bands on the gel negative with a Shimadzu densitometer. A
graph of 1+ In (unextruded fraction) against time was plotted
using linear regression analysis. The reaction constant (k) was
calculated from the gradient of the graph and the reaction
half-time as In 2/k.

Molecular biological procedures: To obtain DNA adequate
for sequencing, QIAGEN plasmid “midi-prep” kits were used
according to the manufacturer’s instructions (QIAGEN Inc.,
Chatsworth, California). To recover DNA fragments, the DNA
was purified from agarose gels following the procedure rec-
ommended using Gene Clean kits (BIO 101, Inc.). Restriction
enzymes and DNA ligase were used according to the manu-
facturers’ instructions. DNA sequencing was performed with
the Sequenase kit v2.0 (U.S. Biochemical Corp.) and as de-
scribed by the suppliers, except that the DNA was denatured
by boiling and cooling rapidly in dry ice. Primer annealing
took place at room temperature during the labeling step and
the extension reactions were run at 45° to minimize secondary
structure formation.

RESULTS

Construction of a set of palindromes with paired
changes in the central sequence: A series of long perfect
palindromes, differing only in their central sequence,
was constructed in A phage to test the prediction that
palindrome mediated inviability is center-dependent.
The palindrome centers of the A phage were related to
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FigurRe 3.—Cumulative frequency distribution of plaque
sizes for four of the A phages. The differences between
AADI15C, AMADbke, and AAD16C were clearly visible to the eye,
but the difference between AADbke and AAD16T was only vis-
ible after quantification by image analysis. The median was
taken as the point at which the 50% cumulative frequency
intersected the line on the x-axis.

the bke series of palindromes in pAT153 that had pre-
viously been used to test the S-type model for cruciform
extrusion in vitro (MURCHIE and LILLEY 1987). As shown
in Figure 2A, the central 12 bp of the palindromes con-
structed in A were identical to the equivalent bke centers
in pAT153, but the adjoining palindromic arms of the
A constructs were different and over 10 times longer.

Plating behavior of palindrome phage: The pheno-
type conferred upon the A by the palindrome was as-
sessed by plating on a lawn of N2364 sbcC201, where
differences in plaque size between the various A phage
were visible. These palindromic phage were inviable on
wild-type hosts. Plaque area (under the standardized
conditions used here) is assumed to be an indirect prod-
uct of the A burst size, and thus a measure of the viability
of the palindromic phage. The plaque area was initially
assessed on CA plates with the standard NaCl concen-
tration (5 g/liter). A higher salt concentration (14.7
g/liter) was subsequently used for all the plaque assays
reported here because it was found to amplify the dif-
ferences. The areas of individual plaques were assessed
accurately for each strain using an image analyzer. A
graph of cumulative frequency plotted against plaque
area is presented in Figure 3 for four of the strains. The
median was the most reproducible parameter since it
minimizes the effects of outliers. Outliers were relatively
common in this analysis for two reasons: A phage thatare
initially unadsorbed produce pinprick plaques on the
cell lawn, while revertants (phage that have lost the pal-
indrome) produce very large plaques. The plaque assay
median determined for each strain is presented in Table
1 and schematically illustrated in Figure 4A.

Central base-pair changes had the greatest effect on
the plaque size. Figure 4A clearly demonstrates this cen-
ter dependence: AADIOG had larger plaques than



364

A. Davison and D. R. F. Leach

TABLE 1

Kinetics of cruciform extrusion and plaque assay data for the palindrome plasmids and phage

Cruciform extrusion

bke series in pAT153, (NaCl buffer)
from MurcHIE and LiLigy (1987)

pAD series (NaCl buffer)

pAD series (buffer P)

NaCl NaCl Median
T, optimum Ty optimum T plaque
Mutant k(error) Exp (min) (Mm) k (error) Exp  (min) (MM) k (error) Exp (min) area/mm?
bke —1.7 (0.02) —4 70 50 -1.9 (0.34) -3 6.1 45 —1.3 (0.17) -3 8.9 0.36
16T —1.3 (0.14) -3 9 50 —4.0 (0.41) -3 29 45 —2.1 (0.48) -3 5.5 0.33
15C —1.7 (0.04) ~4 67 75 -2.0 (0.26) -3 5.8 45 —2.1 (0.29) -3 55 0.17
16C -1.7 (0.18) -5 692 50 -1.9 (0.20) -5 608 45 —5.2 (0.78) -6 2222 0.70
15C16C  —7.0 (0.60) -6 1649 50 ~-1.2 (0.14) -5 963 45 -6.9 (0.69) -6 1674 0.46
13G —1.0 (0.09) -4 114 75 ~8.9 (0.15) -4 13.0 60 ND 0.24
11T -1.5 (0.07) -3 8 50 ~4.8 (0.53) -3 24 45 —-1.2 (0.12) -3 9.6 0.41
10G —-1.4(0.12) -4 81 50 —-2.4 (0.26) —4 48.1 45 ND 0.33

Rate constants are expressed as k (*standard error) X 10°F. Half-times were calculated from In 2/k. ND, k not determined.

AADI13G, but smaller plaques than AADbke. Signifi-
cantly, this pattern also included AAD15C and
AADI15C16C. Clearly, however, the precise determinants
of the degree of inviability of a palindrome-containing
A phage are different from those that govern the rate of
cruciform extrusion in vitro and seem inconsistent with
a simple S-type mechanism. The central sequence of the
palindrome had the predicted effect on plaque size only
for changes to the very central 2 bp. Those A phage with
a 5'-AT-3’ or a 5'-TA-3’ at the very center of the palin-
drome (ADbke and AAD16T, plaque sizes 0.36 and 0.33
mm?) had smaller plaques than the two phage with 5'-
CG-3' at the center (AMDI16C, plaque size 0.70 mm?
AAD15C16C, plaque size 0.46 mm?), consistent with
greater levels of the structure causing inviability for the
former A phage. For changes outside the central two
base pairs the direction of change was the reverse of that
predicted by the S-type model applicable in vitro, im-
plying that the intrastrand pairing between the arms of
a palindrome may be critical in determining the level of
inviability. Changes that slowed in viiro extrusion de-
creased the plaque size, and vice versa. For instance,
AADI13G (central sequence GGAATTCC) had smaller
plaques than AADbke (central sequence AGAATTCT).

Cruciform extrusion in vitro of two related series of
palindromes: It was necessary to confirm that the cen-
tral changes in A had the same effect on in vitro extru-
sion as the bke centers in pAT153. Since long DNA pal-
indromes are unstable in plasmid vectors (even with the
sbcC mutation), it was not possible to use the full length
palindromes. Instead a 32-bp Tagql fragment containing
the A palindrome center was subcloned into the A ccl site
of pMS2B (forming the pAD series of plasmids), then
sequenced to check that the constructs were as pre-
dicted. The extrusion kinetics of the palindrome centers
in the pAD plasmids were compared with the similar
centers of MURCHIE and LiLLEy (1987) in pAT153.

The cruciform extrusion salt optima that were deter-
mined for the pAD series are indicated alongside the

equivalent bke series salt optima in Table 1. For most of
the reactions the salt optimum was found to be 45 mwm,
compared with 50 mM in the experiments of MURCHIE
and LiLLEY (1987). For the two bke sequences that had
araised salt optimum of 75 mM (15C and 13G), only one
of the pAD equivalents had a similarly raised optimum
(pAD13G). To determine the reaction constant a time
course was performed at the optimum salt concentra-
tion. A sample extrusion time course experiment is il-
lustrated in Figure 5. The extrusion data are detailed in
Table 1 and further compared with those of MURCHIE
and LiLLEY (1987) in Figure 4, B and C. In general, the
changes that were made to the palindromes had com-
parable effects in both vectors with one exception:
pADI10G extruded more slowly than expected, relative
to pADbke.

Cruciform extrusion in vitro in a “physiological”
buffer: Cruciform extrusion of the pAD series of pal-
indromes was carried out in a more physiological buffer
(buffer P; containing potassium glutamate and magne-
sium acetate, suggested by G. SMITH). The extrusion half
times that were determined are detailed in Table 1 and
compared with the plaque assay results in Figure 4, A
and D. It was found that buffer P had a significant effect
upon the relative extrusion kinetics of the palindromes,
and that the reaction half times for six out of the eight
plasmids could be compared to the equivalent order of
plaque areas. The relative reaction constants for the two
other plasmids remained relatively constant in this buffer
(A.DavisoN and D. R. F. LracH, unpublished observations).

DISCUSSION

Palindrome-mediated inviability in an sbcC host is
center-dependent in vivo: The evidence for the exist-
ence of DNA cruciforms in vivo has been comparatively
lacking until recently (PANAYOTATOS and FONTAINE 1987;
MCCLELLAN et al. 1990; DaW et al. 1991; ZHENG et al.
1991; SINDEN et al. 1991) and the pathway for extrusion
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FIGURE 4.—(A) Schematic illustra-
tion of the variation in plaque sizes
for the AAD mutants. The size of the
bar is proportional to the difference
in plaque area compared with AAD-
bke. AAD15C16C is dotted to make it
easily visible. Mutations that de-
creased plaque size are shown above
the line and mutations that increased
it, below. Only mutations to the very
central two base pairs had an effect in
vivo that was predicted by the in vitro
results under optimal salt conditions
[see (B) and (C)], assuming that in-
creased cruciform extrusion corre-
sponds to decreased plaque size and
vice versa. All other mutations altered
the plaque size in a reverse manner
compared with the in vitro data, the
effect lessening further out from the
center. (B, C and D) Schematic illus-
tration of the variation in cruciform
extrusion rates in vitro. The size of
the bar is proportional to the change
in rate for that sequence compared
with the parent bke/pADbke. Muta-
tions that enhanced the in vitro ex-
trusion rate are shown above the line
and mutations that depressed it are
shown below the line. The results for
16C are overlaid and dotted so that
they are easily visible. (B and C) Data
from MURCHIE and LiLLEY (1987) and
the pAD mutants, respectively, in the
optimal salt (NaCl) buffer. Mutations
to A/T base pairs tended to enhance
extrusion and mutations to C/G had
the reverse effect. Changes to the
center had the greatest effect, al-
though changes in the peripheral
base sequence were not always insig-
nificant [see 11T in (B) and 10G in
(C)]. The same changes had similar
effects in the two plasmid systems, al-
though mutations to C/G pairs had a
much greater relative effect in
pMS2B. In both instances the 15C
mutation caused extrusion to be un-
expectedly fast. (D) Extrusion in
buffer P (150 mm potassium
glutamate /4 mM magnesium acetate)
for the pAD mutants. This buffer was
selected to mimic physiological con-
ditions. For six out of the eight pal-
indromes, cruciform extrusion in
vitro was found to follow the same
relative order compared with the
plaque area data [evident from the
similar shapes of (A) and (D)]. Plas-
mids pAD10G and pAD13G still ex-
truded slowly compared with pADbke
(A. DavisoN and D. R. F. LEACH, un-
published observations).

inviability was overcome. This led them to argue that the
structure responsible for inviability was dependent upon
interactions between the palindrome arms and did not
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FIGURE 5.—An example of cruciform extrusion at 37°.
pADIIT was incubated in 45 mm NaCl, 10 mum Tris-HCI (pH
7.5), 0.1 mm EDTA, and sampled between 0 and 7.5 min as
shown. Full length linear plasmid DNA is indicated by the let-
ter L. The fragments resulting from T4 endoVII cleavage at the
cruciform are labeled C; and C,.

involve the center. However, CHALKER et al. (1993) were
able to detect increased viability produced by much
smaller asymmetries in long DNA palindromes and con-
cluded that a center-dependent pathway for extrusion
operates, and moreover, that it is independent of E. coli
genotype for the strains studied. ZHENG el al. (1991)
came to a similar conclusion regarding the center-
dependence using a physical assay for cruciforms,
and SINDEN et al. (1991) reported that the stability of
base pairing in the hairpin stem and ease of cruciform
formation affect the deletion frequency. T. ALLERS and
D. R. F. LeacH (unpublished) have recently demon-
strated that long DNA palindromes in A phage adopt a
methylation resistant structure that is consistent the
presence of cruciforms in vivo.

If a center-dependent pathway for the formation of a
cruciform structure exists in E. coli then this predicts
that palindrome-mediated inviability will be particularly
sensitive to the base sequence at the center of the pal-
indrome and progressively less sensitive to more periph-
eral sequence changes. The results reported here are
consistent with this prediction; the data are presented in
Table 1 and Figure 4.

Intrastrand pairing is critical to the viability in sbcC
hosts: The plaque size of the A phage was progressively
less affected by changes further outside the center of the
palindrome, implying that palindrome-mediated invi-
ability is center-dependent. (this effect is evident from
the triangular shape of Figure 4A). Such effects are con-
sistent with the presence of cruciforms in vivo. However,
the effects of base sequence changes on viability do not
correlate with S-type extrusion kinetics at the optimal
salt concentration in vitro. In fact, it was found that
changing GC to AT base pairs (outside the central 2 bp)
increased the plaque size, and vice versa. These results
argue that intrastrand pairing between bases in the pal-
indrome center, as opposed to central melting, is the
major determinant of viability. The effects of sequence
changes on viability can only be interpreted in terms of
DNA melting for the central two base pairs. Thus, the A
phage with a central 5-AT-3" or 5'-TA-3' sequence

(AMDbke, AAD16T) both have considerably smaller
plaques than the comparable phage with a 5'-CG-3" se-
quence at the center (AAD16C, A15C16C). Alternatively,
the differences between these four phages could be ex-
plained in terms of altered loop structure and stability,
rather than DNA melting. The fact that sequence
changes up to 7 bp away from the center have an effect
upon the plaque size (compare AAD10G with AADbke),
suggests that the structure causing inviability may not be
fully stabilized unless the stem is atleast 5-6 bp. Whether
or not cruciform structures are responsible for the ob-
served effects on viability, the results argue strongly for a
role of intrastrand base pairing at the palindrome center.

Cruciform extrusion in vitro in a “physiological”
buffer models in vivo behavior more closely: Cruci-
form extrusion in vitro in a “physiological” buffer mod-
els the effects of long palindromes on A viabilty more
closely than S-type extrusion under optimal salt (NaCl)
conditions. The extrusion reactions in buffer P suggest
that, under these conditions, intrastrand base pairing
(as opposed to DNA melting) becomes relatively more
important in determining the rate of in vitro extrusion.
That it is possible to partly model the viability by cru-
ciform extrusion in vitro provides further evidence that
a cruciform structure may be responsible for the effects
measured in vivo. Itis likely that the added magnesium
is responsible for much of the altered extrusion kinetics
observed since magnesium is known to specifically effect
DNA supercoiling, Holliday junction structure, and
branch migration. However, if palindrome mediated in-
viability is due to the presence of cruciform structures in
vivo, then it will be determined by both the process of
getting there (cruciform extrusion) and staying there
(cruciform stability). Clearly, the cruciform extrusion
reactions model only part of this. Additionally, it is
not possible to rule out the effect of protein-DNA
interactions that might occur as a consequence of
processes such as transcription, replication, or homol-
ogous recombination.

DNA loop structures in vivo may contain only two
residues: Most information on DNA loops has come
from studies of DNA hairpins in vitro. Early reports
suggested that a loop of four residues was normal
(HAASNOOT et al. 1983; HILBERS et al. 1985), but recently
several studies have found evidence for hairpin loops of
only two residues in specific base sequences (Xopo et al.
1988; BLOMMERS et al. 1991; KaLLick and WEMMER 1991;
RAGHUNATHAN et al. 1991). Conclusions on loop size in
the AAD cruciforms can be reached by comparing the
plaque areas of AADbke (0.36 mm?), AAD15C (0.17
mm?), AADI6C (0.70 mm?), and AADI5CI16C (0.46
mm?). AADI15C had the smallest plaques among the
phages constructed, yet its extra CG base pairs were in
positions that would be unpaired in a four residue cru-
ciform loop, and should therefore not have affected
intrastrand pairing to a great extent. Similarly,
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AAD15C16C had CG base pairs at these same positions
in place of the AT base pairs present in AAD16C. It is
noted that the equivalent plasmid palindrome pAD15C
(and the corresponding bke palindrome) also extruded
unexpectedly rapidly in vitro. Furthermore, in buffer P,
both pAD15C and pAD15C16C extruded particularly
rapidly, relative to pADbke and pADI16C, respectively.
MurcHIE and LiLLEY (1987) suggested that this discrep-
ency in their data was due to the alternating purine/
pyrimidine structure (present in pAD15C) reducing the
DNA stability at the center of the inverted repeat. While
this is a possibility, a more likely explanation of the se-
vere effect in vivo is that the DNA loops of the cruciform
structures formed in AAD15C and AAD15C16C contain
two residues only (or were four base loops with some two
base character). The data suggest that the extra CG pairs
in AAD15C and AAD15C16C stabilize the loop structure
in vivo, and therefore contribute to palindrome medi-
ated inviability. This explanation is supported by the
work of BLOMMERS et al. (1989) who implied that the
central sequence 5'-CATG-3’ could theoretically form a
two base loop in a DNA hairpin in vitro. Lowered loop
stability could also explain why AADI16T (5-ATAT-3")
had only slightly smaller plaques than AADbke (5'-
AATT-3") despite the pAD16T palindrome extruding
more rapidly in vitro. The loop of AADbke could be
more stable in vivo because the central sequence was
5'-AT-3’ with the purine in the 5’ position rather than
the reverse (BLOMMERS et al. 1989). A possibility that
cannot be discounted is that the in vivo melting stabili-
ties of dinucleotide base pairs are not identical to the
values that have been determined ¢ vitro. The observed
differences between the palindrome mediated inviability
and cruciform extrusion ¢n vitro may not be surprising in
view of the highly complex environment of the cell.
Implications for cruciform extrusion of naturally
occurring palindromes in wild-type hosts: The results
presented here demonstrate the existence of a center-
dependent pathway of palindrome-mediated inviability
in sbcC mutants, and therefore suggest that a pathway
for cruciform formation exists in vivo. CHALKER et al.
(1993) suggested that cruciform extrusion of long pal-
indromes is not dependent on the sbcC genotype and
therefore that SbcC may act in the processing of cruci-
form structures rather than in their formation. This is
supported by two other observations both arguing that
sbcC may encode a nuclease. The first is that the gam
gene of bacteriophage A (known to encode a nuclease
inhibitor) permits the propagation of long palindromes
via an interaction with sb¢C (KULKARNI and STAHL 1989).
The second is that the SbcC polypeptide is distantly re-
lated to genes responsible for the major exonuclease ac-
tivity of bacteriophages T4 and T5 on host chromosomal
DNA, T4 gp46 and T5 gpD13 (LrACH et al. 1992). Further-
more, it has been shown that shcC mutants do not have an
altered level of intracellular DNA supercoiling (J. LINDSEY

and D. LeacH, unpublished observations).

The implication of the results presented here is that
a center-dependent pathway for intrastrand base pair-
ing, consistent with cruciform extrusion, also exists for
wild-type hosts. At a given threshold length or stability
of intrastrand base pairing the structure may become a
substrate for the SbcC and D proteins. The short range
of the base sequence changes studied here argues that
similar transient reactions are likely to occur in short,
naturally occuring DNA palindromes. However, in these
cases the equilibrium may normally be significantly in
favor of the unextruded conformation for thermody-
namic reasons.

The authors would like to thank Ewa OKELY for expert technical
assistance, ALISON CHALKER for some preliminary experiments, CHRis
JEFFREE for assistance with the image analysis, Bos LLowp for the bac-
terial strain, GERRY SMITH for helpful discussions, and RicHARD HAYWARD
for critical reading of the manuscript. This work was supported by
grants G8707935 CB and G9011717 CB from the Medical Research
Council. A.D. is supported by a studentship from the Medical Research
Council.

LITERATURE CITED

BLomMERs, M. J.].,J. A. L. 1. WALTERs, C. A. G. HAASNOOT, ]. M. A. AELEN,
G. A. vAN DER MAREL et al., 1989  Effects of base sequence on the
loop folding in DNA hairpins. Biochemistry 28: 7491-7498.

BLoMMERs, M. ]. ]., F. J. M. van DE VEN, G. A. VAN DER MAREL, J. H. van
Boowm and C. W. HILBERs, 1991 The three dimensional structure
of a DNA hairpin in solution. Two-dimensional NMR studies
and structural analysis of d(ATCCTATTTATAGGAT). Eur. J.
Biochem. 201: 33-51.

CHALKER, A. F., D. R. F. LEacH and R. G. LLowp, 1988  Escherichia coli
sb¢C mutants permit stable propagation of DNA replicons con-
taining a long DNA palindrome. Gene 71: 201-205.

CHALKER, A. F., E. A. OkeLy, A. DAvisoN and D. R. F. LeacH, 1993 The
effects of central asymmetry on the propagation of palindromic
DNA in bacteriophage lambda are consistent with cruciform ex-
trusion in vivo. Genetics 133: 143-148.

COLLINS, J., 1981 The instability of palindromic DNA. Cold Spring
Harbour Symp. Quant. Biol. 45: 9-416.

Courey, A. J., and J. C. WaNG, 1983 Cruciform formation in a nega-
tively supercoiled DNA may be kinetically forbidden under physi-
ological conditions. Cell 33: 817-829.

Courey, A. }., and J. C. WaNG, 1988  Influence of DNA sequence and
supercoiling on the process of cruciform formation. J. Mol. Biol.
202: 35-43.

DAWN, A., S. MALKHOSYAN, D. DUZHY, V. LYAMICHEV, Y. PANCHENKO ¢! al.,
1991 Formation of (dA-dT), cruciforms in Escherichia coli cells
under different environmental conditions. J. Bacteriol. 173:
2658-2664.

GELLERT, M., K. Mizuuchi, M. H. O’DEa, H. Onmort and J. Tomizawa,
1979 DNA gyrase and DNA supercoiling. Cold Spring Harbor
Symp. Quant. Biol. 43: 35-40.

GiBson, F. P., D. R, F. LeacH and R. G. LLowp, 1992 Identification of
sbeD mutations as cosuppressors of 7ecBC that allow propagation
of DNA palindromes in Escherichia coli K-12. |. Bacteriol. 174:
1222-1228.

Haasnoor, C. A. G., S. H. DEsrUIN, R. G. BERENDSEN, H. G. ]. M. JANSSEN,
T. J. J. BINNENDIK et al., 1983 Structure, kinetics and thermo-
dynamics of DNA hairpin fragments in solution. §. Biomol. Struct.
Dyn. 1: 115-129.

Hieers, C. W, C. A. G. Haasnoor, S. H. DEBRUIN, ]. J. M. JOORDENS, G.
A. VAN DER MAREL ef al., 1985 Hairpin formation in oligonucle-
otides. Biochemie 67: 685-695.

KarLick, D. A, and D. E. WEMMER, 1991 'H NMR of 5'CGCGTATAT-
ACGCG3', a duplex and a four-membered loop. Nucleic Acids
Res. 19: 6041-6046.

KuLkarnt, S. K., and F. W. StasL, 1989  Interaction between the sbcC



368 A. Davison and D. R. F. Leach

gene of Escherichia coli and the gam gene of phage A. Genetics
123: 322-327.

LeacH, D.R. F,, and J. Linnsy, 1986 Iz vivo loss of supercoiled DNA
carrying a palindromic sequence. Mol. Gen. Genet. 204: 322-327.

Leach, D. R. F., and F. W. StaHL, 1983 Viability of lambda phages
carrying a perfect palindrome in the absence of recombination
nucleases. Nature 305: 448-451.

Leacy, D.R. F, R. G. LLoyp and A. F. W. CouLson, 1992 The SbcCD
protein of Escherichia coli is related to two putative nucleases in
the UvrA superfamily of nucleotide-binding proteins. Genetics
87: 95-100.

LitLey, D.M.J., 1980 The inverted repeat as a recognizable structural
feature in supercoiled DNA molecules. Proc. Natl. Acad. Sci. USA
77: 6468-6472.

Liiey, D. M. J., 1981 In vivo consequences of plasmid topology.
Nature 292: 380-382.

Linpsey, J. C., and D. R. F. Lrach, 1989 Slow replication of
palindrome-containing DNA. J. Mol. Biol. 206: 779-782.

Lrow, R. G., and C. Buckman, 1985 Identification and genetic analy-
sis of sb¢C mutations in commonly used recBC sbcB strains of
Escherichia coli K-12. ]. Bacteriol. 164: 836-844.

McCLELLAN, ]. A., P. BOUBLIKOVA, E. PALECEK and D. M. J. LitiEy, 1990 Su-
perhelical torsion in cellular DNA responds directly to environmen-
tal and genetic factors. Proc. Natl. Acad. Sci. USA 87: 8373-8377.

MurcHIE, A. 1. H., and D. M. J. LiLLEY, 1987 The mechanism of cru-
ciform formation in supercoiled DNA: initial opening of central
basepairs in salt-dependent extrusion. Nucleic Acids Res. 15:
9641-9654.

MurcHIE, A. 1. H., R. BowaTER, F. ABouL-E1A and D. M. J. LiLLEy,
1992 Helix opening transitions in supercoiled DNA. Biochim.
Biophys. Acta 1131z 1-15.

PaNayoTATOS, N., and A. FONTAINE, 1987 A native cruciform DNA
structure probed in bacteria by recombinant T7 endonuclease.
J- Biol. Chem. 262: 11364-11368.

PICKsLEY, S. M., C. A. Parsons, B. Kemper and S. C. WEsT, 1990 Cleav-
age specificity of bacteriophage T4 endonuclease VII and bacte-

riophage T7 endonuclease I on synthetic branch-migratable Hol-
liday junctions. J. Mol. Biol. 212: 723-735.

RAGHUNATHAN, G., R. L. JERNIGAN, H. ToDD MILES and V. SASISEKHARAN,
1991 Conformational feasibility of a hairpin with two purines in
the loop. 5->-GGTACIAGTACC-3'. Biochemistry 30: 782-788.

SAMBROOK, J., E. F. FritscH and T. Man1aTis (Editors), 1989 Molecular
Cloning: A Laboratory Manual, Ed. 2. Cold Spring Harbor Labo-
ratory, Cold Spring Harbor, N.Y.

SHURVINTON, C. E., M. M. Stanr and F. W. StaHL, 1987 Large palin-
dromes in the lambda phage genome are preserved in a rec* host
by inhibiting lambda replication. Proc. Natl. Acad. Sci. USA 84:
1624-1628.

SINDEN, R. R., S. S. BROYLES and D. E. PETTIjOHN, 1983 Perfect palin-
dromic lac operator DNA sequence exists as a stable cruciform
structure in supercoiled DNA in vitro but not in vive. Proc. Natl.
Acad. Sci. USA 80: 1797-1801.

SINDEN, R. R., G. ZHENG, R. G. Brankamp and K. N. ArLen, 1991 On
the deletion of inverted repeated DNA in Escherichia coli: effects
of length, thermal stability, and cruciform formation in vive.
Genetics 129: 991-1005.

WARREN, G. J., and R. L. GreeN, 1985 Comparison of physical and
genetic properties of palindromic DNA sequences. J. Bacteriol.
161: 1103-1111.

Xopo, L. E., G. ManziN, F. QUADRIFOGLIO, G. A. vaN DER MaREL and J. H.
vaN Boowm, 1988  Oligodeoxynucleotide folding in solution: loop
size and stability of B-hairpins. Biochemistry 27: 6321-6326.

ZHENG, G., and R. R. SINDEN, 1988  Effect of base composition at the
center of inverted repeated DNA sequences on cruciform tran-
sitions in DNA. J. Biol. Chem. 263: 5356-5361.

ZHENG, G., T. KocHEL, R. W. HOEPENER, S. E. TiMmons and R. R. SINDEN,
1991 Torsionally tuned cruciform and Z-DNA probes for
measuring unrestrained supercoiling at specific sites in DNA
of living cells. J. Mol. Biol. 221: 107-129.

Communicating editor: R. MAURER



