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Summary

Formation of araB-lacZ coding-sequence fusions is
a key adaptive mutation system. Eighty-four indepen-
dent araB-lacZ fusions were sequenced. All fusions
carried rearranged MuR linker sequences between
the araB and lacZ domains indicating that they arose
from the standard intermediate of the well-character-
ized Mu DNA rearrangement process, the strand trans-
fer complex (STC). Five non-standard araB—lacZ fusions
isolated after indirect sib selection had novel struc-
tures containing back-to-back inverted MuR linkers.
The observation that different isolation procedures
gave rise to standard and non-standard fusions indi-
cates that cellular physiology can influence late steps
in the multi-step biochemical sequence leading to
araB-lacZ fusions. Each araB-lacZ fusion contained
two novel DNA junctions. The MuR-/acZ junctions
showed ‘hot-spotting’ according to established rules
for Mu target selection. The araB-MuR and MuR-
MuR junctions all involved exchanges at regions of
short sequence homology. More extensive homology
between MuR and araB sequences indicates potential
STC isomerization into a resolvable four-way structure
analogous to a Holliday junction. These results high-
light the molecular complexity of araB—lacZ fusion
formation, which may be thought of as a muiti-step
cell biological process rather than a unitary biochemi-
cal reaction.
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Introduction

Mu-mediated formation of araB-lacZ coding-sequence
fusions was the first clearly documented example of what
is now called ‘adaptive mutation’, i.e. mutations occurring
more frequently when they are useful in overcoming a
selective challenge (Shapiro, 1984). The idea that fusions
were adaptive in this sense arose because they were initi-
ally observed to form only under selective conditions and
were undetectable during normal growth of the prefusion
culture (Shapiro, 1984; Cairns et al., 1988). However, it
was found that aerobic starvation stress in the absence
of selective substrates was sufficient to induce the forma-
tion of araB-lacZ fusions (Mittler and Lenski, 1990; Maen-
haut-Michel and Shapiro, 1994; Foster and Cairns, 1994;
Sniegowski, 1995). Thus, the term ‘adaptive’ most prop-
erly refers to the physiological responsiveness of the
fusion process (Shapiro, 1995). Each example of adaptive
mutation has its own molecular characteristics. Conse-
quently, it is important to work out the details of mechan-
ism and regulation in several cases before attempting to
draw general conclusions. The araB—lacZ fusion system
ilustrates how a complex series of biochemical events
leading to a specific novel DNA structure can be influenced
by different conditions, and we have argued why this com-
plexity may be typical of adaptive mutation responses
(Shapiro, 1997b). The results reported here extend our
knowledge of the fusion process by indicating additional
molecular intermediates and by suggesting that physio-
logical influences operate at multiple steps.

Fusions creating a functional hybrid araB—lacZ cistron
arose as a result of DNA rearrangements removing all
blocks to transcription and translation between araB
(interrupted by a Mucts62 insertion) and a decapitated
facZYA operon with no promoter and the ochre U118
block to translation at codon 17 (Fig. 1; Casadaban,
1976). Fusion formation required the same gene products
as Mu transposition {Shapiro and Leach, 1990). This obser-
vation, combined with sequence analysis of other Mu-
mediated coding sequence fusions {Shapiro, 1987), led
us to formulate a molecular mechanism for the fusion pro-
cess in which a standard Mu strand transfer complex (STC)
serves as an intermediate (Shapiro and Leach, 1990). The
STC is the branched structure formed when the nucleo-
protein complex (or ‘transposasome’) containing Mu ter-
mini, Mu A protein and the host HU protein attacks a
target sequence and forms covalent single-strand linkages
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Fig. 1. Sequence components of the araB-/acZ fusion system. The series of steps leading from construction of the prefusion strain, in which
an intact Mu prophage separates araB and lacZ, through generation of a strand transfer compiex (STC) at a site downstream of the lacZU118
ochre mutation, to formation of standard and non-standard fusions is based on Casadaban (1976) and Shapiro and Leach (1990). We have
expanded all of the relevant sequence junctions in the prefusion and fusion strains, using the most common junctions for illustration. The
lowercase letters b, m or z above each nuclectide position indicate whether it corresponds to araB (b), MuR (m) or lacZ (z). Note that the
araB—MuR junction in the prefusion strain and the MuR—/acZ junctions in the fusion strains were formed by the Mu transposasome
independently of DNA sequence homology. The araB—MuR junctions in the standard fusions and MuR—MuR junctions in the non-standard
fusion were formed by different processes at regions of short sequence homology.
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between Mu and the target (Shapiro, 1979; Mizuuchi,
1992; Haniford and Chaconas, 1992). The initial steps of
fusion formation in the model are identical to those for
an adjacent inversion, one of the standard intramolecular
Mu-mediated DNA rearrangements which is independent
of Mu B protein and occurs at roughly the same frequency
as Mu transposition to a new genomic location (Shapiro,
1979; Faelen and Toussaint, 1980). The parallel between
the two classes of rearrangement is supported by experi-
ments showing that prefusion strains carrying B~ mutant
prophages have the same fusion kinetics at 32°C as the
standard B* strain (our unpublished observations). The
structure of a single sequenced araB—/acZ fusion agreed
with the predictions of the model (Fig. 1), and polymerase
chain reaction (PCRY) analysis of fusions selected on arabi-
nose plus lactose (AralLac) medium indicated that virtually
all of them fell into a single structural class we called the
‘standard fusion’ (Maenhaut-Michel and Shapiro, 1994).
However, it was a surprise result of the PCR analysis to
discover that fusions isolated by indirect sib selection dis-
played a broader range of structures (generally larger),
indicating a possible difference in fusion mechanism
after liquid medium starvation in the absence of selective
substrates (Maenhaut-Michel and Shapiro, 1994).

In order to investigate the possibility that novel fusion
mechanisms were operating under non-selective stress
or during AralLac selection of mutants strains, we sequenced
the fusions arising under a variety of physiological and
genetic conditions. All fusions contained rearranged MuR
termini and had structures consistent with their derivation
from an STC intermediate (Shapiro and Leach, 1990). The
sib-selected non-standard fusions had two copies of MuR
and retained the original araB—MuR junction (Fig. 1). This
structure indicated a different process of DNA rearrange-
ments occurring after glucose starvation in liquid medium
as compared to what happens on the surface of AralLac

Selected and unselected fusions 1135

selective plates. By examining the MuR—araB junctions
in the standard fusions and the MuR—MuR junctions in
the non-standard fusions, we were able to infer the exis-
tence of two different kinds of intermediates in the con-
version of the STC to a complete duplex fusion.

Results

Woe sequenced araB—/acZ fusion junctions from a total of
86 different fusion clones. Twenty-eight of these clones
were derived from the normal MCS2 parent (20 standard
fusions selected on AraLac plates plus three standard
and five non-standard fusions isolated by indirect sib-
selection after glucose starvation in liquid medium). The
other fusions were selected on AralLac plates from deri-
vatives of MCS2 carrying various prophage or chromo-
somal mutations (Table 1). Mutant prefusion strains
carrying the following lesions displayed dramatically
reduced fusion yields: MuA:miniTn 10 (Shapiro and Leach,
1990), clpP::CM (Shapiro, 1993), cipX::KAN (our unpub-
lished results; cf. Mhammedi-Alaoui et al., 1994), and
clpP::CM gidA2137::miniTn10 (our unpublished results).
From these backgrounds, we picked rare fusions which
arose late on the selected lawns. While we wanted to
see if any fusions had novel structures indicating an alter-
native biochemical fusion mechanism, we knew that rare
fusions could also arise from bypass of the CipPX defects
or from MuA::miniTn 70 cells which had previously under-
gone a miniTn70 excision. The kinetics of fusion colony
appearance from MuA::miniTn 10 cultures were consistent
with such a two-step process. Only one or two colonies
appeared on Aral.ac plates in the first three weeks of incu-
bation, while control (MuA™) cultures produced saturating
levels of colonies (Fig. 2 of Shapiro and Leach, 1990).
However, a number of fusions appeared in clusters around
rare, early fusion colonies in MuA::miniTn 70 lawns during
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Fig. 2. Mu target sites in lacZ. Arrows above the duplex /acZ sequence indicate the six different junction positions where MuR is attached to
lacZ in the 86 araB-lacZ fusions (Table 1). The Mu transposasome makes a five-nucleotide staggered break in the target sequence and
tigates MuR and Mul to each target strand to generate the STC {Shapiro, 1979; Haniford and Chaconas, 1992; Mizuuchi, 1992). The positions
of the MuR ligations correspond to the MuR—/acZ junctions recovered in the araB—lacZ fusions. The positions of the corresponding MuL
ligations are indicated by the arrows below the duplex, even though these junctions are lost in processing of the STC intermediate to a fusion

product (Shapiro and Leach, 1990).
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Table 1. Sequences of novel junction regions in 86 araB—/acZ fusions.

A.

Number of
isolates

Fusions isolated by direct selection on Aral.ac medium from MCS2-

Total=20
12

2

Total=5
2

1

Total=8
8

Total=10
7

1

Total=10
6

3

1

Total=1

Wild type

bbbbbmmmmmmmmmmmmmmmmzzzzzZ2Z2 22222222222
GGTTTTTCGTGCGCCGCTTCACTGGCGTTACCCAACTTA
bbbbbmmmmmmmmmmmmmmnmzz22zZ22Z22222Z2ZZ2Z222
GGTTTTTCGTGCGCCGCTTCACCCAACTTAATCGCCTTA
bbbbbmmmmmmmmmmmmmmmmz Z2222222Z22222
GGTTTTTCGTGCGCCGCTTCAGCCTTGCAGCACATC
bbbbbbbbbbbbbmmmmmmmmzzzzzzzzzzzzzzz
GGTTTAACGGTCGCCGCTTCACTGGCGTTACCCAAC
bbbbbbbbbbbbbbmmmmmmmzzzzzzzzz
GGTTTAACGGTCGTCGCTTCACCCAACTTA

MuA::miniTn710
bbbbbmmmmmmmmmmmmmmmmz 2z 22222 222222222
GGTTTTTCGTGCGCCGCTTCACTGGCGTTACCCAACTT
bbbbbmmmmmmmmmmmmmmmMmz zzZZZ22222222222
GGTTTTTCGTGCGCCGCTTCACCCAACTTAATCGCCT
bbbbbbbbbbbbbmmmmmmmmzzzz2222222222222
GGTTTAACGGTCGCCGCTTCACTGGCGTTACCCAACTT
bbbbmmmmmmmmmmmmmmmnmz 2z 2z 2z 2
GGTTTTTCGTGCGCCGCTTCAATCGCCTT

MuBam A7701::KAN

bbbbbmmmmmmmmmmmmmmmz 2 2222222222222 Z2
GGTTTTTCGTGCGCCGCTTCACTGGCGTTACCCAACTT

clpP::CM
bbbbmmmmmmmmmmmmmmmamz 2222222 22222222222
GGTTTTTCGTGCGCCGCTTCACTGGCGTTACCCAACTTAA
bbbbmmmmmmmmmmmmmmmmmz zz2222222Z222222
GGTTTTTCGTGCGCCGCTTCACCCAACTTAATCGCCT
bbbbbbbbbbbbbmmmmmmmmzzzzzzzzzzzzzz2
GGTTTAACGGTCGCCGCTTCACTGGCGTTACCCAAC
bbbbbbbbbbbbbmmmmmmmmzzzzzzzz2z22z22222
GGTTTAACGGTCGCCGCTTCACCCAACTTAATCGCCT

clpX::KAN
bbbbbmmmmmmmmmmmmmmmmz 22 ZZ22ZZZZZZZZ2ZZ22Z
GGTTTTTCGTGCGCCGCTTCACTGGCGTTACCCAACTTAA
bbbbbmmmmmmmmmmmmmmmmzzZ22222Z2Z2Z2Z2Z2Z
GGTTTTTCGTGCGCCGCTTCACCCAACTTAATCGCCT
bbbbbbbbbbbbbmmmmmmmmz222222z2222222
GGTTTRACGGTCGCCGCTTCACTGGCGTTACCCAAC

clpP, gidA2137:miniTn10

bbbbbmmmmmmmmmmmmmmmmzzZ222Z2222Z2222Z22
GGTTTTTCGTGCGCCGCTTCACCCAACTTAATCGCCT

the fourth week of incubation (our unpublished obser-
vations). Other mutant prefusion strains did not display
significant quantitative effects on fusion kinetics but were
examined to determine if the following prophage or chro-
mosomal mutations influenced the fusion process in cther
detectable ways: B"KANA 7701 prophage, sbcCD, mutS,
or sbcCDmutS. SbcCD affects the replication of DNA
palindromes (Chalker et al., 1988), so sbcCD mutations

could possibly affect the processing of the branched
STC intermediate (Shapiro and Leach, 1990).

The 86 araB—lacZ fusion sequences are summarized in
Table 1. Eighty-four of these fusions were of independent
origin. In two cases, a pair of fusion clones was isolated
from a single sib-selection (Maenhaut-Michel and Shapiro,
1994). Within these pairs, the two clones were identical
and almost certainly arose as siblings rather than as

© 1997 Blackwell Science Ltd, Molecular Microbiology, 23, 1133—-1145



Table 1. Continued.

A.
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Number of
isolates

Fusions isolated by direct selection on AraLac medium from MCS2-

Junction
araB—MuR

Junction
MuR-lacZ

Junction
MuR-MuR

Total=4
3

1

Total=15

1

10

2

2

Total=5

4

1

AsbeCD::KAN

bbbbbmmmmmmmmmmmmmmmmzzzz222z2222222222Z
GGTTTTTCGTGCGCCGCTTCACTGGCGTTACCCAACTTA
bbbbbmmmmmmmmmmmmmmmmz zzZ2222222222222222
GGTTTTTCGTGCGCCGCTTCAATCGCCTTGCAGTCACATC

mutS:miniTn10

bbbbbmmmmmmmmmmmmmmmmz 2z 22Z222222222222
GGTTTTTCGTGCGCCGCTTCACTGGCGTTACCCAACTTA
bbbbbmmmmmmmmmmmmmmmmz Z2zZZ2ZZ2Z2ZZZZ22ZZ2ZZ2
GGTTTTTCGTGCGCCGCTTCACTGGCGTTACCCTAACTTA
bbbbbmmmmmmmmmmmmmmmmz Z2ZZZZZ222222222
GGTTTTTCGTGCGCCGCTTCACCCAACTTAATCTGA
bbbbbmmmmmmmmmmmmmnmmzzzZ22 222222222222
GGTTTTTCGTGCGCCGCTTCAATCGCCTTGCAGTCACA

AsbeCD::KAN mutS:miniTn10

bbbbbmmmmmmmmmmmmMImMnNMzZZZ2Z2222Z2222222222
GGTTTTTCGTGCGCCGCTTCACTGGCGTTACCCTAACTTA
bbbbbmmmmmmmmmmmmmmmmz 22Z2 2222222222222
GGTTTTTCGTGCGCCGCTTCAATCGCCTTGCAGTCACAT

B.

Number of
isolates

Fusions isolated by sib-selection from cultures starved in MM-+glucose

Total=8
3*

1

2*

Wild type
bbbbbmmmmmmmmmmmmmammz 222222222 222222222222
GGTTTTTCGTGCGCCGCTTCAATCGCCTTGCAGCACATCCCCC
bbbbbbbbbbbbbbbbbbbbbmmmmmmmmmmmmmmmmmmmmmmX
GGTTTAACGGTCGTCGCTCGCTGAAGCGGCGCACGAAAAACGC
MMM MMM Z Z Z ZZ 22 2 ZZ 22222222
TTTCGCGTTTTTCGTGCGCCGCTTCACTGGCGTTACCCAACTTA
bbbbbbbbbbbbbbbbbbbbbmmmmmmmmmmmmmmmormmmm ¥
GGTTTAACGGTCGTCGCTCGCTGAAGCGGCGCACGAAAAACG
Juiniiididurninniginia i g i diiidgiaoo g
CGAAAGCTABAGTTTTCGCATTTATCGTGAAACGCTTTCGCG
AR Z 22 22222222
TTTTTCGTGCGCCGCTTCACCCTGGCGTTA
bbbbbbbbbbbbbbbbbbbbbmmmmmmmmmmmmmmmmmmmmm ¥
GGTTTAACGGTCGTCGCTCGCTGAAGCGGCGCACGAAAAACG
Judaiiddduitiuid i gidaiiiddidad st aiddgidisisig
CGAAAGCTAAAGTTTTCGCATTTATCGTGAAACGCTTTCGCG
MMM Z ZZZZZ2Z 2 2
TTTTTCGTGCGCCGCTTCACCAACTTAA

a

Parental

Parental

Parental

Fusions were obtained from the prefusion strain MCS2 and its derivatives ( Table 3) as previously described (Shapiro, 1984; Maenhaut-Michel and
Shapiro, 1994). The junctions were sequenced from PCR products as described in the Experimental procedures. The letters over the nucleotide
designations indicate the presumed origin of each base pair from araB (b), MuR (m) or lacZ (z).The incorrect Ts in the JacZ portion of the sbcCD
and mutS sequences are marked in bold face and are likely to be errors due to sequencing directly on the PCR products.

(*) These isolates contained two probabie siblings obtained from the same sib selection.

independent isolates. We examined these pairs to verify
that fusion structures remained constant during the sib
selection procedure. All fusions contained rearranged
MuR linkers joined to lacZ at six different sites labelled
MuR-/acZ junctions 1 to 6 in the order 5’ to 3’ in the
lacZ sequence (Fig. 2). As the MuR sequence was
originally adjacent to araB in the prefusion strain
{Fig. 1), the presence of a MuR—/acZ junction indicates

© 1997 Biackwell Science L.td, Molecular Microbiology, 23, 1133-1145

the involvement of Mu-transposition functions in the for-
mation of each fusion (Shapiro and Leach, 1990). Taking
the five nucleotides adjacent to MuR in each junction as
the target sequence for the Mu transposasome (Fig. 2),
we find that the three most common junctions fit the estab-
lished target consensus perfectly, and the other three tar-
gets differ at only a single position (Table 2; Mizuuchi and
Mizuuchi, 1993).
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Table 2. Specificity of lacZ target sequences among the 84
independent araB—lacZ fusions.

Junction Pasition (facZ
Target sequence no. nucleotide) Frequency
NYG/CRN
(=consensus)

CCCT*G 1 57 2
CTGGC 2 59 59
CCCAA 3 68 13
CCA*AC 4 69 1

ATCGC 5 77 7
GCCT*T 6 80 2

Mu target sequences in lacZ were identified from the data in Table 1
as described in the legend to Fig. 2. The asterisks indicate deviations
from the consensus established by Mizuuchi and Mizuuchi (1993).

RACGGTCGTCGCTCGC

TGCTCGACTHETTT

(N N R
T
|

FEELEETEEI
TGCTCGACTGGET
| |

TTCGTGCGCCGCTTCA
Frrrrrrrrrrrerel
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PREERR IR rerr ey rend

TGCTCGACTGGTTTAACGGTCGCCGCTTCA
O N R R
ACGCTTTCGCGTTTTTCGTECECCGCTTCA

junction b

TGCTCGACTGGTTTAACGGTCGTCGC
R AR R R AR IR
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R I
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junction ¢
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TGAAGCGGCGCACGAARAACGATTTCGCGTTTTTCGTGCGCCGCTTCA
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junction x
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TGAAGCGGCGCACGAARANCGCGAAAGUTAAAGT TTTCGCATTTATCGTGAAACGCTTTCGCGTTTTTCGTGCGCCGCTTCA
R R R R NN N AR R R R RN RN R RN
ACATCTGTTTCATTTGAAGCGCGAAAGUTAAAGTTTTCGCATTTATCGTGAAACGCTTTCGCGTTTTTCGTGCGCCGCTTCA

| | [ P ereritd

junction y

Among the 80 independent standard fusions, there were
only three different araB—-MuR junctions labelled a, b and
¢ (Table 1). As can be seen from aligning the junction
sequences with the appropriately orientated araB and
MuR parental sequences, the cross-over points occurred
within regions of short homology (Fig. 3). The five non-
standard fusions carried a second inverted copy of MuR
arranged back-to-back with the /acZ-proximal MuR termi-
nus. These secondary MuR copies all maintained the
same araB—MuR junction as the prefusion strain in addi-
tion to the MuR—MuR junction (Table 1 and Fig. 1). There
were two different MuR—MuR junctions, labelled x and y.
Comparison of these junction sequences with MuR in
both orientations showed that the cross-over points also

araB
araB -MuR (junction a)

MuR

araB
araB -MuR (junction b)

MuR

araB
araB -MuR (junction c)

MuR

———» MuR
MuR-MuR (junction x)

~-t+——— MuR

~———— MuR
FLETELEED H i | |
MuR-MuR (junction y)

-s+——— MuR

Fig. 3. Identification of the araB—MuR and MuR—MuR junction regions. Among the 86 fusions, there were only five different novel sequences
upstream of lacZ (Table 1). These are represented by the middle line of each sequence alignment ending with TTCA, the last four nucleotides
of MuR that were attached to different sites in lacZ (Table 1 and Fig. 2). The five novel fusion sequences were aligned at their 3' ends with
MuR (bottom line) and at their 5 ends with either araB for the standard fusions or MuR in the opposite orientation for the non-standard
fusions (top line). Sequence matches are indicated by vertical lines. The parental sources of segments in the fusions correspond to regions of
continuous matches to araB and MuR. Genetic exchanges must have occurred within the boxed homologies where these continuous matches
overlap. The positions of these homologies in the STC intermediate are shown in Figs 4D and 5.

© 1997 Blackwell Science Ltd, Molecufar Microbiology, 23, 11331145



occurred within regions of short homology (Fig. 3). The
short homologies at the five junctions are similar to short
oligonucleotide repeats found at other rearrangement
hotspots (Albertini et al., 1982; Aligood and Silhavy,
1991; Schofield et al, 1992). As discussed below, the
positions of these five repeats in the STC intermediate
suggest mechanistic hypotheses for completion of the
fusion process.

Discussion
Standard fusion structures from mutant cultures

All araB-lacZ fusions contained a MuR-/acZ junction
fitting the established Mu target site preference, indicative
of a role for Mu transposition functions and the STC
intermediate (Tables 1 and 2; Shapiro and Leach, 1990;
Mizuuchi and Mizuuchi, 1993). Thus, even in the mutant
cultures deficient in MuA and ClpPX activity, it seems
that there is only one biochemical mechanism for araB-
lacZ fusion formation. in the ClpPX-deficient strains, the
fusions may have arisen in cells where Mucts62 dere-
pression occurred independently of Clp activity (Geuskens
et al., 1992; Shapiro, 1993) or where MuA protein was
released from the STC independently of ClpX (Mham-
medi-Alaoui et al., 1994; Kruklitis et al., 1996). The possi-
bility of Clp-independent derepression is consistent with
the observation that Mudiac derepression in glucose-
starved colonies can occur in clpP::CM strains if there
is also a gidA:miniTn70 mutation in the chromosome
(Shapiro, 1997a). In addition, M.-J. Gama has observed
Mucts62 derepression in stationary-phase c/pP::CM cul-
tures using /acZ connected to the Mu early promoter (per-
sonal communication). In the MuA::miniTn 70 strains, the
observation that the vast majority of colonies appeared
very late after plating has led us to assume that fusion for-
mation was preceded by miniTn 70 excision to restore MuA
function. This assumption will be tested in the future by
examining MuA deletion mutants for their ability to pro-
duce araB—lacZ fusions. We saw no effects of sbcCD or
mutS mutations on fusion kinetics or structure.

Specificity of Mu target selection in lacZ

The MuR~/acZ junctions were highly specific: only six dif-
ferent /lacZ target sequences were found in 84 indepen-
dent fusions, and there were only 4 different targets in
the 78 fusions selected directly on AraLac plates (Table
1 and Fig. 2). Atleast two independent factors contributed
to this ‘hot-spotting’: (i) the selection for growth on AraLac
plates demanded in-frame fusions within a restricted
sequence window of /acZ, and (ii) the Mu target site selec-
tion process is non-random. Of the six /acZ target sites,
three accounted for 79/84 fusions (94%) and matched

© 1997 Blackwell Science Ltd, Molecular Microbiology, 23, 1133-1145
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the NYG/CRN consensus defined previously for Mu target
selection in vitro (Mizuuchi and Mizuuchi, 1993). Note that
the previously published fusion sequence (Maenhaut-
Michel and Shapiro, 1994) and 59/84 (70%) of the fusions
presented here all shared a single /acZ consensus tar-
get-CTGGC at position 59 (Tables 1, 2 and Fig. 2).
The three non-consensus lacZ targets were found in
only five fusions, all but one of which was isolated by
sib-selection. It is likely that broader target specificity
resulted from relaxed demand for high B-galactosidase
activity in the sib-selection procedure applied to glucose-
starved liquid cultures when compared to selection from
surface lawns for growth on Aralac medium. However,
we cannot yet exclude a difference in the target selection
process under these very distinct stress conditions.

Non-standard fusion structures

Our most striking result was to find a major difference in
the structure of non-standard fusions which could explain
our previous PCR resuits (Maenhaut-Michel and Shapiro,
1994). This difference was the presence of a second copy
of the MuR terminus in the linker region between the araB
and /acZ domains of the fused coding sequence (Fig. 1,
Table 1). The araB-proximal MuR sequence always main-
tained the prefusion strain araB-MuR junction sequence
at position araB1236 (Fig. 1).

Like the standard fusion, the non-standard fusion struc-
ture appears to arise from a branched STC intermediate
following limited DNA replication from the MuR terminus
(Fig. 4; Shapiro and Leach, 1990). It should be recalled
that the Mu strand transfer process forms a potential repli-
cation fork at each end of the Mu genome (Shapiro, 1979;
Haniford and Chaconas, 1992; Mizuuchi, 1992). To account
for the inverted copy of MuR in standard fusion structures,
we postulated limited leading-strand synthesis at MuR fol-
lowed by strand slippage or cutting and patching (Fig. 4A;
Shapiro and Leach, 1990). To account for the back-to-
back MuR copies and the maintenance of the original
araB—MuR junction in non-standard fusion structures,
we only need to invoke one of two mechanistically plau-
sible variations of our original model: (i) leading and lag-
ging strand synthesis followed by cutting and patching
(Fig. 4B), or (ii) template strand switching at a repeated
sequence, as is postulated to occur in DNA palindromes
(Fig. 4, C and D) (Leach, 1994).

Formation of MuR-araB and MuR—MuR junctions

Our earlier molecular model for fusion formation did not
address the mechanistic details of resolution of the
branched STC intermediate (Shapiro and Leach, 1990).
The sequence data provide some clues to that process
in the form of the MuR-araB and MuR-MuR junctions in
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the standard and non-standard fusions (Table 1 and
Fig. 3). Ninety per cent of the standard fusions share
MuR-araB junction ‘@’ (Table 1, Figs 3 and 5). The
cross-over point occurs within a 4bp GTTT homology
(Fig. 3). The other seven standard fusions have MuR—
araB junctions of types ‘b’ or ‘¢’ which have cross-over
points within the directly repeated sequences CG and
CGCT, respectively (Fig. 3). These short homologies may
represent the reassociation targets in strand-slippage
reactions (Leach, 1994) or may indicate that the cutting
and patching process involves a staggered cleavage/reli-
gation reaction, such as the kind of two-site DNA gyrase
reaction postulated to account for deletions and plasmid
integrations in phage \ (lkeda, 1994; Shapiro, 1985). How-
ever, the symmetrical positioning of the three cross-over
points with respect to the original MuR—araB junction
and the existence of significant inverted homology between
the MuR and araB sequences suggest an alternative
explanation for the origin of all the standard fusions. It is
possible to envisage isomerization of the three-way
branched STC to a four-way branched structure reminis-
cent of a Holliday junction (Fig. 5; Leach, 1994). This
structure, when extruded to various extents, places the
three cross-over points exactly at the branch points,
where they could be cleaved and religated by a Holliday
junction resolving nuclease such as RuvC and DNA ligase
(Kowalczykowski ef al., 1994; West, 1994). Full extrusion
of the structure places the most frequently used cross-over
point ‘a’ at the junction point (Fig. 5). It will be interesting to
test the effects of ruvC mutations to see whether they alter
the frequency or structures of araB—lacZ fusions and to
compare these effects with those observed in the /ac33
adaptive reversion system (Harris et al., 1996; Foster et
al., 1996).

Among the five non-standard fusions, there are only two
different MuR—MuR junction sequences. Junction x occurs
within an inverted 6 bp homology of nucleotides 17-22
and 32-27, and junction y occurs within an inverted 9bp
homology at nucleotides 20—28 and 63-55 (Fig. 4D). Addi-
tional interrupted homologies flank the cross-over regions
(Fig. 3). The homologies at positions 17—-22 and 20-28
correspond to the R1 MuA protein binding site at nucleo-
tides 17-27; the 32—27 homology is located within the
region spanning the R1- and R2-binding sites; the
63-55 homology corresponds to the inverted R3 MuA

protein-binding site at nucleotides 5666 (Fig. 4D; Craigie
et al., 1984). While the structures of the two MuR-MuR
fusion junctions are compatible with either of the two
mechanisms postulated to explain the back-to-back
structure (Fig. 4, B and C), it is worth noting that the
non-standard fusion structures all fit the predictions of
the strand-switching model proposed to explain partial
deletions of extended DNA palindromes (Leach, 1996).
This model predicts that the MuR arm connected to lacZ
will always be longer than the arm connected to araB
because strand switching occurs in the region already
unwound by leading strand replication (Fig. 4, C and D),
and this is exactly what we observe.

Significance of standard and non-standard fusions
arising from different selection protocols

It is not obvious why non-standard fusion structures shouid
only be detectable after sib-selection. Direct plating of
glucose-starved cultures on AralLac medium produced
an overwhelming majority of standard fusion structures.
We considered the possibility that the sib selection proto-
col may require lower levels of hybrid araB-lacZ expres-
sion, but reconstruction experiments showed that many
sib-selected non-standard fusions were sufficiently com-
petitive in terms of their growth rates to have emerged
from direct selection on plates (Maenhaut-Michel and
Shapiro, 1994). The inverted MuR linkers can be expected
to introduce inhibitory secondary structure into the mRNA,
and we do find that many non-standard fusions have
reduced (but still significant) levels of arabinose-induced
B-galactosidase activity. The five non-standard fusions
we sequenced (including two pairs of siblings) had induced
levels of 839 and 727, 1333 and 1247, and 419 units com-
pared to 1859 and 2019 units in the two standard fusions
that were also detected by sib selection and sequenced
(Maenhaut-Michel and Shapiro, 1994). Other non-standard
fusions had induced B-galactosidase levels ranging from
306 to 3046 units (Maenhaut-Michel and Shapiro, 1994).
With regard to the possibility of poor B-galactosidase
expression from non-standard fusions, it should be noted
that our earlier PCR data (Maenhaut-Michel and Shapiro,
1994) as well as the concordant sequencing of sibling
clones reported here demonstrate that there is no change
in the structure of non-standard fusions during growth on

Fig. 5. Mechanism for STC processing to standard fusions by a process similar to Holliday-junction resolution. The araB—~MuR junction
sequences a, b and ¢ form part of an imperfect inverted repeat in the STC comprising MuR and the adjacent araB sequence. The symmetric
disposition of these repeats suggests that the three-way STC junction may isomerize to a four-way junction as illustrated. Perfect homology at
the base of the junction would allow it to fold into a stacked X configuration (Duckett et al,, 1988) allowing limited trans-junction DNA synthesis
from the 3’ hydroxyt in JacZ. Such limited polymerization would favour stability of the four-way junction by removing mismatches in the arm
attached to /acZ and ensure that no junctions could be resolved with araB sequences fused directly to /acZ. The long Mu arm and the short
mismatched araB-MuR heteroduplex arm could then be removed by nuclease action, possibly by a Holliday-junction resolving enzyme that
would cleave diagonally (as indicated by the large arrows), followed by ligation.
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AralLac plates. Such changes would have been expected if
strains carrying these DNA structures were disadvantaged
on selective medium.

There are two key differences in the alternative selec-
tion procedures: one is that sib selection demands that
fusions be completed in liquid culture, and the other is
the presence of arabinose and lactose substrates in the
direct selection on AralLac plates. It is therefore possible
that some unknown physiological input either of surface
growth or the presence of selective substrates (e.g. induc-
tion of araB transcription) could influence the post-STC
biochemical events needed to complete construction of
an active duplex araB—facZ fusion. While it may seem
unnecessarily complicated to postulate physiological regu-
lation after STC formation, it is important to keep in mind
that fusion formation is a complex cell-biological process
of many steps, not a single biochemical reaction. (Fig. 1).
The biochemical complexity presents multiple potential
targets for physiological regulation, and there is now evi-
dence in the araB—lacZ system for physiological influ-
ences at more than one step of the DNA rearrangement
process. We can demonstrate that Mu prophage derepres-
sion by itseif is not a sufficient condition for fusion forma-
tion to occur and that one or more starvation-dependent
events are required for derepressed prefusion cells to
produce araB-lacZ clones (G. M.-M., M.-J. Gama, A.
Toussaint and J. A. Shapiro, in preparation). Genetic
results suggest that one of these events may be inhibition
of Mu B function as a consequence of activating the cAMP
catabolite response system. Inhibition of Mu B would pre-
vent lethal prophage replication and facilitate processing
of the STC intermediate to standard and non-standard
fusions by the mechanisms indicated in Figs 4 and 5.
The observation that non-standard fusions only appear
under certain regimes is one piece of evidence showing
that culture conditions can influence which DNA rear-
rangement mechanism is used. In this case, we postulate
that strand-switching is favoured by extended starvation
in liquid. These results fit the view that Escherichia coli
possesses a wide repertoire of natural genetic engineer-
ing capabilities, that these capabilities can he combined
in various sequences to produce particular DNA struc-
tures, and that they can be differentially activated in
response to the many environmental and physiological
situations encountered in bacterial life history (Shapiro,
1997b).

Experimental procedures
Bacterial strains and culture conditions

Microbiological and fusion selection methods have been
described previously (Shapiro, 1984; Maenhaut-Michel and
Shapiro, 1994). The bacterial strains from which araB—lacZ
fusion clones were isolated are listed in Table 3.

Table 3. Bacterial strains.

Strain Genotype Reference
MCS2 F~ thi A(laciPOZYA- Shapiro (1984)
argF)U169 fla relA
rpsLaraD139
araB::+Mucts62:]\p209
MCS1330, MCS2 MuA2098::miniTn10 Shapiro and Leach
MCS1366 (1990)
MCS1731-34 MCS2 AclpP::CM Shapiro (1993)
MCS1865 MCS1731 Shapiro (1997a)

gidA2137::miniTn10
MCS1888-98 MCS2 cipX::KAN Mhammedi-Alaoui
et al. (1994)

MCS81960-65 MCS2 MuBam1066 Faelen (1987)

A7701::KAN
MCS1966-73 MCS2 MuBam5176 Faelen (1987)
A7701::KAN
MCS1974-80 MCS2 MuBam7154 Faelen (1987)
A7701::KAN
DL 943 MCS2 sbcCD::KAN Blake (1996)
DL 944 MCS2 mutS::miniTn10 Blake (1996}
DL 945 MCS2 sbcCD::KAN Blake (1996)

mutS:miniTn10

These prefusion strains were all derived from MCS2 by P1 transduc-
tion and selection for the appropriate antibiotic-resistance marker.

DNA technoiogy

DNA extractions and PCR ampilifications of fusion junctions
with primers ara7 and lacé were performed as described pre-
viously (Maenhaut-Michel and Shapiro, 1994). With this pair
of primers, DNA fragments between 0.5 and 0.65kb are
obtained on DNA containing araB—lacZ fusions (Maenhaut-
Michel and Shapiro, 1994). PCR fragments were cloned in
the Promega pGEM-T vector system. Fusion junctions were
sequenced either directly off amplification products using
the US Biochemical Sequenase PCR product sequencing kit
or off cloned fragments by the Sanger method using ara7
as the primer.
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