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SUMMARY

The formation of plasmid multimers by homologous
recombination can greatly reduce the heritable stability
of the natural multicopy plasmid ColE1. ColE1 carries a
. 250 bp site (cer) which, when present in directrrepeat (as
in a ColE1 dimer) efficiently resolves plasmid multimers
to momomers. cer-mediated monomerisation is strongly
correlated with an increase 1in p1asm1d4stab111ty; Current
.evidence suggests that ColE1 segregates randomly .at cell
division, and that  cer-dependent monomerisation ensures
stability by increasing the number of 1ndependent1y
segregating plasmid copies (Sherratt et al, 1984; Summers
and Sherratt, 1984). A |
' The 250 bp cer site is the‘on1y ColEt1 sequence
required for cer site4specific recombination. ColE1 does
not appear to encode any proteins necessary for cer
recombination. Two E. coli chromosomal genes (xer genes)
absolutely required for recombination at cer have been
isolated and characterised (stirling et al, 1988a; 1988b;
1989). One of these (argR) encodes the arginine repressor
which binds to cer in the presence of L-arginine. The
other (xerB) had not yet been characterised when this work
. began.
| Evidence 1is presented here whidh shows that xerB
corresponds to pepA, encoding aminopeptidase A. The
nucleotide sequence has'been extended 5’ of pepA and
potential pepA promoter sequences have been identified.
The sequence has also been extended 3’ of pepA, as far as
valS, the gene encoding valyl-tRNA synthetase. Between
pepA and valS is an open reading frame capable of encoding
a po]ypeptide of molecular mass 13 kDa. : A

The procedure developed by St1r11ngv(1987)'was'used"
to select further xer mutants. One of these carried a
mutation in a preVious]y unidentified gene, xerc. The xercC
gene was isolated and mapped to 85 minutes, between the
genes dapF (encoding diaminopimelate epimerase) and uwvrD
(encoding DNA helicase II). The nucleotide sequence of
xerC and the flanking regions was determined. This
revealed that xerC is capable of enboding a brotein of
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molecular mass 33.8 kDa. This protein has substantial
~amino acid sequence similarity to the 1ambda integrase
family of s1te-spec1f1c recomb1nases XerC is abso1ute1y
required for recombination at cer and also for
recombination at a variant cer site which does not require
either ArgR or PepA for recombination. This, and the
similarity to the lambda integrase family, suggests that
XerC 1s the recomb1nase that acts at cer.

The nuc1eot1de seqguence’ a]so revea1ed the presence of
an open reading frame (orf235) of 235 codons between dapF -
and xerC, and another open reading frame (orf238) of 238
codons between xerC and uvrD. Tn5 and mini Mu 1nsertiohs
upstream of xerC, within either dapF or orf235, are polar
on the expression of xerC. This suggests that dapF,
orf235, xerC and orf238 are all expressed on the same
mRNA, from the dapF promoter. | B '

Fina11y, a ge1 binding assay was deVepred-to assay'
for binding of XerC to the cer site. This assay was used
to follow the partial purification of XerC from a xerC
over expressing E. coli strain. The gel binding assay was
also used to show that XerC binds specifically to the
croesover region of cer DNA. |



CHAPTER ONE

INTRODUCTION



1.1 General introduction

Bacterial plasmids are extra—chromosbmaTlheredjtary
elements, capable of autonomous replication and étabie
maintenance within their host. Most bacterial plasmids are
found as covalently closed, circular DNA molecules.
Plasmids encode a variety of phenotypic traits which
include drug resistance, resistance to metal ions,
"productioh>of'éhtérctbxﬁhs,qpdeuction of bacteriocins and
altered sensitivity to mutagens (Bkoda, 1979). Plasmid
encoded traits can confer a $e1ective advantage, under
certain environmental conditions, to their bacter1é1,host.

Plasmids encode functiohs required for stable plasmid
maintehance; including replication and partition functions
(Nordstrom and Austin, 1989). Some plasmids also encode
systéms capab1e of ki]ling plasmid—freéusegregants~(Gerdes
et al, 1985; Ogura and Hiraga}A1983b);'Together; these
functions ensure that naturally occurring plasmids are
“lost only rarely from groWihg cultures. Additionally, some
plasmids carry conjugation or mobilisation genes which
allow horizontal transfer of plasmid molecules from hoSt
to host.

Naturally occurring plasmids range in size from under
5 kbp to over 100 kbp and their copy number ranges from
one to hundreds per host cell. In geneha], large plasmids
are present at low copy number and small plasmids are
present at higher copy number. Plasmid rep]icétidn is
tightly controlled at the level of initiation to maintain
a constant copy number. The plasmid sequences responsible
for this regulation are usually contained within a small
region of the plasmid, consisting of a replication origin
(ori) and replication control functions. After initiation
of replication at the origin, host enzymes take over to-
complete plasmid replication. '

1.2 Stable plasmid maintenance

The various plasmid functions that ensure stable
plasmid maintenance are reviewed by Nordstrom and Austin
(1989). There are two requirements that must be fulfilled
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for a plasmid to be stably maintained at a constant copy
‘number in all the cells of a population. The first of
these is that plasmid replication keeps pace with host
rep1ication.'Copy number cbntro1 mechanisms ensure this.

The second requirement is for the segregation of plasmid

copies to both daughter cells at cell division. As long as
both daughter cells receive at least one plasmid molecule
at cell division, the copy number control mechanism can
 compensate for any deviation from the normaT copy:numbef.

1.2.1 Copy number control mechanisms

In all cases so far characterised, control of plasmid
rép]ication is carried out by a negative feedback 1loop,
such that if plasmid copy number is too high, replication
initiation is ﬁhhibited, and if the copy number becomes
too low replication initiation is stimulated. This
negative feedback is mediated by plasmid encoded
repressors of 1initiation which provide a measure of
plasmid copy number via gene dosage. This repressor can be
a small RNA molecule (eg RNAI of ColEi1 (Tomizawa et al,
1981) and CopA of R1 (Stougaard et al, 1981)), a small
protein (eg Rop of ColE1 (Tomizawa ahd Som, 1984) and CopB
of Rt (Molin et al, 1981)) or a series of DNA repeat
sequences in the plasmid origin region which apparently
titrate out plasmid initiation factors (eg the replication
origins of F (Tolun and Helinski, 1981) and P1 (Chattoraj
et al, 1984)). | "

1.2.2 Partition of plasmids at cell division

Plasmids can either be partitioned randomly at cell
division or they can be actively partitioned. For low copy
number plasmids, with oh1y one or two copiés-per host
chromosome, a random partition mechanism would result in
the production of plasmid free cells at a very high
frequency. '

The low copy number plasmids F (Ogura and Hiraga,
1983a), R1 (Nordstrom et al, 1980) and P1 (Austin and
Abeles, 1983) have active partition systems. These



~systems all consist of‘a cis-acting site and two trans-
acting Par proteins (Fig 1.1; reviewed by Austin‘énd
Nordstrom, 19890). The SopB protein of F has been purified
and binds specifically to the incD (sopC) partition site
of F (Mori et al, 1989). ParB of Pi has also been purified
and binds specifically to the P1 par sité (Davis and
Austin, 1988). One or both of the Rt Par proteins

probably binds to the R1 par site. The par sites of these

plasmids are probably reCogniséd by a combination of
plasmid-encoded partition proteins and host proteins.
Segregation "machinery"” probably then acts on pairé of
plasmids, to place one member of the pair into each
daughter cell. |

There is no evidence for the active partition of high
copy number plasmids such as ColE1. The available evidence
 is'consistent with the random partition of such p]asmidé
at cell division (Durkétz'and Shefratt, 1973; Summers and
Sherratt, 1984). If this is the case, then plasmid-free
segregants should be produced with a probability of p1=n
per cell division, where n is the number of independent]y
segregating plasmid units. ColE1 has an estimated copy
number of 30 at cell division (Timmis, 1981). Therefore,
provided that plasmid copies are free to ségregate
individually, ColE1 shou]d produce plasmid—-free segregants
with an expefimenta11y undetectable frequency of

1.9 x 10”2 per cell division. As predicted, ColE1 does not . ..

produce plasmid free cells at a detectable frequency.
Paradoxically, many'comhon multicopy cloning vectors
(derived from the ColE1 related p1ésmid pMB1) have a
higher copy ‘number than ColE1 but are less stable than
ColEi. Summers and Sherratt (1984) showed that this
instability is correlated with the formation of plasmid
multimers by homologous recombination. Strainsvwhich
produce large numbers of multimers 1ose'mu1t1¢opy plasmids
at a faster rate than strains which produce few multimers
(Summers andVSherratt, 1984). Copy nhumber control
mechanisms effectively count plasmid replication origins,
so multimers are maintained at a lower copy humber than
monomers (Summers and Sherratt, 1984). This:reduces the
number of independently segregating units and thus
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- P1 l =
parA par8 incB
(pars)
46 47 48 49kb
F Il | | | :
. scpA incD
v (scxC)
0 1 2kb |
R1/NRT ——L ' L ]

[ — )

(incA) 36k/stbA stk8

Figure 1.1 Genetic organisation of the par regions of the
plasmids F, P1 and R1/NR1. Arrows indicate open reading
frames for essential partition proteins. Open boxes show
the regions containing the cis acting partition sites.
(Taken from Nordstrom and Austin, 1989.)



' increases the probability of producing plasmid-free cells.
| ColE1 contains a sequence (cer) of approximately 250
bp, which, when present in direct repeat on a single
plasmid (as in a ColE1 dimer), acts»as a substrate for
site-specific recombination. This 'site-specific
recombination efficiently resolves plasmid multimers to
- monomers and ensures stable inheritance of ColE1 (Summers
~.and, Sherratt, 1984). '

The cer site can stabilise the c1on1ng vectofs pucs
and pACYC184 when present in cis (Suhmers and Sherratt,
1984). This stabilisation is correlated with an increase
in the proportion of monomeric plasmid forms present
(Summers and Sherratt, 1984). Site-specific recombination
at cer is highly directional; cer-mediated intermolecular
fusion occurs at 10”4 - 107% times the frequency of
_inﬁramolecuﬁar deletion (D. Summers, pers} comm. ).

Many other plasmids antain ana1090us,‘p1asmid—‘
stabilising, multimer réso]utionvsystems. The plasmids
ColK (Summers et al, 1985), CloDF13 (Hakkaart et al,
1984), pMB1 (Greene et al, 1981), ColA (Morlon et aZ,
1988), pNPT16 (P. Strfke, pers. comm.) and ColIN (Kolot,
1990) contain recombination sites with extensive sequence
similarity to ColEl1 cer (Fig 1.2). The plasmid R1 also
contains a p1asm1d—stébilising recombination site which is
similar to cer only in the crossover region (Clerget,
1984; Fig 1.2). Most, if not all plasmids carry a site-
specific_recombination system capable of resolving p]asmid'
multimers. Many of these systems utilise a plasmid-encoded
recombinase and a recombination sité with no sequence
similarity to cer, eg Lox acts at cre on P1 (Austin et al,
1981), a resolvase acts at the R46 per site (Dodd and
Bennett, 1986; 1987), the D-protein acts at rfsF on the F
plasmid (Lane et al, 1986; O’Connor et al, 1986). o

1.3 Site-shécific recombination

Site-specific recombination reactions are catalysed
by proteins known as recombinases. These proteins bind
specifically to pairs of recombination sites and propab1y
bring them together by protein—protein'andvbrofein-DNA

5
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interactions. The recombinase then catalyses recombination
by strand cleavage, exchange and religation. In contrast
to homologous recombination, there is no requirément for
extensive homology in thevrecombining siteé. In general, .
the recombinase gene is found adjacent to the
recombination site at which the recombinase acts.

Site-specific recombination sites are generally
asymmetrical. This asymmetry 1is retained in the
recombinaiion reaétioﬁ, ié the left hand side of one site
is joined to the right hand,v31de of the other and vice
versa. Therefore recombination between sites in inverted
repeat leads to inversion, whereas recombination between
‘directly repeated sites leads to deletion. Recombination
between sites on different DNA molecules can also occur
- and leads to fusion of the two molecules.

-Site-specific reCombinatidn carries out a variety of
different functions in bacterial systems. These include:
the integratidn and excision of temperate bacteriophage
into/from the host chromosome, the resolution of
cointegrate structures formed by transposition of type II
transposons, control of gene expression by inversion of
‘small DNA segments, and plasmid-stabilising
monomerisation (reviewed by Sadowski, 1986). Site-specific
recombination also occurs naturally 1in a eukaryotic
system: FLP mediated inversion in the Saccharomyces
cerevisiae 2-micron plasmid provides a plasmid-
stabilising amplification property (Volkert and Broach,
1986). Many siteéspecific kecombinatioh ksYstems are being
studied in vitro, fo]]owing-the lead of Nash (1975) with
the lambda integrase system.

Site-specific recombination systems fall into two
classes, identified both on the basis of sequence
similarity amongst the recombinases and the mechanism of
the recombination reaction. These two classes, the
resolvase/invertase class and the Int class, are discussed
separately below.



1.4 The resolvase/invertase class of recombinases

The members of this family can be further subdivided
into the resolvases and the‘inVertases, The resolvases are

responsible for reso]utidn-of transposon‘cbintegrate‘f'

structures and are also involved in plasmid stabilising
monomerisation (eg R46 per). The resolvases of Tn3 and
gamma—-delta are the best studied. These two enzymes and
their recombination sites are interchangeable, and results
obtained with one system ére generally app]icab1é téythe'
other. The resolvases have been reviewed by Hatfull and
Grindley (1988), Stark et al (1989b) and‘Sherraﬁt (1989).
The DNA invertases Gin and Cin invert segments of DNA to
alter the expression of tail fibre genes in-phage Mu and
P1 respectively. Hin inverts a promoter cpntaining
Chrbmoéoma1 DNA segment to bring about antigenic phase
varﬁation in S. typhimurium. Pin-mediated inversion in the
defective et4 viral element of the E. coli chromosome has
an unknown function. The four 1nvértases Gin, Hin, Cin and
Pin and their recombination sites are all interchangeable
(reviewed by Glasgow et al 1989).

THe recombination site for Tn3 resolvase (res) is
approximately 120 bp long and contains 3 dyad-symmetric
sub-sites (I, II, III; see Fig 1.3) which are each
‘thought to bind a resolvase dimer (Grindley et al, 1982;
Kitts et al, 1983). Recombination occurs only at the
centre of sub-site I (Reed, 1981), but the accessory sub--
sites II and III are required for recombination (Grindley
et al, 1982). The recombination sites for the DNA
invertases are 26 bp long, have dyad symmetry and are
probably bound by invertase dimers (Mertens et al, 1988;
Fig 1.3). Strand cleavage occurs at the centre of these
26 bp sites (Klippel et al, 1988a). |

Tn3 res siteskare only recombined efficiently if they
are present in direct repeat on the same, supercoiled
DNA molecule (Kitts et al, 1983). The only protein
required for recombination is resolvase. The invertase
recombihation sites, on the other ' hand, are only
recombined efficiently if they are present in inverted
repeat on a supercoiled DNA molecule. A copy of the
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b) TTATIAA
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Figure 1.3 Structures of recombination sites required for
Tn3/gamma-delta resolvases and the DNA invertases. _
'A) Resolvase and 1invertase binding sites are
represented as open boxes with arrows 1nd1cat{ng the
imperfect dyad symmetry. Lengths of binding sites are
given in arabic numbers.
B) Sequence of the centre of the invertase recombination
site gix and sub-site I of res. The positions of
cleavage by the recombinase proteins are shown as
staggered lines. The position at which the recombinase
' becomes covalently attached are shown.



enhancer site (sis), on the same DNA molecule, is also
’lrequired. for efficient recombination (Kahmann et al,
‘41985);‘Thefhostwprotein.Fis, which binds to the enhancer
site, is required along W1th\the'DNA'1nvertase for
efficient inversion (Kahmann et al, 1985). '

The resolvases and invertases are sma]]bproteins
(about 180 amino acids) with a high degree of sequence
similarity (Fig 1.4). They contain two structural domains;
a C-terminal domain of approximately 40 amino acids is
largely responsible for sequence specific DNA binding
activity (Abdel-Meguid et al, 1984), the N-terminal domain
is thought to contain the catalytic site and to be
responsible for protein - protein interactions.

-Recombination reactions catalysed by resolvases and
1nvertaseskare mechanistically very similar. Putative
intermediates have been isolated which contain double
strand breaks at'thé centre'of ' the recombination site
(Reed and Grindley, 1981; Klippel et al 1988a; Johnson and
Bruist, 1989). These have a staggered 2 bp cut, with an
overhanging 3’0H end and a recessed 5’ end which 1is
covalently attached to the .recombinase protein by a
phospho-serine linkage (Fig 1.3B; Reed and Moser, 1984;
Klippel et al, 1988a). An absolutely conserved serine
residue, near to the N-terminus of the reso]vase/invertase
proteins,‘appears to be  the cata]ytic'residue which
becomes l1inked to the DNA (Hatful and Grindley, 1986;
Klippel et al, 1988a). | o

The DNA invertase - and resolvase - catalysed
vhecombination'reabtions take‘p1ace with specific
topologies (Fig '1.5)} Invertase-catalysed recombination
normally produces unknotted circles, with.a Tinkage change
of +4 (Kahmaan et al, 1987; Kanaar et al, 1988).
Resolvase-catalysed deletion normally produces a specific
(-2) catenane with a +4 linkage change (Wassermah and
Cozzarelli, 1985; Boocock et a7; 1987). It is proposed
“that strahd exchange can take place only after the
formation of specific inter-wrapped synaptic complexes.
Once the synapse haS’formed, strand exchange probably
occurs by concerted cutting, simple rotation through 180°
and re-ligation of the DNA (Fig 1.6).

The differences 1in selectivity and topo1ogy of the



active
\ )

™ MR

1000 MRILFGYARVSTSQ
6 MRILFGYARVSTSQ
™1 MTGQR|I-GYIRVSTFD
TE01 MQGHR|II-GYVRVSSFD
™01 MSRVFAYCRVSTLE
pIPUOY MLIV-GYARVSTEE
™17 M-{IFGYARVSTDD
Hin MATI-GYIRVSTID
Gin MLII-GYVRVSTND
Pin MLII-GYVRVSTND
Cin MLII-GYVRVSTNE
™3

Thiooo

RTV-<-DRNVVL-
RKI--DRDAVL-N
RIT--DRNSVL=-AL
KSLSSERIAELRQR
KALSDEQAATLRQR
SALNEEQQLTVIAR
RN-DKADTVGLLYR
KLSIDLAL-KMYD
NKHEQEQISRLLE
TKAEWEQAGRLLA
TPEQWAQAGRLIA
Q

S
S
R
P
P
P EETWQQMRRLLE

K
KG
AL
KL
KL
KY

geeeegggggggz §§8§§g§§§§

Figure 1.4 Alignment of predicted_amino acid sequences of
of the resolvase and
site-specific recombinases.

helix-turn-helix motif 1is indicated,

members

[FGYARVSTSQ

site

SLDI|QIRAUKDAG--VKANRI E{G
SLDIJQVRAUYKDAG--VKANRI] K|G
SLDINQIKQUKEAG-=-VKASRI K|G
NPER|Q---4~=-LEG=-=VKVDRA P1Q
NPER|QQ==~~LEQ=-~TQVSKYV P1Q
TTENQRR EAAGFAIRPQRU P|G
SLNRIQIDMUIVDYG--VDKRNI HQ
NLSUQIDAUTHTG-~I-~-DKLI Q
NIDL|QRN TSAN--<~CDRI| G
NTDLIQRNALIVCAG~-~-~-~CEQI PIG
NTDLIARN NCAG--~-CELI RIPIG
NTAL|QRN ESAG-=-<~CELT KK ~=AE{RPIG
RRIOL
QRIL
RRIL
AUIR
ALHR
D 4yL|
D LS
DIINI
ELQV
EUNI
ELUIV
EURv
IJAHQLSI(AR KILEDERAS
IISKTMNI|AR KVINESN
IIARRLYIIAR KILEDESRVNL
UAREFQIISR QYLRTDQ
LIAREFNIISR QYLRTDD
IAREFNTITR RVKAGQQSS
IVKQTQLUSR RVLNDLKLK
EYSIRNQILDASK|LK RYLNKRYA
HPRQQLAIIFQIIGY RYFPASSIKKRMN
IPRKQVIALIYDVIAL KKHPAKRAHIENDDRIN
TPRQKIVIAIIYDVGV KRFPAGDK
IPRKQVIAIIYDVAY KKFPASSFQS
FGOTKITIAKDLGVfQSAINKAIH

helix 1

helix 2

DNA invertase

DLLRMKVEEGDIVILVKK
DLLRMKVEE[GD[VILVKX
DLLRMKXVEE[GDIVTLVKK
EALISFART|GDITVVVHS
EALLSFVREGDTVVVHS
IRLLDRMENGDIVLIVTK|

DKMIDELQEGDITVIITDL

EEMINLLREGDSVVIYK|
KRALKYVNK|GDITLVVHK

=
m
=
o

]

DMARAXCZTRTTwZ X
= munmm
RR=A»00

NGNS

DO0QAQAUUNA»>QO00
20 020X 00NN

family of

The putative DNA binding
is the presumed
active site serine. (Taken from Sherratt, 1989)

as




resolvase

Edid

Figure 1.5 Topology of reactions catalysed by the
resolvases and the DNA invertases. Resolution catalysed by
resolvase goes via a -3 synapse and produces a simple
(-2) catenane as shown. Inversion by the DNA invertases
produces an unknotted circie and goes via a -2 synapse as
shown. The -3 synapse between res sites may be stabilised
by inter-wrapping of sub-sites II and III around
resolvase. The -2 synapse in the inversion redactions may
be stabilised by Fis/enhancer interactions as shown. '



Figure 1.6 The “simb]e rotation” model for strand

exchange. The DNA is drawn as a ribbon, and recombinase-ﬂv.u

monomers are shown as stippled ellipses.



recombination reactions catalysed by resolvases and
invertasgs{can be'accounted for by the different
topo]ogies'réduired for strand exchange. Resolution
reactions occur Via a -3 synapse (Fig 1.5). This synapse
is thought to be stabilised byvthé binding of resolvase to
' the inter-wrapped accessory sub-sites II and III (Fig
1.5; Stark et al, 1989%a). The inversion reactions go via a
-2 synapse, which is thoughtlto be stabilised by
interactions between the Fis protein and the enhancer site
(Fig 1.5; Bruist et al, 1987; Kanaar et al, 1989).

1.5 The lambda integrase class of recombinases

The second category of site-specific recombinaées are
related to 1lambda ihtegrase, and can be collectively
,termed the "Int" fami1y. They have a large number of
biological functions, ranging from phage integration and
excision (eg lambda, Phi80, 186 Int proteins; see Thompéon
and Landy, 1989 for a review), regulation of E. coli
fimbrial antigens by dinverting a small promotér—containing
DNA segment (FimB and FimE; Klemm, 1986; Dorman and
Higgins, 1987), transposon cointegrate resolution (TnpI of
Tn4430; Mahillon and Lereclus, 1988), plasmid stabilising
inversion (FLP of the yeast 2 micron plasmid; Volkert and
Broach, 1986), and plasmid stabilising monomerisation (Cre
of P1; Austin et al, 1981; Abremski et al, 1983 and the D
protein of plasmid F; Lane et al, 1986; O’'Connor et al,
1e86). | R o

Recombination systems belonging to the Int class are
distinguished from the resolvase/invertase systems by the
kf011ow1ng: _ '

i) Proteins of the Int fam11ybconta1n two regions
(domains 1 and 2) of amino acid similarity, although FLP
has no match to domain 1 (Fig 5.10; Argos et al, 1986). '

'5i)vThefrecémbinase becomes covalently linked to a
recessed 3’ phosphate via a phospho-tyrosine linkage. The
active site tyrosine is contained within the conserved
domain 2 (Pargellis et al, 1988; Gronostajski and
Sadowski, 1985a; Prasad et al, 1987; Wierzbicki et al,
1987). | g e -



iii) Recombination occurs via a Holliday Jjunction
intermediate (Pargellis et al, 1988; Jayaram et al, 1988;
Hoess et al, 1987). '

iv) The Int fam11y;appéars'fo‘have'somewhat less
topological selectivity and specificity than‘the
resolvases and invertases. In most systems, the
recombinase can catalyse deletion, inversion and fusion

reactions. (Pollock and Nash, 1983; Gronostajski and
Sadowski, 1985c; Abremski et al, 1983). Lambda Int - and
FLP - cata]ysedvrecombination appears to take place after
random collision of recombination sites. Reactiohs
catalysed by'these enzymes yield multiply catenated
deletion products and muitiply knotted inversion products
(Pollock and Nash, 1983; Beatty et al, 1986). Cre, on the
other hand appears to use a'reaction_mechahism which
‘exludes interdomainal supercoils from the synapse, and
yields main1y free circ]es and simple catenanés as.
deletion products (Abremski et al, 1983).

The Int family of recombination systems can be
divided into the minimal systems (eg FLP/FRT and Cre/ lox),
which have simple sites and require only the recombinase
protein, and the complex systems (eg Tlambda and related
phage integrases) which have complex sites and require
accessory proteins as well as the recombinase.

1.5.1 Lambda integration and excision

Lambda integration and excision has been extensively
studied both in vitro and in vivo (reviewed by Landy,
1989: Thompson and Landy, 1989). There are two pathways of
recombination, one for phage integration and one for
excision. The integrative pathway recombines attP'(POP’)
with attB (BOB’) to form attL (BOP’) and attrR (POB’), and
requires the phage-encoded Int protein as well as the
host-encoded IHF. The excisive pathway recombines attlL
with attR to reform attP and attB, but is not the reverse
of integrative recombination. It requires Int, IHF and the
phage-encoded Xis protein and is stimulated by the host-
encoded Fis protein. By regu]ating the expression of Xis,
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lambda can favour either integration or excision to suit
its 1ife cycle.

The attP site (240 bp) is complex, consisting . of 13
different binding sites for the four proteins (Int IHF,
Xis and Fis) 1nvo1ved in lambda integration and excision
(Fig 1.7; Bushman et al, 1984; Thompson et al, 1987).
Int, IHF, Xis and Fis take part in various competitive and
cooperative interactions in binding to their sites within
" attP (Bushman et al, 1984; Thompson et al,  1987). |

Strand exchange occurs at two core-type Int b1nd1ng'
sites in attP. These core-type sites are arranged in
inverted repeat, fTanking a 7 bp spacer. Ihtvmakes
transient nicks at the’boundaries of this Spaeer
region,kand becomes covalently linked to the 3’ end of the
DNA via a phospho-tyrosine 1linkage, leaving a free 5’
protrud1ng OH. (Fig 1.7; Craig and Nash 1983; Pargellis et
al, 1988). ' ’

The attB site is comparatively simple, consisting of
twofcore~type Int binding sites flanking a 7 bp spacer
(Fig 1.7). The attB sequence is identical to the attP
sequence for 15 bp in a region which includes the 7bp |
_spacer. Lambda Int makes staggered nicks in attB8 1in
positions that correspond to the staggered nicks in attP
(Fig 1.7; Craig and Nash, 1983).

Int binds to a second class of sequences within attp,
the arm-type binding sites (Fig 1.7). The Int protein
contains two separate domains responsible for b1nd1ng to
the two classes of site. Proteolytic cleavage of Int
produces an N-terminal fragment of 7.5 kDa which binds
specifically to the arm-type sites and a C-terminal
proteolytic fragment of 32 kDa which binds to the core-
type sites (Moitoso de Vargas et al, 1988). The C-terminal
fragment retains some catalytic (topoisomerase and
Holliday junction resolution) activity (Moitose de Vargas
et al, 1988).

Integrative recombination requires supercoiling of
attP (Mizuuchi and Mizuuchi; 1979). Supercoiling of attP
is thought to favour the assembly of an inter-wrapped
nucleoprotein structure containing Int and IHF (Richet et
al, 1986). This "intasome" is thought to c¢capture .an

11
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- unbound attB8 site, after which recombination occurs
" (Richet et al, 1988). The binding of IHF to sites within
attP bends the DNA sUbStahtia]]y (Thompson and Landy,
1988) and is thought to help in the formation of the
inter-wrapped intasome structure. ‘ _' L L

Excisive recombination does not require supercoiling
and is stimulated by Fis and Xis. Xis and Fis are.
postulated to a play a similar role to IHF, helping to
assemble specific nuc]eoprdtein structures required for
excisive recombination but'inhibitingvintegrative
" recombination. | '

Int catalyses recombination via two independent
strand exchange reactions (Fig 1.8). The first of these
forms a Holliday structure which is then converted to
complete recombinant'by a second strand exchange. The
first piece of evidence for this came from the observation:
of Hsu and Landy (1984) that lambda Int can resolve
artificial Holliday Jjunction 1intermediates. The presence
of all four core-type Int binding sites is all that is
required for this activity. Further evidence came from
studying the reactions of suicide substrates with either a
nick (Nunes-Duby et al, 1987) or a phosphorothioate (Kitts
and Nash, 1988) in the 7 bp spacer region. Presumed
recombination intermediates, containing Holliday junctions
and covalently bound protein-DNA comp1exes, accumulate
when these suicide substrates are incubated with Int.
" These experiments were used to show that strand exchange
occurs in a specific order. First, the top strands (as
drawn in Fig 1.8) are cut, ekchahged and re-ligated. This
is followed by Holliday Jjunction branch migration,
requiring homology in the spacer region. The reaction is
completed by cleavage, exchange and re-ligation of the
bottom strands. The order of these cleavages appears to be .
governed, not by the asymmetry of the core regions, bUt by
the asymmetric arrangement of proteins bound to the P and
P’ arms (Kitts and Nash, 1988).
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Figure 1.8 Proposed mechanism for lambda integration.
Top strands are exchanged first (A), followed by Holliday
junction branch migratioh (B) and bottom strand exchange
(C) to yield recombinant.



1.5.2 FLP and Cre recombination

FLP and Cre catalyse recombinatibn by a nmchahism
very similar to that used by lambda Int (see Cox, 1989 for
a review of FLP and comparison to Cre). The conserved
tyrosine of both these proteins appears to be involved in
cata]ysis'of recombination. An intermediate has been
isolated, in which the recombination site DNA is
cha]ent1y linked to the consérved (domain 2) tyrosine of
FLP (Gronostajski and Sadowski, 1985a; Jayaram, pers.
comm.). Mutation of the domain 2 tyrosine in Cre leads to
a protein with wild type DNA binding activity but no
recombinase activity (Wierzbicki et al, 1987).

The recombination reactions appear to go via Holliday
junction intermediates (Jayaram et al, 1988; Hoess et al,

.1987). Homology between thé spacer regions of the two

‘participating sites is required for efficient
recombination (Seneéoff and Cox, 1986; Hoess et al, 1986).
This homology is probably required for branch migration
of the Holliday junction across the spacer region.

The recombination sites for FLP and Cre are much
simp]er'than the lambda att sites. The 7Tox site of P1
contains two 13 bp Cre binding sites (corresponding to the
core-type sites of Tlambda att) flanking an 8 bp spacer
(Fig 1.9; Hoess and Abremski, 1985). Cre cleaves the Jox
site to leave a 6bp staggered cut, with a freekprotruding
5’0H and a recessed 3’ phosphate covalently Tinked to the
recombinaée.(Fig 1.9; Hoess and Abremski; 1985). The FRT
site consists of two 13 bp FLP binding sites flanking an
K bp'Spacer, but has an additional 13 bp FLP binding site
located at one side (Fig 1.9; Andrews et al, 1985). Only
the two inverted‘13 bp repeats are absolutely reduired~
for FLP-mediated recombination (Gronostajéki and’
Sadowski, 1985b).‘FLP'c]eaves the FRT site to leave an
8 bp staggered cut with a protruding 5’0OH and a recessed
3’ phoéphate covalently linked to the recombinase (Andrews
et al, 1987)

Neither FLP or Cre require supercoiling of their
substrates, and both enzymes can carry out both
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attB AGCCTGCTTTTTTATACTAACTTGA
TCGGACGAAAAAATATGATTGAACT

attpP GTTCAGCTTTTTTATACTAAGTTGG
CAAGTCGAAAAAATATGATTCAACC

i

oxP ATAACTTCGTATRATGTATGCTATACGAAGTTAT
TATTGAAGCATATTACATAQFQTATGCTTCAATA

| '
FRT GAAGTTCCTATACTTTCTAGAGAATAGGAACTTCGGAATAGGAACTTC
CTTCAAGGATATGAAAGATCT9TTATCCTTGAAGCQTTATCCTTGAAG

Figure 1.9 The sequences of crossover sites for lambda
integrase (att sites), Cre (loxP) and FLP (FRT). Each
site is cleaved on either side of a spacer region (core)
by their respective recombinase. FRT and loxP contain
inverted repeat sequences. ' '



intermolecular and intramolecular (deletion and inversion)
recombination events (Vetter et al, 1984; Abremski and
Hoess, 1984). ' -

1.6 The xer genes

~ The only ColE1 sequence required for cer site-
specific,recombination'is the 250 bp cer site. The small
size of cer and the absence of any Cod1ng regioh cdnserved
between cer and related recombination sites suggested that
cer does not encode a site-specific recombinase. This led
to the proposal that host encoded'functions (xer genes for
chromosomally encoded recombinase) act at cer to bring
about site-specific recombination (Summers et al, 1985).

A scheme was therefore devised to select for mutants
defective in genes required for cer recombination
(stirling et al, 1988a). The selection procedure used the
pseudo-dimeric plasmid pKS455, which contaihs two directly
repeated copies of cer flanking a chloramphenico]
resistance marker (cat). Site-specific recombination
between the cer sites of pKS455 produces two. circles, and
effectively isolates the cat gene from the plasmid
replication origin (see Fig 4.1). Thus, pKS455
transformants of wild-type E. coli strains are
chloramphenicol sensitive. Mutagenised populations were
transformed with pKS455 and xer mutants were selected by
virtue of their resistance to chloramphenicol (Stirling,

1988a). ' ‘

A total of 11 1independent xer mutants were 1isolated
from Tn5 mutagenised populations (Stewart, 1986; Stirling,
1987). This collection of mutants was used to clone the’
wild type xer genes by complementation. This revealed that
the 11 mutants fell into two different compliementation
groups. Two mutants were defectivé in XerA, and the other
nine mutants were defective in xer8. The xerA gene was
mapped to 70.5 minutes (Stirling et al, 1988b) and the
xerB8 gene was mapped to 96.5 minutes (Stirling et al,
1989) on the E. coli chromosome. Both genes have been
over-expressed and their gene products purified to near:
homogeneity. |
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The nucleotide sequence of the xerA gene was

- determined and shown to be identical to the sequence of

argr, encoding the arginine repressor (stirling et al,
1988b; Lim et al, 1987). The arginine repressdr (along
with its co-repressor L-arginine) is a'negativevregulator.
of genes 1nvoTved’in arginine biosynthesis (see Glansdorf,
1987 for a review). ArgR binds to operator sites within
the promoters of the argihine biosynthetic operons,
repressing 'transoribtiqn; These operators each contain
two copies of a 1oose1y'consérved‘(dyad symmetric) 18 bp
| Arg box. There are also two copies of the Arg box'upstream'
of the argRr gené, overlapping with one of the'argR
promoters. ArgR binds to these sequences in vitro (Lim et
al, 1987; G. Szatmari, pers. comm.) and it seems 1likely
that synthesis of argR is autoregulatory.
The cer site contains one copy of the 18 bp Arg box
(Fig 1.2), to which ArgR has been shown to bind in vitro
(stirling et al, 1988b; G. Szatmari, pers. comm.). This
binding is absolutely dependent on the presehce of L-
arginine. However, it is likely that intracellular Tlevels
of L-arginine are high enough under most physiological
conditions for most cellular Arg boxes to be bound by'
ArgR. The ArgR binding site 1in cer 1is 1located
approximately 100 bp from the crossover site in cer and
overlaps with a promoter within cer (Fig 1.2). However,lit
seems unlikely that the requirement for ArgR 1in cer
recombination simply reflects a need to repreés
transcription from this_promoter;’Théfbinding of ArgR to
_this'site in cer cdu]d be involved in the assembly of a
higher‘order'protein—DNA Comp]ex, necessary for normal cer
site-specific recombination. o
The predicted XerB amino acid sequence displays no
sequence similarity to any known recombinase. At the time -
work .on this thesis began, no insight had been gained into
the role of XerB in cer recombination.

1.7 The cer site

The functional cer site was originally defined to a.
282 bp Hpall - Tagl fragment from ColE1, Qoordinate373687—
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. 3969 on the sequence of Chan et al (i985) (Summers and
Sherratt, 1984).ATwQ directly repeated copies of this
fragment are all thaf;is‘required for efficient site-
specific recombination. Many other plasmids contain
regions with similar sequences that also serve as
substrates for monomerisng site-specific recombination
(Fig 1.2). |

' 'The crossover site of cer was initially mapped by
seqUencing the hybrid produced by recombination between

ColEt1 cer end the similar ckr site from ColK. This showedwvu

that recombination occurred within a 35 bp region close to
the right hand end of cer, between ColE1 coordinates 3907
and 3942 (Summers et al, 1985). Sequence comparison of the
related multimer resolution sites suggest that the right
hand boundary of cer is probably at about coordinate 3940,
where there is an abrupt sequence - d1vergence between
ColE1, pMB1 and CloDF13 (Fig 1.2). '

Exonuclease III deletions into the 282 bp Hpall -
Taql fragment, from the Hpall end, were used to define the
left hand boundary of the cer sequence. Deletion
derivatives of cer were assayed for their ability to
resolve plasmid dimers. Deletion as far as coordinate 3733
left a 233 bp site (D3733) which retained full cer
function (Summers and Sherratt, 1988)} Deletion of a
further 4 bp (D3737) reduced the efficiency of dimer
resolution and when a further 11 bp was removed (D3748)
.;é11 dimer reso]ut1on act1v1ty was lost (Summers and
Sherratt 1988).

.The cer sequence can be divided into three regions on
the basis of sequence similarity to other cer-1ike sites
(Fig 1.2). The region between eoordinates 37383 and 3793 is
poorly conserved among the cer related sites. The region
between coordinates 3794 and 3906 is more highly
conserved. The crossover region between 3907 and 3942 of
cer is the'most high]y'conserved. A recombination site
from R1 shows sequence similarity only to the crossover
region of cer (Fig 1.2; Clerget, 1984).

The least conserved region, between coordinates 3733
and 3793 is only required 1in one copy for cer
recombination. Although D3748 did not recombine with
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another copy of the same site, it did recombine with a
full length cer site. Progressive deletions as far as
coordinate 3793 gradually reduced the efficiency with
which recombination between de1eted'ahd'fu11 Tength sités
occurred (Summefs and Sherratt, 1988). Deletion as far as
coordinate 3800 produced a 169 bp site which did not
recombine with a full length cer site (Summers and
Sherratt, 1988).

: 7A1thodgh the sequence of the left hand boundary
region of cer is not well conserved, all of the cer-like
sequences contain AT rich and GC rich sequences which
alternate with a periodicity of approximately 10 bp. It
has been shown that AT rich sequences preferentially 1lie
with their minor grooves on the 1inside of bends and GC
rich sequences preferentially lie with their minor grboves
on the outside of bends dn-the.nu¢1ebsome core (Drew and
Travers, 1985). It has been suégested that the nucleotide
sequence of the left hand boundary regioh of cer 1is not
important per se, but that its ability to bend to follow a
specific curved path is all that is important for cer
recombination (Summers and Sherratt, 1988). In cer the
function of the left hand boundary region can in part be
performed by an unrelated sequence which fortuitously
contains alternating AT rich and GC rich sequences in the
correct position (Summers and Sherratt, 1988).

The region between coordinates 3794 and 3906 is
highly conserved among the cer-like sites and is required
in both recombining partners. This region contains a
promoter which directs transcription towards the crossover
region. Transcription from this promoter does not appear
to be essential for cer recombination. A mutation which
reduces transcription from this promoter by approximate1y_
60 fold has no effect on cer fecombination’(Summeré and
Sherratt, 1989). The role of transcription in cer site-
specific recombination and plasmid maintenance remains
unclear. , ,

Overlapping with the promoter 1is an 18 bp Arg box
sequence, to which ArgR binds in vitro, in the presence of
L-arginine (Stir11hg"et al, 1988b). The D3800 deletion,
which is the first deletion to abo1ish recombination with
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a full length cer site, removes part of this Arg box,
suggesting that the Arg box is required in both
recombinihg partnehs. ArgR binding to the Arg box in . cer.
may serve to bring two copies of cer together in a higher
order synaptic complex. ’

| In order to map the crossover site of cer more
accurately, a‘p1asm1d was constrUcted_that contained a
copy of the C1oDF13 parB site in direct repeat with a
ColE1 cer site. Recombination occurred at:]ow frequency'to
produce two classes of hybrid cer-parB Site_(Summers,
1989). Both classes of hybrid appeared to have been
produced by a recombination event that took place within
the previously defined crossover region (Fig 1.10).

The two classes of hybrid have quite different
properties. The class I hybrid behaves exactly like a
wild-type cer site, resolving multimers in a XerA and XerB
‘dependent fashion (Summers, 1989). |

The class II hybrid, though differing from the class
‘I hybrid only by the deletion of 2 bp in the crossover
region'(Fig T.10), supports both intermolecular and
intramolecular recombination (Summers, 1989). Plasmids
chtaining the type II hybrid rapidly form a mixture of
multimeric forms in E. coli (Summers, 1989). Furthermore,
recombination - at thé type II hybrid does not require the
products of either the xerA or the xerB genes. A1l1]
sequences necessary for xerA, xerB independent
recombination at the type II hybrid 1lie within a 50 bp
FM1uI - TéqI fragment (Summers,v1989). This fragment
‘contains the previously defined crossover region of cer,
but excludes the flexible left hand region and the ArgR
binding site. In the presence of ArgR and XerB, the full
length type II hybrid retains some bias towards
intramolecular recombination. However, if either xerA or
xerB is defective, or if the 1left hand (Arg box-
contajning) region of cer 1is missing, this bias towards
intramolecular recombination is rembved. It appears that
ArgR, Xeerand the upstream region of cer act together to
impose intramolecular directionality on cer recombination.

Because the type II hybrid can recombine 1in the
absence of ArgR‘and XerB, and because neither XerB or ArgR
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show amino acid similarity to any known recombinasé, it
séemedklikely that neither was the cer recombinase. It
therefore'seemed probable that at Jeast one moré~gene
required for site-specific .recombination at cer (encoding

the recombinase) remained to be discovered.
Project aims
The aims of the broject were:

1) To <characterise the cloned xerB gene further and
investigate its function. ‘

2) To isolate further xer mutants with mutations 1in new
xer genes,. in.the hope that the recombinase gene could be

identified.’

3) To isolate and characterise any new xer gene(s).
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CHAPTER TWO

MATERIALS AND METHODS
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- Table 2.1

Strain
AB1157

DS902 (AB2463) -

DS903
DS941
DS947
DS9563
DS9566
JM101

TG1
CSH50
JC7623

CGSC4311 (KL226)

CSX3
CcsX17
HOM38b

PS6
SC1
sc2

- 8C3
sc4
SC5
SC6
-8C7
scs
SC9
sc10
sc11
sc12
sC13

(DS887)

(DS981)

Bacterial Strains

‘Genotype _
~ thr-1, 1éuB6, hisG4,
ara-14, /\(gpt-proA)62, argE3,

thi-1,

galK2, supE44, xyl1-5, mti-1,
tsx-33 lacY1l, rpsL31
AB1157, but recAi13

v AB1157, but recFi43

DS903, but lacz/AM15, 1acI9
DS903, but AlacI-lacz, sup®
DS941, but sup®

DS941, but xerAS (argR::fol)
supk, thi, [ﬁ(]ac,proA,g),
F’(traD36, pro A,B,
lacz/AM15 laci9)

JM101, but hsdD5

~ ara, A(lac-pro), thi

AB1157, but recBC, sbcBC
relA1, tonA22, pit-10, spoTil,
ompF627, Hfr PO2A of Cavalli
DS903, but xerA3 (argR::Tnbs)
DS941, but xerBi1 (pepA::Tn5)
DS941, but pepA7 (spontaneous
Val-Leu-NH, resistant mutant)
DS941, but xerC2 (xerC::Km")
DS941, but xercCt '
CGSC4311, but xerCt

Y30

JC7623, but dapF .
JC7623, but orf235 Y13
JC7623, but xerC Y17
JC7623, but orf238 Y2
DS941, but dapF Y30

DS941, but orf235 Y13
DS941, but xerC Y17
DS941, but orf238 Y2
CSH50, but xerC Y17
CSH50, but AfimB-fimH
SC12, but xerC Y17

Source/reference

Bachmann 1972

. Sherratt =
Sherratt
Sherratt
Sherratt:
. Sherratt
~Sherratt
Yanisch-Perron
et al, 1985

O O O O o O

J. Gibson
R. Kahmann
C.-Richéud'
B. Bachmann

C. Stirling v

C. Stirling
H. O’Mara
P. Sykora

This work
This work

C. Richaud
C. Richaud
C. Richaud
C. Richaud

This work

I. Bloomfield
This work
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- Table 2.3 Bacteriophage

- Phage : Description » Source/Reference
Plyc Generalised transducing phage . M. Masters

A NK467  Suicide vector for Tn5 mutagenesis N. Kleckner
'M13mp18 Cloning vector derived from M13 Yanisch~-Perron et al 1985
M13mp19 Cloning vector derived from M13 " " e
mSDC1  M13mp18 + HindIII fragment from pCS110 This work Ch. 5

- mSDC2 M13mp18 + HindIII fragment from pCS110 " -
'mSDC3 M13mp18 + BamHI-EcoRI fragment from pCS110 " "
mSDC4 M13mp18 + HindIII-BamHI fragment from pCS110 - " o
mSDC12 M13mp19 + 1.2 kbp Bg1II fragment from pSDC100 " "
mSDC13 ~ M13mp18 + HindIII-EcorI fragment from pSDC103 " o
mSDC14 M13mp19 + HindIII-EcoRI fragment from pSDC103 " "
mSDC15 - M13mp19 + 389 bp BgiII fragment from pVMK42 - "
mSDC16 >M13mp19 + 389 bp BgllI fragment from pVMK42 - " "
mSDC17  M13mp19 + HindIII-BamHI fragment from pDF3 Y13 " "
mSDC18  M13mp19 + HindIII-BamHI fragment from pDF3 Y17 " "
mSDC19‘ M13mp19 + HindIII-BamHI fragment from pDF3 Y2 " T

. mMAS1 M13mp18 + 252 bp Pstl fragment from pSDC102 A. Sutcliffe
mAS2 M13mp18 + 252 bp PstI fragment from pSDC102 A. Sutcliffe
mMB19.2  M13mp19 + PstI-Sau3A and Sau3A fragments ~ M.Burke
from pSDC102

mMB19.3 M13mp19 + PstI-Sau3A and Sau3A fragments M. Burke
from pSDC102 o '



2.1 Bacter1a1 strains. The derivatives of Esherichia coli
K- 12 used are listed in Table 2. 1. The der1vat1ves of
Salmonella typh1mur7um LT 2 used are listed in tab]e 3.1.

2.2 Plasmids. The plasmids used and constructed in this
- study are listed in Table 2.2.

2.3'Bacteriophage; The bacteriophage used and constructed
~in this study are listed in table 2.3.

2.4 Chemicals.

CHEMICALS ” SOURCE
General- chemica1s, b1ochem1ca1s BDH, May and Baker,
and organic so1vents ’ ;*" Sigma
Media - ' Difco, Oxoid
Agarose BRL
X-gal, IPTG |  BRL
Radiochemicals NEN
10 x restriction enzyme buffer BRL, Boehringer

' | Mannheim
Nucleotides | Boehringer Mannheim
Antibiotics Sigma

2.5 Proteins.

Restriction and DNA ' BRL, Boehringer
modification enzymes | - Mannheim, Pharmacia

2.6 Culture media.
L Broth: 10 g tryptone, 5 g yeast extract, 5 g NaC1, made
up to 1 1itre.ir1,qisti11ed water and adjusted to pH7.5

" with NaOH.

L Agar: as L Broth with the addition of 15 g/1 agar.
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4 x Davis and Mingio]i minimal salts (D&M salts): 28 g
. K2HPO4, 8 g KH2P04, 1 g sodium c1trate, 0 4 g MgSO4H20
made up to 1 litre in distilled water. :

Minimal agar: 25 ml D&M salts, 75 ml 2% agar in distilled
water; supp]emented with 0.2% glucose, 20 ug/ml thiamine
(vitamin B1) and amino acids as necessary.

Phage buffer: 7 g Na,HPO,, 3 g KH,PO,, 5 g NaCl, 0.25 g
MgSO,, 15 mg CaCl,.2H,0 and 1 ml 1% gelatin made ‘up to’
1 litre in distilled water.

2.7 Sterilisation. All growth media were sterilised at
120°C for 15 minutes; supplements and buffer solutions at
108°C for 10 minutes and Ca012 at 114°c for 10 minutes.

2.elBuffer solutions.
Electrophoresis

10 X E buffer: 242g Tris, 82g sodium acetate, 18.6g
Ma,EDTA.2H,0, made up to 5 litres in tap water, adjusted
to pH 8.2 with glacial acetic acid.

10 x TBE buffer: 109g Tris, 55g boric acid, 9.3g
Na,EDTA.2H,0, made up to 1 litre in distilled water; pH is
~8.3. (For sequencing gels, an alternative was used: 121.1g
Tris, 55g boric' acid, 9.3g Na,EDTA.2H,0, made up to
1 litre in distilled water)

single colony gel loading buffer: 2% ficoll, 1% SDS, 0.01%
bromophenol blue, 0.01% orange G in buffer E.

Polyacrylamide gel loading buffer: 1% ficoll, 0.1% SDS,
0.02% orange G, 0.01% bromophenol blue in distilled water.

4 x Horizontal agarose gel 1loading buffer: 25% sucrose,

and 0.01% bromophenol blue in distilled water. SDS (0.5%)
and/or protease K (0.2 mg/ml) were added when necessary.
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Protein gel running buffer: 144 g Glycine, 30 g Tris base
made up to 1 litre. After dilution, 10 ml of 10% SDS was
added to every.1>11tre_of running buffer.

Protein sample buffer: 5% SDS, 50% Glycerol, 0.01%
bromophenol blue and 50mM Tris-HC1 (pH6.8) made up to 5%
beta-mercaptoethanol immediately prior to use.

Buffers for DNA work -

10 x restriction buffers: as supplied with restriction'
enzymes. ' ‘ '

5 x ligation buffer: supplied by BRL.
1 x TE buffer: 10mM Tris/HC1, 1mM EDTA; pH 8.0.
20 x SSC: 3M NaCl, 300mM trisodium citrate.

EDTA: 200mM solutions of EDTA were made up and titrated
with NaOH to a pH of 8.0.

10 x S1 buffer: 1.1 ml of 3M KOAc (pH 4.6), 5 ml 5M NaC1l1,
-5 ml glycerol, 30 mg ZnSO4.

10 x Nick translation buffer: 0.5 M Tris-HC1 (pH7.5),
50 mM MgCl,, 100 mM beta-mercaptoethanol, 250 ug/ml BSA.

- 50 x Denhardts solution: 5 g Ficoll, 5§ g polyvinyl-
pyrrolidone, 5 g BSA made up to 500 ml with H20;

Phenol: A11 phenol used in the purification of DNA

contained 0.1% 8-hydroxyquinoline and was buffered against
0.5M Tris-HC1 pH8.0. |
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2.9 Antibiotics. The antibiotic concentrations used
throughout for both liguid and plate selection were as

follows:
Antibiotic -~ stock solution Selective
concentration

Ampicillin (Ap) 5 mg/ml (water) 50 ug/ml
Tetracycline (Tc) 1 mg/ml (10mM HC1) 10 ug/ml
Chloramphenicol (Cm) 2.5 mg/ml1 (ethanol) 25 ug/ml
Kanamycin (Km) 2.5 mg/ml (water) 25 ug/ml
Streptomycin (Stf) 10 mg/ml1 (water) 100 ug/ml

A11 stock solutions were stored at 4°cC. ,
Antibiotics were added to molten agar which was precooled
to 55°C.

2.10 Indicators. X-gal (5-bromo¥4—ch1oro—3—1ndb1y1-B—D—
galactoside) was used in conjunction with the host strains
Ds941 and JM101 and the pUC and M13 vectors, providing a
screen for plasmids with inserts in the polylinker region.
Clones. containing inserts were generally white; clones
Tacking inserts were blue. X-gal (40mg/ml in DMF) was
stored at -20°C and added to L agar'to a final
concentration of 20ug/ml. IPTG (isopropyly-B-D-
thioga]actoside) was added to a final concentration of 25
ug/ml1 to medium cqntaining X-gal. |

2.11 Growth conditions. Liquid culture for transformation,
DNA preparations'or in vivo recombination assays were
routinely grown in L broth at 37°C with vigorous shaking.
- Both L agar and minimal solid media were used. Antibiotics
were used as réquired. Plates were generally incubated
overnight at 37°c. | |

Bacterial strains were stored in 50% L brdth; 20% glycerol
and 1% peptone at -20°C or on L agar slopes at room

tempekature.
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2.12 Plasmid DNA isolation.

Large scale DNA preparation (Birnboim and Doly, 1976; as
modified in this laboratory). '

Solutions:

I. 50mM glucose, 25mM Tris/HC1 pH 8.0, 10mM EDTA.
II.. 0.2M NaOH, 1% SDS; made fresh. “
III. 5M potassium acetate pH 4.8; mix equal volumes of

3M CH5COOK and 2M CH3COOH, pH will be 4.8.

200m1 cultures of stationary phase piasmid-containing
cells were harvested by centrifugation (12,400g, 10 min at
»4°C). The pellet was resuspended in 4 ml of solution I.

-8 ml of solution II was added and the mixture was left on ..

ice for a further 5 min. 6 ml of solution III was then
added, gently mixed and the cell debris and chromosomal
DNA removed by centrifugation (39,200g, 30 min at 4°C).
The plasmid DNA was precipitated from the supernatant with
- 12 ml1 isopropanol for 15 minutes at room temperature. The
' DNA was pelleted at 27,200g for 15 min at 20°C, rinsed
with 70% ethanol and then further purified by banding on a
CsC1/EtBr gradient. The DNA was resuspended in 2.09 ml of
TE buffer and added to 270 ul of a 15 mg/ml ethidium
bromide solution. 5 g of CsCl were dissolved in 3 ml of
water and added to the DNA/EtBr solution. The gradjents
were centrifuged in a Beckman Ti70 fixed ang]é r6tor at
200,000g for 16 hours at 25°C. Where two bands were
visible, a lower supercoiled plasmid band and an upper
nicked DNA band, the 16wer band was removed using a 1iml
syrihge. The ethidium bromide was removed by repeated
butanol extractions and the DNA was dialysed twice against
one litre of 1 x TE buffer to remove the CsC1. |
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Mini preparation of DNA (modified from from Holmes and
Quigley, 1981):

STET buffer: 8% sucrosé; 5% Triton x-100, 50mM EDTA,€50mM '
Tris/HC1T pH 8.0 ' c s

3.0 ml of a stationary culture was harvested by
centrifugation (12.100g, 30sec) and resuspended in 350 ul
STET buffer in an Eppendorf tube. 25 ul of 'a 10 mg/ml.
lysozyme solution was then added and after mixing, the .
suspension was boiled for 45 sec and centrifuged 1in an.
Eppendorf microfuge for 15 min at 4°C. The pellet was
discarded with a toothpick. The DNA was precipitated by
the addition of 40 ul of 3M NaOAc and 400 ul of
isopropanol. After microcentrifugation for 15 min, the
pellet was washed in 70% ethanb1, dried and resuspended in
50 ul TE buffer. 5-10 ul of this DNA was suitable for
restriction enzyme digests. 1 ul of a 1 mg/ml RNase A
solution was added to the DNA with the gel loading buffer.

2.13 Chromosoma] DNA isolation. 5 ml1 of stationary phase
~culture was harvested by centrifugation (12,0009, 5 min,
4°C) and resuspended in 700 ul 10 x TE. 50 ul 10% SDS and
200 ul RNAase A (1 mg/ml) was added followed by incubation
for 2 hours at 37°C. 100 ul of proteinase K (20 mg/m1) was
added followed by a further 2 hours at 37°C. The DNA was
then purified by two phenol extractions,‘tWO phenol/
chloroform extractions and two chloroform extractions. The
DNA wasvprecipitated at 49, by the addition of two
volumes of ethanol, washed in 70%¥ ethanol and resuspended
in 200 ul of 1 x TE. This DNA was suitable for restriction

enzyme digestion.

2.14 Transformation with plasmid DNA. Genetic
transformation”introduced plasmid DNA into different host
strains. An overnight culture of the recipient strain was
diluted 1 in 100 into 20 ml1 L broth and grown to a density
of 2x108 cells/ml (about 90 min). The cells were harvested
(12,100g, 1 min, 4°C) and resuspended in 10 ml of 50mM
CaCl,. The cells were pelleted again, resuspended 1in
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0.5 m1 cold (4°C) 50mM caCl, and kept on ice until use.
100 ul aliquots of competent cells were added to DNA in TE
buffer and, after gentle mixing, were left on ice for 15
min. The cells were then heat shocked (2 min, 42°C or 5
min, 37°C) and returned to ice for 15 min. 100 ul of L
broth was added to the cell suspension and incubated at
37°C for 90 min to allow expression of plasmid genes.
Transformation to ampicillin r‘esisténéé did not requi're
this = expression time. 100ul aliquots of the
transformation mixture were spread onto selective plates. '

2.15 Transfection with M13 DNA. This procedure was carried
out exactly as above using either the bacterial strain
JM101 or TG1. After the final incubation on ice, the cells
were mixed with 200 ul of fresh log phase JM101 or TGI.
~This mixture was then added to 3 ml of soft molten agar
already containing 30 ul of IPTG (15 mg/ml1) and 30 ul X-
gal (40 mg/m1) at 45°C. The cells were then plated out
onto D&M minimal medium plates containing thiamine and
glucose.

2.16 Preparation of P1 lysates. The donor strain was grown
up in L broth to late log phase. Thé cells from 100 ul of
culture were harvested by centrifugation and resuspended
in 100 ul fresh L broth, 100 ul CaCl, (50mM) and 100 ul
MgCl, (100mM). Sufficient P1 was added to give a m.o.i. of
approximately 0.001. The mixture was then incubated at
37°C for 25 min, mixed with precooled (45°C) molten soft.
agar and plated onto a fresh undried L agar plate. After
overnight incubation, 2.5 ml of phage buffer was added and
left at room temperature for 15 min. The buffer and soft
agar were placed in a centrifuge tube with a few drops of
chloroform and vortexed for 30 sec. The tube was left for
30 min at room temperature, re-vortexed and then
centrifuged at 12,000g for 10 min. The supernatant,
containing approximately 10° pfu/ml1, was stored at 4°cC.

2.17 P1 transduction. The recipient strain was grown up to
mid-log phase in L broth, harvested and resuspended in an
equal volume of L broth. To 100 ul of cells was added 100
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~ ul of CaCl, (50mM), 100 ul MgCl, (100mM) and 0.1-10 ul of
P1 lysate. After 20 min incubation at 37°c, phage
infection was stopﬁed by the addition of 200 ul of 1M
sodium citrate (filter steri]ised)!'SOO ul of L broth‘was
added followed by incubation for one hour at 37°C. The
cells were then plated onto a suitable se1ecti9e medium.
A1l transductants were streaked out to single colony at
least two times, to remove any contaminating P1
bacteriophage. v ' '

2.18 Single colony gel analysis. By using this technique,.
the plasmid content of an isolate can be observed without
the need to purify the DNA. A single transformant was
patched out (1cm square) on a selective plate and grown
overnight. Using a toothpick,_a.]arge scrape of cells was
collected and resuspended in 100 ul of éihg1e colony gel
~ buffer. The cells were left to lyse at room temberature,
for 15 minutes. Cell debris and chromosomal DNA was spun
down in an prendorf’microfugebfor 15 min at 4°c). 30 uil
of the supernatant was loaded onto an agarose gel. |

2.19 Ethanol precipitation of DNA. To the DNA solution
was added one tenth volume of 3M NaOAc and 2 volumes of
absolute éthano1. After mixing, the DNA was precipitated
at -20°C for at least 30 mins and pelleted for 15 min at
4°C. The pellet was washed with 70% ethano1:and dried.

‘2.20u Restriction of DNA. Restrictfcn enzyme digests were
‘usually performed in a total volume of 20 ul, containing
0.3-1.0 ug DNA and 2 ul of 10 x restriction buffer. 2-3
units of restfiction enzyme was added per ug of DNA. The
reactions were incubated at 37°C (or at the appropriate_»
temperature) for 1-2 hours. For restrictions of larger
_,quantities»of‘DNA, the volume was scaled up accordingly.
The ehzymés were inactivated by the addition of 1loading
buffer, heating to 70°C or by phenol extraction and
ethanol precipitation if subsequent manipulations were
neceésary.
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;a2'21. calf intestinal phosphatase (CIP) treatment.
" Phosphatase was- used to remove 5’ phosphate groups from
linearised vector to prevent recircularisation of the
vector (thus increasing c1ohing'efficiency) 1 unit of CIP

was added directly to the digest and 1ncubated at 37°C for

15 min (or 45 min for blunt ends).

2.22 Ligation of DNA fragments. RestriCtibn fragments were
ligated in volumes of 10-20 ul, containing 1 x ligation
buffer and 0.5 units of DNA T4 DNA ligase. Generally a
3:1 insert to vector ratio of fragments was used (10:1 for
blunt end ligations). The reactions were incubated at 16°C
overnight. Aliquots of the 1ligation mix were used to
transform competent cells.

2.23 Gel electrophoresis of DNA.

Agarose gels: 0.7-1.2% agafose gels were used.

Agarose powder was dissolved at 100°C in 125 or 200m1
buffer E and precooled to 55°C prior to use. Horizontal
gels were used to analyse restriction digests and for
single co]ony gel analysis. Gels were usually run for 15—
18 hours at 1.5V/cm in gel tanks containing 3 1litres
buffer E and then stained in 0.6 ug/ml ethidium bromide.

The DNA was visualised on a 254 nm wavelength UV
trans111um1nator.

PoTyacrylamide gels: three types were used.

1) Polyacrylamide restriction gels.

Vertical ge]ykits were used with 1.5 mm spacers. The ge]
~apparatus was sealed with 0.6% agarose in H,0. An
appropriate acrylamide gel mix was poured between the
plates (with the insertion of a well former) and allowed
to set for 60 min. - | : |
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30m1 acrylamide gel consists of:-

30% acrylamide: 0.8% bisacry1am1dé‘(w/v) X ml (for X%
' | | gel)

10 x TBE | | 3m

HyO | - | o 27-X m

10% APS (w/v) - 360 ul

TEMED | | 18 ul

The gels were run at room temperature in 1 x TBE at'a
constant current (25-30 mA), fok 2-3 hours. DNA bands wefe

visualised under 254nm UV illumination after staining in
0.6 ug/ml1 ethidium bromide for 10 min.

2) Non-denaturing polyacrylamide gels. These gels were
used to separate protein:DNA complexes. »

6% acrylamide 50mM Tris/Glycine pH 9.4, 0.1mM EDTA ge13""
. .were usually used. Vertical gel kits were sealed with 0.6%
agarose in distilled water.kbi ’

30 m1 of a 6% 50mM TE (pH 9.4) gel mixture contained:

30% acrylamide: 0.8% bisacrylamide (w/v) 6 ml
0.5M Tris/Glycine pH 9.4 3 mil
H,0 | 20.5 m]

0.2M EDTA (pH 8.0) 15 ul

Tbveach gel, the following reagents were added: -
10% APS (w/v) o 1 . 150 ul
TEMED - o 15 ul
.The gels were pre-run in 50mM Tris/Glycine 0.1mM EDTA at
15V/cm (30-90 min; 4°C). After loading, the gels were run
for 2-3 hours at 15V/cm, 4°C. When the gel run was
comp1etevthe gel was transferred to filter paper and dried
under vacuum. Bands were visualised by autoradiography of
~a sheet of Kodak St or Fuji RX100 X-ray film for 1-3 days.

3) Po1yaéry1amide sequencing gels. Sequencing reactions
were run on 8% high resolution polyacryliamide / urea gels
as described in the *M13 cloning / dideoxy sequencing
instruction manual’ published by BRL. Gels were pre-run
for 45 min and run for 2-6 hours at 40W. Samples were
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denatured prior to loading (80°C, 2 min). After the gel
run was complete, the gel was fixed in 10% acetic acid 10%
methanol for 15 min, dried Qnder vacuum and
autoradiographed. '

2.24 Photography of gels. Aftef staining in ethidium
bromide, gels visualised by 254nm uv 111um1nat1on were
photographed using Polaroid type 67 land film or using a
Pentax 35mm SRL loaded with I1ford HP5 film. Both cameras
were fitted with a Kodak Wratten filter No.23A.

2.25 Electrophoresis of proteins in SDS-polyacrylamide
gels. The electrophoresis of proteins followed thé‘
procedure of Laemmli (1970) using 15% running gels and 4%
stacking gels. Gels were poured in vertical gel kits
sealed with 0.6% agarose 1in H,0. Ge1 mixes were made ub
accord1ng to the table below: R
' Running Gel Stacking Geil

30 / 0.8% aCry]amide/bis 15 ml 2.0 ml
1.5M Tris-HC1 pH8.8 | 7.5 m] -

0.5M Tris-HC1 pH6.8 - 3.75 m1
10% SDS | 0.3 ml ~ 0.15 ml
H,0 | ~ to 30 ml to 15 ml
TEMED , 10 ul 10 ul

Ammonium persulphate (10% w/v) 150 ul 150 ul

The running gel was poured and left to set with a layer of

isopropanol over it. Thevisopropanol was washed off and
the‘stackihg gel was poured. After the gel had set,
running buffer was poured into the gel tank, and the comb
was removed. Prior to loading, the protein samples were
mixed with protein Samp1e buffer and boiled for 5 minutes.
The gel was run overnight at a constant current of 8 mA,
Jeaving the dye front just above the bottom of the gel.
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. . 2.26 Nick Translation of DNA. 0.5 ug of plasmid DNA was
mixed with: 5 ul 10 x nick translation buffer
20uCi alpha <32p> dATP | -
unlabelled dCTP, dGTP and. dTTP to imM final
1 ul 10mM MgC1, |
H,O to a total volume of 48 ul.
One unit of DNA polymerase I and 3 ul of a 1 ug/ml
solution of DNAase I was. then added. After one hour at
16°C the labelling reaction was stopped by the addition of
5 ul 200 mM EDTA. The labelled DNA was separated from
unincorporated nucleotides on a Sephadex G-50 column and
used to probe Southern blots.

2.27 Southern blotting and hybridisation. Agarose gels-

~ were soaked in 0.25M HC1 for 15 min and then transferred -

to a solution of 1.5M NaCl; 0.5M NaOH for 30 min. The
DNA was then transferred to a'nylon membrane (Hybond N,
Amersham) by a capillary blot bvernight using 1.5M NacC1l1,
0.25 M NaOH. The blot was washed three times for 15 min in
2 x S8SC and then air dried. The blot was prehybridised for
3 hrs at 65°C in 10% dextran sulphate, 5 x Denhardt’s
solution, 1 x SSC, 0.5% SDS and 0.1 mg/ml denatured salmon
sperm DNA. The blot was then hybridised overnight at 65°C
in 10 m1 of the same solution to which the denatured <32p>

labelled probe had been added.

2.28 Exonuc1ea$e III deletions (adapted from Henikoff,
1987). 5-10 ug of DNA was digested with suitable enzymes
to provide a recessed 3’ or a blunt end for digestion by
exonuclease III and a protruding 3’ end to protect the
remainder of the plasmid. After ethanol precipitation the
' DNA was dissolved in 60 ul Exo buffer (66mM Tris-HC1
 pH8.0, 0.66mM MgCl,). The DNA was warmed to 30°C and 500
units (a large excess) of eXonuCTéaéebill was added and
mixed rapidly. 2.5ul aliquots were removed at one minute
time intervals and added to prepared tubes containing 7.5
ul of S1 mix (172 ul H,0, 27 ul 10 x S1 buffer and 60
units of S1 nuclease). When all aliquots had been removed,

they were incubated at room temperature. for 30 min. 1 ul-~ :

of 81 stop buffer (O.3M Tris-baSe, 50mM EDTA) was added to

32



- each aliquot followed by heat inactivation at 70°Cc for 10
min.TAt-this point the extent of the digestion was
determined by agarose ge]-eTectrophoreSis{ 1 ul of Klenow
mix (3 ul 0.1M Tris-HC1 pH8.0, 6 ul 1M MgC12, 20 ul HyO0
mixed with 6 units Klenow polymerase) was then added to
each reaction followed by incubation at 37°c for 5
minutes. A11 four dNTPs were added to a final
‘concentration of 0.0125mM and the reactions were incubated
for a further five minutes. DNA molecules were
circularised by the addition of 40 ul of 1 x ligase buffer
and 1 unit of DNA Tligase, followed by overnight
incubation. Plasmids (derivatives of pSDC102) were then
transformed into DS941 xerC?1. Derivatives of bacteriophage
M13 were transfected into JM101 or TG1.

2.29 DNA sequéncing. A1l DNA seguencing reactions were
performed on sing]e_stranded M13 templates isolated as
described in the BRL ‘M13 cloning / dideoxy sequencing
instruction manual’. A1l sequencing reactions were carried
out using the Sequenase enzyme and the reagents supplied
in the Sequenase kit (United States Biochemicals). The
method used was that described in the manual supplied with
the kit. Note that on warm days the initial labelling
reaction carried out at room temperature was actually
carried out in a 17°C water bath. This was found to reduce
the incidence of sequence specific termination in all four
tracks. The samples were‘denatured at 80°C‘and run on 8%
polyacrylamide / urea gels as described above.
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2.30 Extraction of DNA fragments for plasmid constructions
“from agarose gels using GENECLEAN. After,staining,.the gel
was placed on a long wave transi11uminator (300—360nm) and-
the band of interest was ékcised. The DNA was theh
purified using the ”G1assmi1k" suspension supplied with
the Geneclean kit according to the manufacturers

instructions.

2.31 Purification of DNA fragments fof end labelling and
subsequent use in Gel binding assays. The gel was stained 
and the band was excised on a long wave transilluminator
as described above. The agarose chip was then placed in a’
small (500 ul) Eppendorf tube over a small amount of
siliconised glass wool covering a hole in the bottom of .
the tube. The small Eppendorf tube‘was then'p1aced in a

‘ _Tafgev(1.5 ml), lidless Ebpendorf tUbe and centrifuged at - o

6000 rpm for 10 min. The 1liquid from the bottom tube was
collected and extracted twice with phenol and once with
chloroform. The DNA was then precipated by the addition of
NaOAc and ethanol. The DNA obtained was suitable to be
end-labelled as described below '

2.32 End-labelling of DNA fragments. Purified DNA fragment
were end-labelled by filling in recessed 3’ ends with the
Klenow fragment of DNA polymerase I. The reactign
contained 1-200ug/ml1 DNA, 50nM unlabelled nucleotides
(dCTP, dGTP and dTTP), 10uci alpha <32P> dATP, restriction
buffer (50mM Tris/HC1 pH 8.2, 10mM MgCl,, 50mM NaCl) and 1
unit/ug DNA Klenow enzyme. After incubation at 16°C for 1
hour, the reaction was stopped by phenol extraction, and
the DNA was ethanol precipitated twice to remove
unincorporated nucleotides. | |
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2.33 Gel binding assays. Protein fractions containing XercC
were d11uted in a buffer that was generally 50mM Tris- HC]
pH8.0, 1mM EDTA, O. 1mM- DTT and from 50mM to 1M: NaC1

Binding buffer:- ;

10mM Tris/Glycine pH 9.4, 1mM EDTA, 10% glycerol (v/v).
If the protein was in a low salt dilution buffer NaCl was
added to the binding buffer to a final concentration of

'»iapprox1mate1y 100mM.

1.0 ul of each protein di]utidn was added to a 10 ul
reaction tube containing approximately ing of end-labelled
DNA fragment in binding buffer with 20ug/ml uncut pucis
'_carrier DNA. Control (blank) reactions contained protein
dilution buffer only i.e. all binding reactions in a given .
experiment contained the same NaCl concentration. After -
~bmixing thoroughly (vortexing) the reactions were incubated
at 37°c for 10 min, quenched on ice and loaded almost
immediately onto a pre-run non- denatur1ng po]yacry]am1de
“gel at 4°c.
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CHAPTER THREE

FURTHER CHARACTERISATION OF xerB
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3.1 Introduction

Mutations in the xerB gene were first'1301ated by
Gillian Stewart (1986) and Colin Stirling (1987). The xerB
gene is essential for site-specific recombination at cer.
Plasmids containing two cer sites in direct repeat remain
unresolved in strains with mutations in xerB8. The xerB
gene was isolated from a cosmid library, and genetically
defined to a 1.69 kbp HindIII - AccI restriction fragment,
by virtue of its complementation of the xerB? mutat{on.‘
The slightly larger (1.92 kbp) xerBT HindIII fragmentvwas'
sequenced and found to contain an open keading-frame
capable of encoding a protein of 503 amino acids with a
predicted molecular weight of 55,300. The results of
complementation experiments empldying various plasmid
subclones of the xerB region, taken together with the
position of the Tn5 insertion in xerB? provided coﬁpe]ling'
evidence that this open reading frame represents the xerB
gene (Stirling, 1987; Stirling et a7, 1989).

Comparison of the restriction map of the cloned xerB
region with the complete restriction map of the E. coli
chromosome (Kohara et al, 1987) revealed that xerB maps
between 96.5 and 97.0 minutes on the E. coli chromosome.
Genetic data also demonstrated that xerB maps within 0.5
minutes (15 - 25 kbp) of pyrB encoding aspartate
carbamoyltransferase (96.5 min) and arglI encoding
ornithine cafbamoyTtransferase (96.6 min) (Stirling,
'1987); Cther genes known to map in-the 96 - 97 minute
region are: fbp encoding fructose-bisphosphatase (96.0
min), corB involved in Mg++}transport (96.4 min), sbaA
involved in regulation of serine and branched chain amino
acid metabolism (96.7 min), vals encoding va1y1—tRNA'
synthetase (96.8 min), gntV encoding glucokinase (96,9
mﬁn) and TJeuX encoding leucine tRNA 5 (97.0 min)
(Bachmann, 1990 and Fig 3.1). |
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Figure 3.1 Genetic map of the 96.0 — 97.0 minute region of
the E. coli chromosome. The approximate position of xerB

(pepA) determined in this work is indicated. (Adapted from -
Bachmann, 1990). ' ' '



3.2 The sequence upstream of xerB

Examination of the SeduenCe of the 1,921 bp HindIII
fragment revealed no candidates for a promoter sequence
from which xerB could be transcribed (Stirling, 1987).
However the sequenced region extended only 60 nucleotides
upstream of the xerB start codon. The xerB¥ clone pCSt112
contains the sequenced HindIII fragment 1in pUC18 in the
correct orientation for xerB to be transcribed from Plac.

The plasmid pCS110 contains the slightly larger BamHI .

fragment in puUC18 in the wrong orientation for xerB8 to be
transcribed from Plac, and yet 1is also xerg* (stirling,
1987 and Fig 3.2). This suggests that xerB8 might be
transcribed from its own promoter in pCS110. If this wére
the case the xerB promoter would have to be located on the
310 bp BamHI - HindIII fragment or on the HindIII fragment
itself. Because no potential promoter sequences were
apparent on the HindIII fragment it was decided to extend
the sequence of the xerB region by sequencing the BamHI -
HindIII fragment. ,

To determine the sequence from'the BamHI site towards
the HindIII site the 583 bp BamHI - EcoRI fkagment from
'pCS11O was cloned into Mi13mp18, producing mSD3 (Fig
3.2). To sequence the other strand the 310 bp HindIII -
BamHI fragment from pCS110 was also cloned into M13mpi8,
producing mSD4 (Fig 3.2). The sequence of the first 349 bp’
~of the insert in mSD3 was determine using réagents from
‘the Sequenaée*kit (USB). This séquencé overlapped with the
first 39 bp of the sequence reported by Stirling (1987),
with which it agreed completely. The sequence of the other
strand (from HindIII towards BamHI) was determined from
mSD4. There were no inconsistencies between the sequence
determined from mSD3 and its complement determined from
mSD4. The complete sequence from the BamHI site to the
xerB start codon is éhown in Fig 3.3. The sequence could
have been extended a further 110 bp to the Sphl site 1in
pCS111, but this was thought not to be a priority.

The sequence upstream of xerB was examined for
potent1a1 promoters us1ng the program ZPROM (Chris Boyd).
E. coli promoters have been found to conta1n two conserved
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XerB

PLASMID PHENOTYPE

pCS120 -
pCS131 -
pCS110 +
pCS111 +
pCS112 +
pCS130 +
xerB (pepd) orf13
' =4
i rep
Tn5
SBHR]' K A HH S H B
| 1 | . L 1 11 L1 1
0 1 2 3 kbp

{ Stirling (1987) |
p——3 mSD3

—i mSD4

‘Figure 3.2 Physical map of the xerB (pepA) locus. The top
“of the figure shows the extent of chromosomal fragments
carried by various plasmids. The XerB phenotypes of these
plasmids, determined by complementation of the xerBi
~mutation is also shown (taken from Stirling, 1987). Note
that the insert carried by pCS112, but not that carried by
pCS110, is 1in the correct orientation for xerB to be
_expressed from the plasmid lac promoter. The xerB (pepA)
"reading frame and the beginning of .an open reading frame
(orf13) identified by Stirling (1987) are shown. The
position of insertion of Tn5 in xerB1::Tn5 1is 1indicated.

- The fragments ligated into M13mp18 to create mSD3 and mSD4

are shown. The arrow heads indicate the direction in which
these fragments were sequenced.

Restriction enzyme recognition sites are shown as follows:
A = Accl B = BamHI H = HindIII
K = Kpnl RI EcoRI S = Sphl



BamHI .
1 GGATCCTCACTAACTTTTGACAGAAGAAGATCAAAAGCAAGATGAAGAGTATCGCCAGCT

61 GGCTTTTGAGCGTCTCCCGCACCAGATATCTTATGATTATCACTTTAAATACGCCCGTAA
121  AAACTCGTCTTTTGCAGGATTTTAGCTTGTTTCATGGCTTAAACGTCATTTATTCTCTTG

-35 35, . -10__-10 .
181 AGTCGTCGAAATCGTCGCTAAGATAATTATACTCAACGGATTCACCTCTCAGATTTTGTT

241 CTGACGTGCCAATGCCGTAATAACGTTAAGATTAACACGAAGTCATCGCAACAGCGGACA

.HindIII .
301 TGAGTTACGAAAGCTTGCAATTCTATCTGTAGCCACCGCCGTTGTCTTTAAGATTCAGGA

361 GCGTAGTGCATGGAGTTTAGTGTAAAAAGCGGTAGCCCGGAGAAACAGCGGAGTGCCTGC
M E F S V K S G S P EIK QQ R 8 A C
xerB ( pepA )

Figure 3.3 Nucleotide sequence of the BamHI - HindIII
fragment upstream of xerB (pepA). The sequence from the
HindIII site at nucleotide 311 is that reported by
Stirling (1987). The -35 and -10 regions of two possible
xerB promoters sequences are indicated: The 1inferred
protein sequence of the first 17 amino acids of XerB
(PepA) is shown below the DNA sequence.




sequences of 6 bp just upstream from the transcription
'ihitiatien’site, These -35 and -10 regions, which are
separated by a 16 - 18 bp spacer,_are thought to be
important for promoter reeognition by the RNA polymerase
enzyme. The consensus E. coli promoter sequence is

=35 -10 : +1
TTGACA 16-18 bp = TATAAT 5-7 -bp START

The ZPROM.program examines sequence data and finds matches
to this consensus promoter sequence. Two statistics are
produced to give a measure of howegood the match is.
Statistic I is a direct measure of how close the -35 and
-10 sequences are to the consensus. Statistic II is
ca]cu1a£ed on the same basie as statistic I but also takes
the spacing between the -35 and -10 regions into account.
The ideal spacing between the -35 and -10 regions is
thought to be 17 bp. Al1l potential promoter sequences 1n
the region upsvtream of xerB are given in Fig 8.4. Only
those that score greater than 0.002 for statistic I or
greater than 0.0002 for statistic II are shown. Most known
E. coli promoters are found to score above 0.002 and
0.0002 for statistics I and II respectively, and these cut
"off points give a minimum number of false positives (Harr
‘et al, 1983). The two best candidates for the xerB
. promoter are those with~?35-boxes,starting,at nucleotidee
178 and 186. However no further work was carried out to
show that these sequences do indeed act as promoters in
vivo.

3.3 The sequence downstream of xerB

Just downstream of xerB, within the 1,921 bp HindIII
fragment, are two copies of the REP (repetitive
extragenic palindromic) sequence (Stirling, 1987). About
500-1000 REP sequences are thought to occur dispersed
throughdut the E. coli genome (reviewed by Gilson et al,
1987; Higgins et al, 1888). They have always been found in
transcribed DNA,'e{ther between codihg regione‘ﬁn an
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Plus

Strand

Pos.

17
64
66
147
178
178
183
186

246

-35

TTGACA GAAGAAGATCAAAAG
TTTTGA GCGTCTCCCGCACCAGA__
TTGAGC GTCTCCCGCACCAGA____
TTGTTT CATGGCTTAAACGTCATT_
TTGAGT CGTCGAAATCGTCGC_____
TTGAGT CGTCGAAATCGTCGCTAA_
TCGTCG AAATCGTCGCTAAGATAAT
TCGAAA TCGTCGCTAAGATAAT __
GTGCCA ATGCCGTAATAACGT __

Minus Strand

Pos.
388
386
348
291
232

169
121

-35

TTTTTA CACTAAACTCCATGCAC__
TTTACA CTAAACTCCATGCAC_____
AAGACA ACGGCGGTGGCTACAGA__
TTGCGA TGACTTCGTGTTAATCT__
CTGAGA GGTGAATCCGTTGAG

ATGACG TTTAAGCCATGAAACAAGC
TTTACG GGCGTATTTAAAGTGAT___

-10

CAAGAT.
TATCTT.
TATCTT.
TATTCT.
TAAGAT.
GATAAT.
TATACT.

TATACT.

TAAGAT.

-10

TACGCT.
TACGCT.
TAGAAT.
TAACGT.
TATAAT.
TAAAAT.
AATCAT.

Statistic
' I
0.0171314

0.0004273
0.0020727

0.0042797

0.0206821

0.0167675

0.0022110
0.0106785
0.0045553

I
0.0002676
0.0040584
0.0005112

0.0014128
0.0139481

0.0043853

0.0002031

Statistic
II

0.0003426
0.0004273
0.0000415
0.0006420
0.0004136
0.0025151
0.0000442
0.0016018
0.0000911

II

0.0002676
0.0000812
0.0005112
0.0014128
0.0002790
0.0000877
0.0002031

Dist

15

17
15
18
15
18
19
16
15

Dist

17
15
17
17
15
19
17

Figure-é.4 ‘Potential promoter Sequencés upstfeam of xerB.
The figure shows the ZPROM

transcription of xerB (pepA).

output of all
promoters between the BamHI site (nucleotide
xerB (pepA) start codon (nucleotide 370).

potential
1) and the

Those on the
"plus” strand are in the correct orientation to drive the

Most Khown E. coli promoters

score above 0.002 for statistic I and above 0.0002 for
statistic II. The "Dist"” column gives the spacing between
the -35 and -10 seguences. ' C :



operon or in the 3’ untranslated region of a transcript.
Some occurences of REP sequences have been shown to be
involved in stabilising mRNA (Newbury et al, 1987) and in
transcription termination (Gilson .et al, 1987) but it
seems un1ike1y'that this is the primary function of REP
sequences. It has been suggested that REP sequences might
be involved in nucleoid organisation and it is therefore
interesting to .note that several E. coli proteins appear
to bind specifically to DNA fragménts‘containing REP
sequences. These REP binding pfdteins include DNA gyrase'
(vyang and Ames, 1988) and DNA polymerase I (Gilson et al,
1990). | |

Beyond these REP sequences is the beginning of an
 open reading frame (orf13) which extends for 63 codons to
the HindIII site, after which no sequence data was
available (Fig 3.2). There is evidenceithat this open-
reading frame 1is translated in vivo. A translational
fusion between orf13 at the HindIII site and the lacZ’
coding sequence of M13mp19 (in mCS113) gave rise to blue
plaques in JM101 grown on medium containing X-gal
(Stirling, | 1987). The arrangement of xerB and 'orf13, in
close proximity and separated by two REP sequences, with
no appafent orf13 specific promoter, suggested that xerB
and orf13 are transcribed together on the same transcript.
Becauée genes of related function are often co-
transcribed, it was thought that orfi13 might have a xer
| ~related function. It was therefore decided to eXtend'the;.
'sequence of the xerB region beyond the HindIII site
further into orf13. '

Just as this work was about to start, the sequence of
valS (encoding valyl1-tRNA synthetase) was published by two
groups (Hartlein et al, 1987; Heck and.Hatf1e1d, 1988a;
1988b). It became apparent from the restriction map of the
cloned valS gene that valS maps very close to xerB (Fig
3.5). Indeed it was found that the xerB sequence
(Stirling, 1987) was separated from the published valS
sequence only by an unsequenced HindIII fragment of 117
bp. In order to sequence this 117 bp HindIII fragment it
was cloned into M13mp18 in both orientations to produce
mSD1 and mSD2. Plaques formed by mSD1'were white and those

~

40



Iyds = 8 Idoo3 = Id Iudy = 3  IIIPULH = H IHwed = g IooVY = V

ISMO[ |OJ SB uMoys aJde sells uoLllLubooad awAzuse uoLqoLJdlsay

*( 1) umoys aue w;wposoLa (vded)
m;wx mPnrwwoa 8yl 40 uoLalsod oyq sSe ||leM st (eg86l) PLOLIIBH pue 3o8H Aq pelLjLiusepl

sJd@jowodd S[BA OM3 Byl 40 uolrqlsod 8yl ‘“umoys oJde ssduenbes 43y OM] 8yl pue sawedy .
BuLpesd SlBA pue TLJA0 ‘gaeX 8yl 40 suoLqeo0| 9dleulXoddde 8yl ‘"peledoLpul aJde peosusnbss
948M sjquawbedl ©8sayl YOLym Ul UOoL308J4LPp B8Yy3 pue ‘zZQSW pue |gSw ul psuLeluod squawbedy
oyl "(.L861 ‘T® 38 ulLe|jd4eH -Q886} :©8861 ‘PL@L43eH pue >o8H) ddouUdnbas §[EA paysi|gnd ayj
4O quUelIX8 8yj3 SL Sk uMoys SL (L861) BUL|lJLIS AQ pauLwddlep aousnbes FioxX a8yl JO .3U8IXS
2yl -"swosowoJ4yd 1100 3 ayl Jo uolbed S[BA - (ydad) gasX oyl Jo dew |eoLsAyd G ¢ @4nbLd

Nom.E o 4
lgsw €
! aouanbas  gon v : . (£861) buymgs _
dgy 69 9 ¢ z | 0
U1 | | | L | | : | l L
S f H S H H Y A )} H as
< dai st
@ 1< | #{ ]

son Y9774 (ba) gux



. produced by mSD2 were blue on medium containing X-gal. The
Cbrrect”brientation‘of the sequence of the HindIII
fragmeht was found'wheh Heck sent us his unpUbTished
sequence of. the region upstream of vals. This'éequence
overlaps with the sequence of stirling (1987) for 257
nucleotides, with an easily identified overlap (Fig 3.6).
Since Heck was not totally confident of his sequence 1in
-this region, I tend to favour the carefully determined
sequence of Stirling in the 7 areas of conflict, which are’

either single base-pair substitutions or single base-pair -

deletions. The sequence of the HindIII fragment was
carefully determined from both mSD1 and mSD2, and again I
favour my sequence over that of Heck in the 8 conflicts,
which in this case are all single base-pair substitutions.

Examination of the ‘comp1ete sequence revealed that

the orfi13 open reading frame extends through the 117 bp T

HindIII fragment and beyond the valS promoters (Fig 3.7).
After this pdint the sequence of Heck and Hatfield (1988a)
differs from that of Hartlein et al (1987). Depending on
| which  sequence is correct, the orf13 reading frame stops:
either 77 bp upstream (Heck and Hatfield, 1988a), or 14 bp
downstream (Hartlein et al, 1987) of the valS start codon.
If Hartlein et al are correct, orfi13 overlaps with the
valS coding sequence by six codons. I find the sequence of
Heck and Hatfield more plausible, but I have no data which
might confirm my suspicions. '
‘ Examination of the mSD2 sequence revealed that the
orf13 open read1ng frame is fused "in frame" at both ends
to the TJacZ’' gene of Mi13mpi8. This explains the blue
colour that was produced by mSD2 grown on X-gal containing
medium, and confirms that the orf13 reading frame carries
-on through the 117 bp HindIII fragment. ,
If the sequence of Heck and Hatfield 1is taken as
being correct, the'orff3 encoded,proteinfhas'123 amino
'aqids, with a calculated molecular weight of 13,700. The
CODONPREFERENCE plot (see section 5.3 for more details of
CODONPREFERENCE) shown in Fig 3.8 demonstrates that orfi73
has a codon composition consistent with it being a
moderately expressed E. co]i gene. The}prediqted amino
acid sequence of the _0rf13'br6tein“bore no:significaht
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Figure 3.6

The sequence determined by Stirling
in this work

reported

ACAGCACTGA

GCTGCGGTGT
GCTGCGGTGT

CATTTATGAA
CATTTATGAA

GATGGCTTAA

GATGGCTTAA

GTTGGCGCAG
GTTGGCGCAG

GCTTACCGGC
GCTTACCGGC

TCCGCATAAT
TCCGCATAAT

certaln

ACTCGTAGGC

ATAGCCTGAT

ATA.CCTGAT
¥

AAACGCGACG
AAACGCGACG

GCGCCGTTGA
GCGCCGTTGA

CTGATAAGAC

GCGGTAGTTA
GCG. TATTTA
* ¥

TTCTACCTTC
TTCTACCTTC

GCAACTGGTG
GCAACTGGTG

double stranded
CGGEAAGCGC GTGCTCATCG CCTGTGAAGA

CGGTAAGCGC GTGCTCATCG CCTGTGAAGA

TGGATGAACC

TGGATGAAGC
¥

TTAGCGGGAG
TTAGCGGGAG

CGCCTGGCC GCAAAAGCGT

TCGCCTGGCC

GCAAAAGCGT

HindIII

AA GCTT
CTGCGAACAA GCTT
CTGCGAACAA

CTTCGTTCCT
CTTCGTTCCT

TAAAGCCTAC
TAAAGCCTAC

AATGGAAAAG

AATGGAAAAG
MetGluLys
valS

GCTTTGCAGA
GCTTTGCAGA
AA _GCTT

TATGAAGATT
TATGAAGATT

CGCGTGGCTG
CGCGTGGCTG

'ACATATAACC

ACATATAACC
ThrTyrAsnP

is labelled

GCTGTGGGCG
CCTGTGGGCG

-k

AAGGACCCGG
AAGGACCGCG
%

ACGAGCAGCC
AGCAGCAGCC
**

TTTTGCCACC
TTTTGCCACC

C.T.CTGAAA

CGTCCTGAAA
¥ *

GTTTCAACCT
GTTTCAACCT

2514
CACAAGATAT
CACAAGATAT
roGlnAsp

ACAACAGCGT

AATCCGACCA
AATCC. ACCA
¥

TGGACAATGA
TGGACAATGA

TGTGAAATTG
TGTGAAATTG

CGTCCGGCAG
CGTCCGGCAG

CGGGCTGGCA

CGGCGGTGCA
222

GGCGCGATAT

GGCGCGATAT

GCTTTCACAG
GCTTTCACAG

CAACTGGCGC
CAACTGGCGC

GAATACGGCA
GAATACGGCA

UUUATUAGGU
CGCATCAGGC

2035
CAAGAAGCCC
CAAGAAGCCC

2085
CACCACCGTC
CACCACCGTC

2134
CCGCAGAAAC
CCGCAG. AAC

¥

2184
TGAAAAGCAG
TGAAAAGCAG

. 2234
AAAGCTTTGT
AAAGCTTTGT

HindIII
2284
CCGGTGGAGA
CCGGTGGAGA

2334
ATTGATTAGT
ATTGATTAGT

2384
AAGTGGTAGA
AAGTGGTAGA

2434
GCGAACGCTA
GCGAACGCTA

2484
ACCTGGAAA.

ACCTGGAAAT
*

Comparison between the nucleotide sequences

reported by various groups for the xerB - valS region.

(1987)
"Xbcon1®.

determined by Heck and Hatfield (1988a and unpub11shed)

labelled

is .labelled

"Heck".

"Hartlein"

BamHI site at nucleotide 1

nucleotide

confidence (Heck,

from nucleotide 2331

1988a).

1979 to 2147 (Heck,
The sequence from nucleotide 2285
personal

communications).
is published (Hatfield and Heck,
Gaps (.) have been inserted to maximize similarity
indicate all sequence

between sequences and asterisks (%)

conflicts.

The start of the valS coding sequence is shown.

The sequence reported by Hartlein et al
The sequence 1is numbered from the
(see Fig 3.3).
labelled Heck was determined on only one strand from
personal communications).
is reported with high
The sequence

The sequence

and that
The sequence



1801 GCAAAAGGCGCCACCGGTCGTCCGGTAGCGTTGCTGGCACAGTTCCTGTTAAACCGCGCT
A K GATGIRUPV A LL A QF L L NUZR A
pepA / xerB . :

1861 GGGTTTAACGGCGAAGAGTAATTGCGTCAGGCAAGGCTGTTATTGCCGGATGCGGCGTGA
G F N G E E * ‘ - REP 1

T
M

{

,_,,mhu.,.,,

1921 ACGCCTTATCCGACCTACACAGCACTGAACTCGTAGGCCTGATAAGACACAACAGCGTCG
REP 2

1981 CATCAGGCGCTGCGGTGTATACCTGATGCGTATTTAAATCCACCACAAGAAGCCCCATTT

2041 ATGAAAAACGCGACGTTCTACCTTCTGGACAATGACACCACCGTCGATGGCTTAAGCGCC '
M K NATVPF YL LDNUDTTV D GTUL S A
orfl3

2101 GTTGAGCAACTGGTGTGTGAAATTGCCGCAGAACGTTGGCGCAGCGGTAAGCGCGTGCTC
' VEQ L VvV C EI A A EURWRSGI KT R VL

2161 ATCGCCTGTGAAGATGAAAAGCAGGCTTACCGGCTGGATGAAGCCCTGTGGGCGCGTCCG
I ACEDEI K G QAYRULUDE A ATLWATRP

Hind1II .
2221 GCAGAAAGCTTTGTTCCGCATAATTTAGCGGGAGAAGGACCGCGCGGCGGTGCACCGGTG
A E S FV PHNULAGETGU?PTRGGAUPYVY

2281 GAGATCGCCTGGCCGCAAAAGCGTAGCAGCAGCCGGCGCGATATATTGATTAGTCTGCGA
EI AW PQ KR SS S RURDTIILISTULR

HindIII -35 -35 - ._-10 -10 .
2341 ACAAGCTTTGCAGATTTTGCCACCGCTTTCACAGAAGTGGTAGACTTCGTTCCTTATGAA
TS FADFATAFTEVVDTFVPYE

D S L K QL AREZ RTYIE KA AYZ RV AGTFN
GATTC-T-CTGAAACAACTGGCGCGCGAACGCTATAAAGCCTACCGCGTGGCTGGTTTCA

2401 GATTCGTCCTGAAACAACTGGCGCGCGAACGCTATAAAGCCTACCGCGTGGCTGGTTTCA
D S 8 *

L NT A T W K N G K D I *
ACCTGAATACGGCAACCTGGAAA—AATGGAAAAGACATATAACCCACAAGATATCGAACA
2461 ACCTGAATACGGCAACCTGGAAATAATGGAAAAGACATATAACCCACAAGATATCGAACA
M E KT YNUPGQDI E Q
valS

2521 GCCGCTTTACGAGCACTGGGAAAAGCAGGGCTACTTTAAGCCTAATGGCGATGAAAGCCA
PLYEHUWETZ KA GQGYV FI KUPNUGUDTE S

Figure 3.7 Nucleotide sequence of the region between xerB
(pepA) and valS. The inferred protein sequences of Orfi13,
the C-terminus of XerB and the N-terminus of ValS are
shown. From nucleotide 2401 to nucleotide 2520 both the
sequence reported by Hartlein et al (1987) (top) and that
reported by Hatfield and Heck (1988a) (bottom) are shown.
The different Orfi3 protein sequences inferred from these
two sequences are shown. The '-35 and -10 sequences of the
two valS promoters identified by Hatfield and Heck (1988a)
are indicated.
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resemb1ance to any protein sequences in the databases.

A strain was constructed by Hazel O’Mara (a project
student) and Mary Burke in which the chromosoma] orf13
gene was disrupted within the 117 bp HindIII fragment by
the insertion of a Km" gene. This strain was found not to '
be defective in cer site-specific recombination
(unpublished results).

3.4 XerB shows amino acid sequence similarity to bovine
leucine aminopeptidase

A database. search for protein sequences similar to
XerB was carried out with the help of John Collins (Dept.
of Molecular Biology, University of Edinburgh). The search
used the ICL 64 x 64 distributed array processor‘embTOying
the "best local similarity” algorithm of smith and .
Waterman (1981) as modified by Collins et al (1988) This
search revea1ed a very striking region of similarity
between the C-terminal region of XerB (residues 230-485)
and the C-terminal region of bovine leucine aminopeptidase
(residues 210-470). The N-terminal regions can also be
aligned, but with a lower degree of similarity (Fig 3.9).
The sequence of bovine leucine aminopeptidase was
determined from overlapping peptides derived from leucine
aminopeptidase which had been purified from bovine eye
lens (Cuypers et al, 1982).
: The molecular structure of bovine lens leucine
aminopeptidase has recently been solved at 0.27 nm
resolution (Burley et al, 1990). The protein is hexameric
in structure and contains two zinc ions bound to each
monomer subunit. The N—terhina] domain of the protein (160
amino acids) mediates trimer - trimer interactions and is
not directly involved in catalysis. The C-terminal domain
(327 amino acids) contains the enzyme active site and two
zinc binding fegions. This correlates well with the high
dégree of sequence similarity between the C-termini of
bovine lens leucine aminqpeptidase and XerB, and the much
lower degree of similarity between the N-termini of these
proteins. The active site of the bovine enzyme has been
identifiedzand.contains the residﬁeS'AspQZSS, Asb¥273,
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Asp-332, and Glu-334, which co-ordinate the two zinc ions,
and also Lys—-250 and Arg—336.’A11 six amino acid residues
are conserved between bovine lens Tleucine aminopeptidase
and XerB (Fig. 3.9) ‘

3.5 xerB is identical to pepA

‘The high degree of sequence similarity between XerB
and leucine amindpebtidése’]ed'us to suspect - that xerB
might be the gene for one of the known E. coli
aminopeptidases. Both Salmonella typhimurium and E.cali
contain a surprising variety of enzymes that hydrolyse
small peptides. These include five aminopeptidases (PepA,
PepN, PepB, PepP and PepM), four dipeptidases (PepD, PepQ,
PepE and PepG), a tfipeptidase (PepT) and several
carboxypeptidases. These peptidases are involved in thef5
degradation of intracellular protein, especially undér
conditions of nutritional starvation, and also allow the
utilisation of peptides supplied in the médium (See
Miller, 1987 for a review).

'Six,peptidaSe activities of S. typhimurium,
distinguishable by their electrophoretic mobility, were
identified by Miller and Mackinnon (1974). S. typhimurium
mutants deficient in four of these peptidases (PepN, PepA,
PepD and PepB) were isolated (Miller and Mackinnon, 1974).
The mutations causing three of these deficiencies (pepN,
pepA and pepD) as well as two others (pepP and pepQ) were
genetica]]y'mapped (Miller, 1975). It has been shown that
E..CO7f contains broadly the same pattern of peptidases as
S. typhimurium. Mutations in the genes for several of
these peptidases have been isolated in E.col7i but not
mapped (Miller and Schwartz, 1978). ,

The . pepA gene of S. typhimurium maps to 97 minutes
(Miller, 1975), in the same re1at1ve‘pdsitioh as xerB on
_the E. coli map. The S. typhimurium PepA protein was
thought, because of 1its substrate specificities and its
physical properties, to correspond to aminopeptidase I
purified by Vogt (1970) (see Miller and Mackinnon, 1974).
According to Vogt, aminopeptidase I has a subunit
molecular weight, estimated from its mobi1ity:in SDS-
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polyacrylamide gels, of 52,000. The protein was also
‘reported to .form an insoluble aggregate at low ionic
strength. Both of’these properties are consistent'with the
behaviour of purified XerB. XerB migrates in SDS
polyacry]amide gels as a protein of molecular weight
55,000 and is known to precipitate in conditions of 1low
ionic strength (Stirling, 1987). Other properties of
'aminopeptidase A (or aminopeptidase I) are its broad
substrate spécifﬁcity and its characteristic heat
stability (70°C for 5 minutes) (Vogt, 1970: Miller and
Mackinnon 1974). '

These facts taken together suggested that xerB might
correspond to pepA of E. coli. In order to test this
hypothesis, several experiments were carried out. The
first of'these experiments was to tranSform'a number of S.
‘typhimurium peptidase mutants with the plasmid pKS455.

r

This plasmid is an Ap Cm' 2-cer plasmid that 1oses cmh by

Xer dependent s1te-spec1f1c recombination. S. typh7mur1um"

was used rather than E. coli because of the more extensive
genetic charaétérisation of pep mutants in S. typhimurium.
Also these straihs were readily available from the -lab of
Dr. C. F. Higgins. '

Initially only the four strains CH44, CH351, CH356
and TN1301 were transformed with pKS455. However, because -
of the differing restriction systéms of S. typhimurium and
E. coli (from which pKS455 plasmid DNA was originally
isolated),. this transformation was very inefficient. Only
one Ap" transformant was obtained. This pKS455
transformant of CH351 was found to be Apr and cm'. Plasmid
DNA was prepared from this transformant by the boiling
method and analysed by agarose gel electrophoresis. No
band was seen in this DNA which would correspond to the
‘deletion produdt of pKS455 (p456)Q Only bands
corresponding to the various. multimeric forms (monomer,
dimer, trimer etc.) of pKS455 were seen (see Fig 3.10).

Plasmid DNA prepared from CH351 containing pKS455 was
then used to transform CH44, CH351, CH356, TN996, TN1301,
TN1302, TN1303 and TN1420. At least ten Apr pKS455
trénsformants of each of these strains was obtained.
Transformants were then tested for resistahée“to
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»,.thoramphenico]._P]asmid DNA was also prepared from two

“transformants of each strain and examined by agarose gel
electrophoresis. Strains were said td'bé Xer™ 1F'pKS455
transformants were found to be resistant to
chloramphenicol and'contaihed only plasmid DNA of the
* correct size to be pKS455 or multimeric forms of pKS455.
Strains were said to be Xer+ if pKS455 transformants were
not resistant to ch16ramphenico1 and contained plasmid DNA '
of the correct size to be p456. An example of the type of
gel used in this analysis is shéwn in Fig 3.10 and the
results for all strains tested are summarised in Table
3.1. |

Table 3.1 shows that all strains that carried a
functional pepA gene were Xert and all strains with a
mutation in pepA were Xer . Mutations in the other pep
genes did not affect‘thekXer phenotypévand ne1ther-djd a
mutation in tppB, a gene which encodes a tripeptide
permease. ' .

Ideally the next experiment would have been to
complement the Xer~ phenotype of the S. typhimurium PepA .
‘mutants with a cloned copy of the E. coli xerB gene.
However, because of the restriction system of §.
typhimurium it was not possible to transform the pepA
strains with a 2-cer plasmid and a compatible xerB
comp1ementing plasmid. Instead an experiment was done that
showed that a cloned S. typhimurium pepA gene complemented”
the xerB8 mutation in E. coli. Dr. C. Mi]ier-kindly“éent‘us
‘the plasmids pJG6 and pJG7. Both of these p1asmids contain
the pepA'gene from S. typhimuriumvc1oned as partial Sau3A
fragments into the BamHI site of pBR322. DS941 xerB1 was
transformed with the cm" Tet'’ 2-cer plasmid pCS202. DS94t
xerB1 containing pCS202 was then transformed with either
pJG6 or pJG7 and transformants were selected on medium
“containing ampic111in'and'ch1oramphen1co1} Plasmid DNA was
kexamined on 'ah agarose gel by the single colony lysis
" method. DS941 xerBi1 carrying pCS202 that had been
transformed with either pJG6 or pJG7 had lost the band
corresponding to pCS202 and instead had a band
corresponding to pCS203, the deletion derivative of
pPCS202. : | R
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Figure 3.10 ceremediated recombination in pepA+ and pepA~
strains of A typhimurium. CcH44 (pepZA+). CH356 (pephA+),
CH351 (pep.A ) and TN1301 (pephA ) (see table 3.1) were
with pKS455 plasmid DNA isolated from CH351.

a 0.85% agarose single
in

transformed
Plasmid DNA was visualised on
colony gel. cer mediated recombination acting on pKS455

Xer+ strains yields the plasmid p456.
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Other experiments carried out by Dr. George Szatmari
and Hazel O’Mara further confirmed that xerB does indeed
correspond to pepA} The.resu]ts.of these experiments are
summarised briefly below. ' | |

1) The purified XerB protein.was shown to have
peptidase activity against the artificial peptide

~substrate leucine p-nitroanilide. This peptidase activity

was Mh++ dependent and'stab]é to heat at 70°c (stirling et
al, 1989).

2) Extracts prepared from DS941 xerB1 1acked any heat
stable peptidase activity against leucine p-nitroanilide.
Similar extracts prepared from DS941 did contain heat
stable peptidase activity (O’Mara, pers.'comm.).

3);Spontaneéus mutantSIWere se]écted which were
resistant to thé,toxic'peptide'Va1-Leu-NH2'but still
sensitive to valine. Va]—Leu—NH2 is hydrolysed by pepA+
’ pepN+ strains to produce valine, which is toxic to E. coli
in high concentrations. A p1asm1deborne copy of xerB was
found to make these mutants sensitive to Va]-Leu—NHz.
Several of the mutants selected in this way were found to
be Xer . Those mutants selected in this way which were
still Xert appeared to retain at least some PepA peptidase
activity (0O’Mara and Szatmari, personal communications).

3.6 Discussion
The xerB sequence reported by Stirling (1987) has

been extended by 310 bp 5’ of xerB8 and 120 bp 3’ of xerB.
The 310 bp BamHI - HindIII fragment 5’ of xer8 was found

to contain two potential promoter sequences from which -

xerB could be transcribed. No further work was carried out
ﬁo investigate whether xerB is actua11y’transcribed from
one of these promoter sequences. There was no obvious sign
of any other open reading frames within the 370 bp
upstream of the xerB coding sequence.

The sequence 3’ of xerB was found to overlap with the
unpub1ished sequence'determihedvby'Hedk and Hatfield, 5’
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of valS (the gene for valyl tRNA synthetase). This allowed
the accurate Tlocation of xerB with respect to the known
genes 1in the 96.0 to 97.0 minute region. Taken together,
the xerB sequences repbrted here, thosé féported'by
stirling (1987), and the valS sequence of Heck and
Hatfield (1988a; 1988b) and Hartlein et al (1987) give
5640 bp of continuous E. coli chromosomal sequence.

L Between xerB and valS there is a small open reading
frame (orf13). The position of orfi3, just*downstream of
xerB  and separated from XefB by two'REP sequences,
suggests that orf13 is co-transcribed with xerB. There is
evidence,’from a fusion of the first 63 dodons.of orfi13 to
the TacZ’ gene of M13mpi8 (in mCS113), that orfi13 is
translated 7n vivo. Another fusion between the next 39
codons of orf13 and JacZ’ (in mSD2) ‘indicates that the
'~orf13"readihg frame carries on for'another 117 bp.
Depending on whether the sequence data of Heck and
Hatfield (1988a; 1988b) or those of Hartlein et al (1987)
are to be‘be1ieved, the orf13 open reading frame then
carries on for either a further 63 bp or a further 150 bp.
This would make the protein encoded by orf13 either 123
amino acids (with a calculated molecular weight of 13,700)
or 1562 amino acids (with a ca]cuTated molecular weight of
16,700). The function of orf13 is not known, but it
appears not to be essential for cer site-specific
recombination. ‘ |

The proposed orf13 reading frame overlaps -with the
two vals promoters. If expression of va7$ is to be
controlled independently of expression of the xerB / orfi3
operon there would have to be a terminator for the xer8 /
orf13 transcript. This causes an interesting problem.
Either the transcript could terminate before the vals
promoters, in which case the orf13 reading frame would be .
cut short, or the transcript could terminate after the
promoters, beyond the end of orf73. In this case the
terminator would have to stop only those transcripts which
originated from the xerB promoter'and not those that
originated from the valS promoters. Alternatively there
might not be any terminator for the xerB transcript, in
which case valS would be transcribed by a combination of
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. read-through transcription from xerB and transcription
from the vals promoters; These a1ternatives could only be
distinguished by experiments to map the 3’ end of the
xerB transcr1pt

The predicted amino acid sequence of XerB was _shown
to d1sp1ay a high degree of sequence similarity to bovine
lens leucine aminopeptidase. This similarity prompted us

. to investigate whether xerB corresponds to any of the

known peptidase genes of S} tybhimurium and E.coli. ,

A1l pepA mutant strains of S. typhimurium teSted‘Were‘
found to be phenotypically Xer , whereas all pepA+'strains'
were Xert. Furthermore, a cloned pepA gene from S.
typhimurium was found to complement the Xer  phenotype of
xerB mutant E.coli strains. Other experiments showed that'
the xerB gene product has peptidase activity both in vitro
(against the artificial peptide analogue Leu-p-nitro-
anilide) and in vivo (against the dipeptide Val-Leu—NH,).

These experiments led us to the conclusion that xerS8
is the pepA gene of E. coli. For the purposes of further'
discussion the pepA nomenclature will be used rather than
xerB whenever possible. | »

The results show that, of_a]] the peptidase genes
Tooked at, only pepA is required for cer recombination.
TN1302 is‘mutant in pepB, pepD, pepP, pep®@ and pepN but is
still Xert. None of the other peptidase genes can-
substitute for pepA as shown by the fact that CH351, which
._has‘wi]d.typevgeheskar’all the beptidaseS'apart from
PépA, is Xer . ' - | ’ |

This specific requirement for pepA could be explained
in two ways. One possibility is that PepA plays a
structural role in the recombination machinery that acts -
at cer. PepA could interact directly with cer DNA and/ or
with the other proteins involved in cer recombination.
These 1ntefactions'weu1d not necessarily require the
peptidase activity of PepA. It is easy to envisage how
‘this could specifically require PepA rather than any of
the other cellular peptidases, because the other
peptidases are probably structurally quite different from
PepA. However we have so far been unab]e to detect any
spec1f1c interactions between PepA and e1ther cer or ArgR
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‘(Stirling, 1987; G. Szatmari, personal communications).

The other possibility is that the enzymatic
(peptidase) aotivity of PepA plays some essential role in
cer recombination. In this case the specific requirement
for PepA must reflect some substrate specificity of PepA
not possessed by any other cellular peptidases. It is
" indeed the case that the various peptidases have different
substrate sbecificitieé._For instance, PepA, PepN and PepB
are all described as broad specificity’aminopeotidases_
(Miller, 1987), yet all three can be distinguished byf
their substrate specificities. PepN is the only peptidase
in E. coli or S. typhimurium that shows detectable
hydro1ytic activity towards amino acid beta-napthylamides
(Miller and Mack1nnon, 1974; Miller and Schwartz, 1978).
‘PepA appears to be the on1y S. typhimurium peptidase
capable of efficiently hydrolysing the peptide_analogué
alafosfalin (L-alanyl-L-1-aminoethylphosphonic acid).
Alafosfalin is hydrolysed in vivo to produce the toxic
compound L-1-am1noethy1ohosphon1c acid (Allen et al,
1978). However, alafosfalin is not'toxic to pepA mutant
[(pepN+, pepB+) strains, presumably because it is not
hydrolysed by these strains (Gibson et al, 1984).

"If it is the peptidase activity of PepA that is
required for recombination at cer, this activity could
conceivably be directed against either some protein
component of the recomb1nat1on machinery (ArgR Xerc,
some other as yet un1dent1f1ed prote1n) or 1t could be
'd1rected against a peptide. If the requirement was for
PepA to act on one of the other Xer proteins, it would be
expected that the rehova] of one or several amino acids
from the N-terminus of the protein would activate it.

There 1is at least one precedent for the activation of a o

protein by the removal of the N-terminal methionine. The
,act1v1ty of- glutam1ne phosphor1bosy]pyrophosphate
,Qam1dotransferase requires the removal of the N-terminal

‘ -methionine to uncover a crucial cysteine residue (Tso et

al, 1982). There is no evidence that PepA can act on the
N-terminus of proteins, although there is no a priori
reason why it could not, so long as the N-terminus 1is not
buried in the protein tertiary structure. PepA could also
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conceivably act on the N-terminus of a protein before it
is"fu]]y.tranSTated, It 1is known, however, that PepA is
not the'enzyme responsible for removing the N-terminal
methionine from those proteins which do not retain
~-methionine on their N-terminus (which make up about 60%
of bulk E. coli protein). PepA attacks many peptides with
N-terminal amino acids other than methionine and is able
to proceed beyond the N-terminal amino acid (Vogt, 1970).
It now appears that'PepM is the principal enzyme A
responsible for removing the N-terminal methionine from
E. coli proteins (Miller, 1987). ' .

Alternatively PepA cou]d be required to act on a
peptide rather than a protein. This peptide could be an
inhibitor of Xer function, or the products (amino acids)
released by the activity of PepA on this peptide could be
activators of Xer function. These‘peptide—inhibitorsvorv
amino acid-activators could conceivably modify the DNA
binding activity or recombination activity of ArgR or some
other Xer protein.

Future work could possibly distinguish between a
structural or an enzymatic role for PepA jh1 cer
recombination. Site directed mutagenesis could be used to
abolish the activity of PepA without affecting the gross
structure of the protein} If this mutation did not abolish
the Xer activity of PepA it would show that PepA peptidase

activityvdid not play an essential role in cer site- .

specific recombination. The crystal structure of bovine
leucine aminopeptidase has recently been solved (Bur1ey et
al, 1990) and work is 1in progress to solve the structure
of PepA (Isaacs, personal communications). This might help
to target mutagenesis to the PepA active site.
Alternatively, classical genetic techniques could be used
to select for pepA mutations that either abolish peptidase

activity without affecting Xer éctivity 6r.abo1ish Xer
activity without affecting peptidase activity.

Of course it 1is possible that PepA plays both a
structural and an enzymatic role 1in cer recombination. If
this were the case, PepA and the other Xer proteins might
first assemble into a recombination complex and only then ..
lwou]d the‘peptjdase;écfivity'be required.
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A variant cer site, with an altered crossover region,
recombines in the absence of both ArgR and PepA (Summers,
1989). This site requires only about 50 bp around the 
crossover region and has lost directionality, allowing
both intermolecular and intramolecular recombination. Some
directionality 1is restored if ArgR, PepA and the full
variant site (280 bp) are all present (Summers, 1989).
These results suggest that ArgR,FPepA and the upstream
region of cer (which includes the ArgR binding site)
somehow act together'to 1hpose directionality on cer
recombination; This is in some ways analogous to the
directionality imposed on promiscuous (mutant) Gin/gix
recombination by Fis/enhancer interactions. Wild-type Gin
does not promote recombination efficiént]y in the absence
of the enhancer sequence and Fis (Kahmann et a7, 1985). A
mutant Gin enzyme exists that'w111vcata1yse recombination
in the abSence of Fis and the enhancer (Klippel et al,
1988b). This mutant Gin is promiscuous both in its choice
of substrates (which can be supercoiled or linear) and in
the reaCtions it will promote (inversion and‘de1etidn)
(K1ippel et al, 19885).,However, the presence of the
enhancer together with Fis can still impose, to some
extent, the normal substrate selectivity and reaction
specificity on this mutant Gin (Klippel et a7, 1988b).

The exact role of PepA 1in cer site-specific
recombination remains mysterious. However, the results
discussed in the above paragraph suggest that PepA is not
-~ the cer recombinase but,inétead plays an accessory role in
- cer recombination. This is analogous to several other
systems where accessory factors are required for site-
SpeCific recombination. IHF is required for lambda
integration and excision and FIS is required for the
various DNA inversion systems. However, " in these cases
the accessory factors are known to 5nteract specifically
with sequences required for recombination (attP, attL and
attR in the case of IHF, the enhancer site sis in the case
of Fis). PepA, on the other hand, does not appear to
interact specifically with any of the DNA sequences
required for cer site-specific recombination.

Finally it 1is worth noting one more point that came.
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out of the experiments with S. typhimurium. This 1is the
‘factfthat S. typhimurium is capable of efficiently
carrying out recombination at plasmid borne cer sites.
This implies that all of the functions required for cer
site-specific recombination are present in 8. typhimurium
as well as in E. coli. The 8. typhimurium argR and pepA
genes have already been characterised and mapped (Kelln
and zak, 1978; Sanderson and Hurley, 1987; Miller, 1987).
Preliminary southern blot experiments have revealed that
S. typhimurium also contains a homologue of the E. coli
xerC dgene (Peter Sykora, personal communication). This
conservation of Xer function tends to suggést that'thesé
functions are important for bacterial fitness and probably
all have some role other than just plasmid-stabilising cer

recombination.
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CHAPTER FOUR

ISOLATION AND MAPPING OF xerC
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4.1 INTRODUCTION

- Prior to this wofk;’e1even independent xertmutants
had been isolated (Stewart, 1986; Stirling, 1987). Two of
these mutants belonged to the argrR COmplementation group,
the other nine belonged to the pepA complementation group.
These eleven mutants did not make up a large enough
- sample to be confident_that‘all xer complementaion groups
were represented; Furthermore it appeared that neither
ArgR or PepA was the actual recombinase that acts on cer
because: i) neither protein displays significant amino
acid simi]érity to any known recombinase (Stirling et al,
1988b; 1989), and ii) a variant cer site produced by David
Summers (the type II hybrid between ColE1 cer and C1oDF13
parB) recombines in the absence of functional argR and
pepA genes (Summers, 1989). This implied that the gene for |
the cer recombinase remained to be discovered. It was
therefore decided to look for further genes required for
cer site-specific recombination.

The selection strategy usedvby Colin Stirling to
produce nine of the eleven xer mutants was based on the
transformation of Tn5 mutagenised populations with the
plasmid pKS455 (Stirling, 1987). This plasmid contains two
directly repeated copies of cer flanking a copy of the cat
gene, encoding resistance to chloramphenicol. In a wild
type host (Xer') site-specific recombination between the
gceh sites prodUces'two circles; one (p456) contains the
) Apr gehe and replication origin, the.other (p457) carries
only the cat gene (Fig 4.1). The circle carrying the cat
gene fails to replicate and only p456 persists. The host
therefore remains resistant to ampicillin but becomes
sensitive to chloramphenicol. Mutants defective 1in genes
required for cer site-specific recombination (xer génes)'
can bé‘se1écted because they retain pKS455 in its original
form and remain resistant to chloramphenicol.
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4.2 Tn5 as a mutagen

Several treatments, such as irradiation with UV
light, treatment with chemical mutagens and transposon
mutagenesis can be used to inCrease bacterial mutation
rates. Mutagenesis with the bacterial transposon Tn5 has a
number of advantages over other methods of mutagenesis.
Tns :is a-5.8.kbp»composite (class i) transposon made up of
two copies of thé‘1,535 bp IS50, in inverted repeat,
flanking a central region of 2.7 kbp (Fig_4.2); The
central region of Th5 carries a gene encoding neomycfn
phosphotransferase II, conferring resistance to neomycin
and'kanamycin. Two other genes in this region confer
resistance to streptomycin (cryptic in E. coli) and CL990,
a member of the bleomycin fami]y of antibiotics (Mazodier
étfél, 1985); The prbpefties‘of“Tns'haVe been reviewed by
Berg and Befg'(1983). Some of these properties, relevant
to the use of Tn5 as a mutagen, are listed below:

1) Tnb insertion mutants can be pre-selected before
screening_by a period of growth on kanamycin.

2) After a mutant has been obtained, the close physical
and genetic Tlinkage of Tn5 to the mutant allele can be
used to map the gene, by both genetic and physical (eg
restriction) means. The close association of Km', encoded
by Tns, with the mutation can be used to construct new -
strains carrying the mutation and to c]oﬁe the mutated

gene.

3) Tn5 transposes .into the chromosome With very little
sequence specificity. It inserts at many sites within a
gene (Berg et al, 1980) and in many genes on the E. coli
chromosome (Shaw and Berg, 1879). Very large pools of Tnb
insertion mutants (up to 105) can easily be generatéd~as
described below. The E. coli chromosome is approximately
4 X 108 bp 1in size, so a pool of 10% independent mutants
contains in principle a Tn5 insertion every 40 bp or so.

55



P H BgPSp PSB Be H P

o -> _ > > € tronsposase —
1850L - Km. Ble Str - IS50R
1 kbp | SO
]

Figure 4.2 Diagrammatic representation of Tn5. Tn5
contains two copies of IS50 flanking a central region
encoding resistance to kanamycin (Km), CL990 (Ble) and
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4) Insertion of Tn5 into a gene usually results in total
inactivation of the target gene. Reversion of Tn5
insertion mutations by transposon excision occurs at a
very low frequency, about.10”° revertants/generation .
(Berg, 1977). Insertions within multigene operons usually

exert highly polar effects on genes located downstream of
the insertion. Berg et al (1980) noted that‘approximate1y
one third of Tn5 insertions into TJacZ resulted 1in a
constitutive low-level of expression of JacY. The

remaining two thirds of insertions into J7acZ totally-

abolished expression of JacY.

The uses of Tn5 as a mutagen are extensﬁVe1y reviewed
in de Bruijn and Lupski (1984). Because of the advantages
listed above it was decided to continue to use Tn5 as a
mutagen.

4.3 Lambda NK467 as a Tn5 delivery vector

Lambda NK467 is a “"suicide" vector, constructed by
Nancy KTeckner, for the de11very of Tn5 as a mutagen. Its
use for this purpose is described by de Bruijn and Lupski
(1984). The genotype of lambda NK467 is delta b221,
rex::Tns5, cI857, Oam, Pam. The b221 deletion removes attP
along with intrand_xis so that the phage can not integrate
into the E. coli chromosome (Davidson and Szybalski,

1971). The O and P genes are essential for phage e

rep1ication, therefore-Tambda NK467 can be propagated 1in
an amber subpressihg strainVSUCh‘as DS941 but will not
replicate in a Sup® strain. The vast majority of Km™ cells
received after infection of a Sup® strains such as DS953
will result from transposition of Tn5 into the host
chromosome.

4.4 The use of pKS455 in the selection of xer mutants

An initial period of growth on medium without
choramphenicol was found to be necessary for proper
expression of the cat gene in pKS455 transformants of Xer
strains. When Xer~ strains were transformed with pKS455
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and plated directly onto medium containing both ampicillin
-and chloramphenicol, no transformants were obtained. These
same Xer pKS455 transformants were also plated onto
medium containing on1y ampicillin and then replica plated
onto medium containing ampic{111n and chloramphenicol. A1l
of these transformants were found to be resistant to
chloramphenicol after replica p1at1ng. The se1ection of
xer mutants from a population transformed with pKS455 was
found to be a very clean selection. DS941 (a Xer® strain)
was transformed with pKS455 and plated out onto solid
medium containing ampicillin. Transformants were then
replica plated onto medium'containing ampicillin and
chloramphenicol. Less than one 1in ten thousand
transformants was found to be resistant to
chloramphenicol. _ |
AIn'order to select xer mutants, the'mutageniseq'
population must be transformed with pKS455. This
transformation is an inefficient process; less than one in
a thousand viable cells put into a standard CaCl,
transformation experiment is transformed at saturating
concentrations of plasmid DNA. An unamplified mutant
population containing 105 independent mutants, transformed
with pKS455, will yield only about 100 ampicillin
. resistant colonies for the selection of xer mutants. E.
coli contains of the order of 5,000 genes. Therefore in
theory a population of about 15,000 mutants 1is needed to

have a 95% chance of containing at least one mutant with a -

mutation in a given'gene.,In order to screen a population
of this size for xer mutants, the Tn5-mutagenised
population must first be amplified by a period of growth
on kanamycin, prior to transformation with pKS455. This
allows the generation of 1large numbers of pKS455
transformants which can then be screened for resistance to
chloramphenicol. |
Any mutations that cause a reduction in host
‘viability will be under-represented in the amplified
population. It would therefore be difficult to select xer
mutants if they were less viable than wild type strains.
The amplification step could be avoided if a more
efficient method, such as electroporation or conjugation;
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was used to get the test pTasmid into the mutant
population. Obviously if further xer genes are absolutely
essential for}host growth, mutations could not be obtained
in these genes unless a screen were developed that could
pick up conditional lethal xer mutants. Despite worries
that new xer mutants might have a reduced viability, it
was decided to use essentially the same mutagenesis and
i ~selection strategy as had been employed before.

4.5 Mutagenésis and selection of xer Mutantsv

DsSg53 (a Sup° strain) was grown to stationary phase
in L broth, giving a density of approximately 109
cells/ml. To a 2.5 ml aliquot of this culture was added:
Mgso, to 10mM and approximately 2.5 X 108 plaque forming
‘units (pfu)’ of lambda NK467. The mixture was incubated at
30°c for two hours ‘to' allow phage absorption,
’transposition of Tn5 and expression of Km". The cells were
washed in 20 m1 of L broth, centfifuged and resuspended in
2.5m1. 150 ul of this mutagenised population was plated
onto medium containing kanamycin. After overnight growth
at 37°C, approximately 3,000 Km" colonies were obtained.
This represents a transposition frequency of 2 X 10_4
‘Kmr’ce11s per pfu. If each Km" colony represented an
independent transposition event, then the 3,000 colonies
on this plate carried a Tn5 inserted in the E. coli
chromosome on average once every 1,500-bp. This was
therefore by no means a comp1ete saturation mutagenesis.
The Km" colonies were washed off the plate in 10 ml1 of
phage buffer. 0.5 ml of the suspension produced was used
to inoculate 20 ml of L broth for the preparation of
competent cells. These were transformed with pKS455 and
plated onto L agar containing ampicillin and kanamycin‘
giving approximately 104 Ap” Km" colonies. The.3,000
'origina1 Km" colonies were each represented on average
about three tfmes in the pKS455 transformant population.
Assuming that all of the mutants were transformed with the
same probability, it can be calculated (using the Poiséon
distribution) that 95% of the original 3,000 mutants were
represented at least once in the pKS455 transférmant
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population. The pKS455 transformants were 'replica plated
‘onto medium containing ampicillin, kanamycin and
ch1ofamphenico1. Eleven Apr Km"™ cm" colonies were
obtained. The entire mutathesiS"and selection sdheme_is
outTined'in-Fig 4.3. '

Obviods]y the e]even co1onies produCed were not
necessarily indepéndent, but might have resulted from the
transformation of descendants of a single Tn5 mutant.
Independent mutants could be produced by repeating this .
procedure on separate aliquots 6f cells. Four aliquots of"
DS953 were mutagenised and transformed with pKS455 exact1y'
as described above. Eaéh aliquot gave approximately
2 X 103 Km' colonies. which then yielded approximately
5 x 103 aAp" Km" pKS455 trahsformants, After replica
plating a total of 12 Ap" cm" Km" colonies were obtained
from three of the four ~mutagenesis experiments
(Table 4.1). o IR s

In all, a total of 23 Ap' cm" Km" colonies were
isolated from four independent mutagenesis exberiments.
These colonies could either have represented host xer
mutants unable to delete the cat gene from pKS455 or they
could have represented plasmid (cer) mutations no longer
able to lose Cm' by recombination in a Xert host. Only the
eleven mutants, produced in the first mutagenesis
experiment, were ever characterised in any detail.

4.6 Initial characterisation of xer mutants

The first step in characterising the 11 Apr cm” Kkm"
colonies was to examine their plasmid content by agarose
gel electrophoresis. This revealed that seven colonies
contained only a plasmid of the correct size to be pKS455,
as expected for xer mutants. The remaining four c61onies _
contained a mixture of two p]asmids, one the correct size’ﬁ
~to be_pKS455 (about 80% of the total plasmid DNA) and the
othéfvthe corréctféize to be p456 (about 20% of the total
b]asmid'DNA). This leaky Xer phenotype was thought to be
-both novel and interesting. '

The next step in characterising these mutants was to
see if their Xer phenotype was genetically linked to the
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- Grow DS953 to stationary phase

l

Infect with lambda NK467
incubate at 30°C
for 2 hours

l

SeTect Tn5 insertion mutants
on L agar plus Km

v .
wWash off Km'" colonies in 10 ml1 of phage buffer

. '. v P
Inoculate 20 ml1 of L broth with mixed
: Km" colonies

l

Prepare competent cells and
transform with pKS455

l

Select transformants on L agar plus Ap + Km

l

Replica plate transformants onto
L agar plus Ap + Km + Cm

l

Pick cm" colonies and examine p]ashid content
by single colony gel

- Figure 4.3 Flow chart of mutagenesis and selection of xer
mutants.



Table 4.1
five independent Tnb5 mutagenesis experiments.

Mutant

population

DS953:
DS953:
DS853:
DS953:
DS953:

:Tnd
:Tnb
:Tnd
:Tnbd
:Tns_

Number of possible xer mutants obtained from

#5

#6
#7
#8
#9

No. of Tnb

mutants

3000
2000
2000
2000
2000

No. of A
Km" pKS4

transfor

10,000
5,000
5,000
5,000
5,000

pr | No. of Apr cm’
55 Km" pKS455

mants transformants

- w ® O -—

Table 4.2 Co-transduction of Xer™ phenotype with Tn5

Pl lysate No. of Km"
of strain

SCX5. 1
SCX5.2
SCX5.7
SCX5.9

SCX5.11

SCXS5. 12
SCX5.13
sexs. 47

No. of Xer %

co- - complemented by

transductants  transductants transduction pGS38 pCsS110

N NN = N NN

N e O NN NN - N

4

10 - +
50 - +
100 - +
100 - +
o n/a n/a

50 - 4+
100 - v +
10 - -

The Xer phenotypes of Kkm" transductants were assessed by transfofmation’
-of transductants with pCS202 followed by agarose gel electrophoresis of
plasmid DNA.

_ * SCX5. 4 was the leaky xer mutant that retained a mixture of pKS455 and
p456. A11 four transductants from SCX5.4 displayed a similar 1eaky
,phenotype when transformed with pCS202.



Tn5 insertion. P1 lysates were made from the seven
totally Xer~ strains and from only one of the leaky Xer~
étrainé."TheSe”iTysates were then used to transduce the
mutations into DSQ41,'by selecting for‘Tnslencodéd}Kmr.
‘Two transductants from each'of the totally Xer™ 1ysatesf
and four from the 1eakvaer' 1ysate'were then transformed
with the 2-cer plasmid pCS202. The Xer phenotype of each
transductaht was assessed by gel electrophoresis of
plasmid DNA from pooled transformants.

As can be seen in Table 4.2 the Xer~™ phenOtype 
cotransduces with Tn5 in all but one case, with a
frequency of 50% to 100%. These results demonstratéd
conclusively that at 1east£wén of the eleven original Apr
cm” Km" colonies containéd' genuine Tn5 1linked host xer
mutations and not cer or other pTésmid mutations. The lack
of 100% cotransduction between Tn5 and the Xer~ phenotypé*

of some of the strains could have been caused by the

~ presence of secondary copies of Tn5, notb linked to the
xer mutation. | ,

A mixture of pCS202 and p08203 (the 1-cer deletion
~derivative of pCS203) was seen in transformants of all
four transductants from the 1leaky Xer~  strain. This
partial resolution of pCS202 was very similar to the
partial resolution of pKS455 seen in the original mutant.

An experiment was then carried out to ascertain
whether the Xer phenotype of these seven mutant strains
was complemented by cloned copies of either argR or pepA.
A-Xer’_ttansductant~from each 1ySate,'anéady'containing

P'pCSZOZ,.Was'transformed with either pCSi110 (a pepA+

plasmid) or pGS38 (én argR+ plasmid). Plasmid DNA was
recovered from transformants and analysed by agarose gel
electrophoresis. Complementation was said to have occurred
if there was no band comigrating with pCS202 and.aa new
band had appeared which comigrated with pCS203. A1l six
totally Xer~ transductants tested were found to be
‘complemented bY-pCSi1O and not by pGS38 (Table 4.2). They
were therefore presumed to be mutant in the pepA gene and
were not analysed further. It is quite 1likely that they
were not all independent mutants.

The leaky xer mutation, P1 transduced into DS941,
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appeared not to be complemented by either pepA or argR.
‘Transductants from the Tleaky xer mutant containing pCS202
retained a band which comigrated with pCS202, and showed
“no significant increase in the amount of pCS203 preéent
when transformed with either_pCS110 or pGS38. This mutant
appeared to belong to a new complementation group. The
mutation was therefore given the name xerC1::Tns.

The phenotype of the xerci mutation could be
distinguished from that of pepA and argR in another way.
Recombination at the type II hybrid, which does'nbtr
require the function of either pepA or argR, was found to
be substantially reduced in DS941 xerC?. DS941 xerC1 was
transformed with pSDC110, which contains two directly
repeated copies of the type II (ColEi1 cer - C]dDF13 parB)
hybrid. Intramolecular recombination (deletion) at the
“type II hybrid site was found to be substantia11yiréduqed<
in DS941 xerC?. 1Intermolecular recombination
(multimerisation) appeared also to be reduced by the xercCi?
mutation. A comparison of the behaviour of the reporter
plasmids pKS455, pCS202 and pSDC110 when transformed into
DS941, DS941 argR, DS941 pepA and DS941 xerCt?1 is shown 1in
Fig 4;4.

4.7 Mapping and isolation of xercCi1

The Tn5 insertion within xerCt? was genetically mapped
by 1nterrupted_mat1ng. The xerC1‘mutation*was first P1
transduced into CGSC4311. Transductants were selected for
resistance to kanamycin and then transformed with pKS455
to check that they displayed the leaky Xer~™ phenotype.
CGSC4311 1is an Hfr étrain, carkying the F origin of
- transfer at a map position of approximately 14 minutes.
Chromosomal markers are transferred from this origin in an
‘anticlockwise direction. CGSC4311 xerC! was mated with a
Nal" derivative of DS903, which carries the following
mutations argf (map position 90 min), hisG (44 min), JleuB
(2 min) and thr-1 (0 min). CGSC4311 is wild type at all of
these loci and should therefore transfer these markers to
the recipient in the order JeuB, thr-1, arge and last of
all hisG. - '
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Figure 4.4 cer mediated site specific recombination in
Xer+ and Xer“ Jd= coli strains. DS941, DS941 argR
(xerA9::fol ), DS941 pepA (xerB1 ) and DS941 xerC 1 were
transformed with the reporter plasmids pKS455, pCS202 and
pSDC110. Plasmid DNA was isolated by the boiling method
and run on a 7.2% agarose gel. pKS455 and pCS202 both
contain two directly repeated copies of the wild-type cer
site. pSDC110 contains two directly repeated copies of the
type Il ColE1 cer CloDF13 parB hybrid (Sau3A - Alul
fragment). Intramolecu1ar site-specific recombination
acting on pKS455, pCS202 and pSDC110 yield p456, pCS202

and p111 respectively.



Both donor and recipient were grown to an optical
density (Aggg) of about 0.4 and then transferred to a 37°
- non-shaking water bath for 30 minutes. 1 ml of the donor
was gently mixed with 10 ml of the recipient. 0.5 ml
samples were taken at five minute intervals and
interrupted by dilution in 5 m1 of ice cold 1 x D&M salts
supplemented with 20 ug/ml nalidixic acid, followed by
vviQOrous vortexing. Samples were concéntrated by
centrifugation and resuspended in 0.5 ml 1 x D&M salts.
30 ul from each time point was p1ated onto medium that
selected for either Thrt - Leut or Arg® or His' or Km"
recipients (all plates contained nalidixic acid). The time
of entry of known markers was much later than expected but
the results shown in Fig 4.5 indicated that the Tnb5
insertion within xercC? probably maps within 10 minutes of
the argE gene at QO»minutes. :

The'TnS insertion within xerC! was physically mapped -
by Southern blot analysis. Chromosomal DNA was prepared
from.DSQ41 xerCt1, treated with various restriction
endonucleases and run on an agarose gel. DNA was
transferred to a nylon membrane and probed with a mixture
of 32P labelled lambda DNA (to show up the 1lambda size
markers) and pCS80 (a pBR322::Tn5 derivative) to show up
chromosomal fragments containing Tn5. The results of>this
blot are shown in Fig 4.6 and summarised in Table 4.3.
These data showed that DS941 xerCi carried a single
chromosomal copy of Tn5._ , _ _

Th5 contains no internal  EcoRI sites. It was
therefore'decided to clone the 14 kbp Tn5 containing EcoRI
fragment seen by Southern blotting (Fig 4.6). This
fragment should contain the 5.8 kbp Tn5 within a
chromosomal fragment of approximately 8 kbp. It was hoped
that this fragment would contain all or part of the xercC
gene. Total DNA from DS941 xerCi1 was cut with EcoRI and
1igated into pBR322 which had been treated with EcoRI and
'CIP to prevent ligation of the vector to itself. This
ligation mix was transformed into DS941 and one Ap" Km'
colony was obtained. The plasmid from this Apr Km" colony
was hamed pSDC100. pSDCiOO plasmid DNA was isolated,
cleaved by various restriction endonucleases and aha]ysed
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- Figure 4.5 Interrupted mating between CGSC4311 xerCi and
DS903 nal’. CcGsC4311 xerCi was mated with DS903 nal’ as
described in the text. The number of (Thrt Leut Nall),
(Arg™ Na1"), (km" Nal') and (His* Nal") colonies obtained
at various time points is shown in (A). The genetic map of
CGSC4311, with the location of the Hfr origin of transfer,
is shown in (B).



I — 231 kbp

Figure 4.6 Southern blot of chromosomal DNA from DS941
xerCl . Chromosomal DNA from DS941 xerC1 was cut with
various restriction enzymes, run on a 0.85% agarose gel
and transferred to a nylon membrane. The blot was then
probed with a mixture of nick translated pCS30
(pBR322::Tn5) and lambda DNA.
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Table 4.3 Sizes of Tn5 containing restriction fragments
from DS941 xerCl

Enzyme No. of sites in Tnb Fragment sizes (kbp)
BamHI 1 7* 6

'EcoRI 0 14%

HindIII 2 >20 3.6%  3.4*
KpnI 0 >20

sphl 1 14 e*

Those fragments marked with an asterisk (%) are
completely contained within pSDC100. The 3.4 kbp HihdIII
- fragment is an internal fragment from Tns. .

Table 4.4 The number of recognition sites identified in
pSDC100 for various restriction enzymes.

Predicted No. of sites 1in:

No. of sites

Enzyme in pSDC100 ~ pBR322 Tn5  chromosomal DNA
f'BamHI 4 1 K 2
 HindIII 4 1 2 1

ECoRI 2 1 0 o*

ECORV 9 1 0 8

KpnI 1 0 0 1

PstI 8 1 4 3

Pvull 6 1 4 1
 sall 4 1 1 2

Sphl 3 1 1 1

*The two EcoRI sites are at the boundaries between vector

and chromosomal sequences.



by electrophoresis on agarose and acrylamide gels. One
' -agarose and one acrylamide ge]lused in this analysis are
shown in Fig 4.7. As can be seen, restriction with EcoRI
produced the expectéd 14 - kbp Ths—containing'Chromosomalﬁ
fragment and a 4.6 kbp vector fragment. ‘

A breakdown of the number of various restriction
sites found 1in pSDCiOOIand the number of such sites
expected in both pBR322 and Tn5 is shown in Table 4.4.>
Using these data, and the sizes of restriction fragments
estimated from plots of mobility against log [fragment
length] of known markers, a restriction map of pSDC100 was
deduced (Fig 4.8). The cbnstruction of this map was
greatly aided by the knoWn restriction map of two
components of pSDC100, namely pBR322 and Tn5. }

Restriction enzyme cleavage of pSDC100 with EcoRI
yielded the 14 kbp fragment expected from the Southern
b]oﬁ of.DSS41 xercC1 chromosomal DNA. Further cémparison
of the deduced restriction map of pSDC100 (Fig 4.8) with
the results of the Southern blot experiment (Fig 4.6 and
Table 4.3) confirmed that the desired, xerC linked, copy
of Tn5 had been cloned in pSDC100.

A restriction map of the wild type 8.3 kbp EcoRI
fragment, which was thought to contain at least part of
xerC, was deduced by subtracting the known restriction map
~of Tn5 from the pSDC100 restriction map. Comparison of
this deduced map of the xerC region with the complete
restriction map of the E. coli - chromosome (Kohara et al, .
1987) revealed a very'convincing match at a,map'pdéition
" of 85 minutes (co-ordinates 3,716 to 3,724). Further
refinement of this map position was made possible by
comparison with the detailed restriction map of the 77v -
metE - udp region of the E. coli chromosome (Aldea et al,
1988; see Fig 4.9). This allowed the position of Tnb 1h
pSDC100 (and therefore by implication in DS941 xerC1?1) to
be accurately»determined. The xerC1v11nked copy of Tnb6 is
1écatedvbétween the genes for adenylate cyclase (cya) and
the SOS-inducible DNA helicase II (uvrD), in the 85 minute
region of the E. coli chromosome. The extension of the
restriction map of the xerC region, outside of the 8.3 kbp
EcoRI fragment gonpained in psDC100, confirmed the'
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existence of chromosomal Bame, HindIII and Kpnl sites
';Qutwith pSDC100 in positions consistent with the Southern
blot data shown in Fig 4.6 (See Fig 4.9).

4.8 pDefining the wild type xerC gene

The entire ilv - metE - udp regfon of the E. coli
chromosome has been restriction mapped and cloned into
multicopy p]asmids‘(A1dea‘et al, 1988). S. Kushner kindly
supplied us with plasmids covering the cya - uvrD region.
Mary Burke tested these plasmids (pMAK101, pMAK102 and
pVMK42) to see if they complemented the xercC? mutatioh.
The plasmids were transformed into DS941 xerC? already
carrying pCsS202. Plasmid DNA was 1isolated from
tfansformants and run on an agarose del to 1look for
resolution of pCS202 to pCS203. Only pMAK101 was found to:
complement. xerCi1. This plasmid contains the same 8.3 kbp -
EcoRI fragment found in pSDC100 without a copy of Tnb
disrupting the xerC gene.

Two sub-clones were constructed which contained
fragments from pMAK101 in the vector pTZi18R. pSDC106,
carrying the 1.8 kbp Sall fragment (with the Tn5 +insertion
point 1ocated'approximate1y in the centre), was found not
to complement xerC?. pSDC102, carrying the 3.6 kbp HindIII
- Bg1II fragment, was found to complement xercC? (Fig 4.9).

In order to further define the xerC complementing
region carried by pSDC102, it was decided to carry out.'
exonuclease III deletijons. Chrdhosoma1 sequences carried
by ﬁSDC102 were deleted, starting from the end furthest
from the Tn5 dinsertion point (the HindIII end).
Exonuclease III deletion was carried out by the method of
Henikoff (1987). pSDC102 contains unique BamHI and SstI'
sites in the polylinker, adjacent to the HindIII end of
the insert (Fig 4.10). Treatment with SstI and BamHI
. produced one end‘(SstI) with a'protruding 3’ OH which
'biocked exonuclease III degradation of the vector, and
another end (BamHI) with a recessed 3' OH which allowed
exonuclease III to degrade the insert progressively on one
strand in a 3’ to 5’ direction. By taking samples and
stopping the exonuclease III reaction at various time
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Figure 4.9 Genetic and physical map of the xerC region of
the E. coli chromosome. (A) Shows the restriction map of
50 kbp of the E. coli chromosome and the location of genes
known to map to this region (Adapted from Kohara et al,
1987 and Aldea et al, 1988). (B) Shows an enlarged
restriction map of the 8.3 kbp EcoRI fragment into which
Tn5 ijnserted to give xerCi::Tn5. Below this map is shown
the extent of chromosomal fragments carried by various
plasmids. The XerC phenotype of these plasmids was
assessed by complementation of the xerCil mutation.



points, progressively larger deletions were obtained.
Single stranded tails were removed by the action of 81
nuclease, which specifically degrades single stranded DNA.
Blunt ends were then producéd by the action of the Klenow
 fragment of DNA polymerase I in the presence of all four
deoxynucleotide triphosphates. DNA molecules, containing
‘deletions into insert sequences but not into vector
-.seguences, were rec1rcu1ar1sed by the action of DNA
11gase and transformed 1nto DS941 xerC1 o
After screening a number of p]asm1ds produced in this

way, a series of pSDC102 deletion derivatives was
obtained. The deletion end points of this series covered
the 3.8 kbp HindIII to Bg1II fragment 1in intervals of 200-
300 bp (Fig 4.10). DS941 xerC1 isolates containing these
p1asm1ds were transformed with p08202 Transformants were

1 patched out 'DNA was obtained by the - s1ng]e colony Nysis e

techn1que and separated by electrophoresis on a 0 85%
agarose gel (Fig 4.11). Complementation of the Xer~
phenotype was assessed by the complete disappearance of
pCS202 and an 1increase 1in intensity of the bahd
corresponding to pCS203.

The smallest plasmid found to complement xercCl,
psbc102 /\ 4.1 (also called pSDC104), contained a
chromosomal fragment that extended 1,232 bp from the BglII
site towards the HindIII Site. The next smallest deletion
derivative of pSDC102, pSDC102 [ﬁ 6.2 (pSDC123), contained
a fragment 269 bp smaller than that in pSDC104 and did
not complement xerci.

4.9 Discussion

Site-specific recombination at cer maintains ColE1 in
a monomeric state; thus ensuring its stable inheritanée,_
ColE1 carries no protein coding sequences essential for
this monomerising site-specific recombination (Summers and
Sherratt, 1984). Previous work had 1led to the isolation
of two E. coli chromosomal genes (pepA and argR) which
are absolutely required for cer site-specific
recombination (Stirling et al, 1988b; Stirling et al,
1989). Both of these genes have rolés‘in E. coli apart
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Figure 4.10 Exonuclease III deletions of pSDC102. The
Xerct plasmid pSDC102 was cut with BamHI and SstI and then
incubated with exonuclease III. Blunt ends were produced
by the actions of S1 nuclease and the Klenow fragment of
DNA polymerase I. DNA molecules were then circularised by
T4 ligase. The deletion derivatives of pSDC102 produced
were then tested for complementation of xerCi1 (see Fig
4.11). ' ‘ '
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Figure 4.11 Complementation of xerCl with the deletion
derivatives of pSDC102. DS941 xerC1 isolates already
carrying the deletion derivatives of pSDC102 were
transformed with the compatible reporter plasmid pCS202.

Plasmid DNA was visualised on a 0.85% agarose single
colony gel.



from their action on cer: argR controls expression of the
érginine .- biosynthesis regulon (reviewed by Glansdorff,
1987) and pepA encodes a peptidase which can 1iberate
amino acids from small peptides which_are either produced
by protein degradatioh or imported from the medium
(reviewed by Miller, 1987).. _ ‘

_ This chapter reports the isolation of a strain
‘ﬁfcarrying a mutation in a new gene, XxerC, involved 1in cef
site-specific'réCGMbination. This xerC mutant strain has
substantially reduced 1levels of site-specific
recombination at cer. The xerC gene has been cloned and
mapped, and is totally distinct from both pepA and argR.

The xerC1? mutation does not completely abolish
recombination at cer. There are two possible explanations
for this: either the xerC gene product is not absolutely
_reinrédijr»cer site—specific recombination (but
'substanﬁiaTTy‘increases the rate of such recombination) or
the xerC gene pkoduct is essential for recombination at
cer but the xerC? mutation is not a null allele. Results
discussed in the next chapter will show that the second
of these possibi]itiés is in fact true and that xerC is
absolutely required, along with pepA and argRr, for cer
site-specific recombination. There is also some evidence
to suggest that xercC might'have a cellular role in E.
coli.

The xerct mutation substantially reduces
recombination -at the type II (Cl1oDF13 parB ColEl cer)
hybrid, which does not require either pepA or argR for
recombination. This type II site is functionally much
~smaller than the \u{1d type cer site, requiring at most
50 bp around the crossover region (Summers, 1989). This
suggests that XerC acts at or near the crossover site of
cef, making XerC a candidate for being the cer

recombinase. | - -
| The strong possibility remains that yet more E. coli
genes are required for cer site-specific recombination.
The strategy described in this chapter could be used to
select further xer mutants. In fact a further 12 possible
xer mutants have already been isolated. It would be
interesting to investigate whether these all belong to the
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three known xer complementation groups. However any
fqrther. genes required for cer site-specific
récombination,.which are also essential for E. coli
growth, would be very diff1¢u1t to 1dentffy by genetic
apbfoaches. The'development of an 7in vitro recombination
system would be useful in the search for further E. coli
factors involved in cer site-specific recombination.
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- CHAPTER .FIVE

THE NUCLEOTIDE SEQUENCE OF xercC
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, 5.1,Introduction

In the work described in chapter 4,'a minimal xercC
complementing fragment of approximately 1.2 kbp was
isolated. The chromosomal Tlocation of this fragment was
accurately defined by restriction analysis to between the
genes cya and uvrD in the 85 minute region. Another gene
that maps to this interval is dapF, encoding
diaminopimelate epimerase'(Ribhaud et al, 1987). This
enzyme catalyses the conversion of L,L-diaminopimelate to
the meso (D,L-) form. meso—diaminopime1até is a direct
precursor of 1lysine and 1is also an essential cell wall
component. The dapF gene has been cloned and sequenced
(Richaud etva7, 1987; Richaud and Printz, 1988), and it
was thereforé possible to locate it on the restriction map
of the Cya to uvrD regibn. The gene order ih-this region
was found to be cya, dapF, xerC, uvrD (Fig 5.1). The uvrD
gene has also -been sequenced (Finéhkand Emerson, 1983;
1984; Easton and Kushner, 1983). Examination of the
location of these sequences on the restriction map of the
xerC region showed that there was an unsequenced region of
~approximately 1.8 kbp between dapF and uvrD (Fig 5.1).
Since the minimal xerC complementing fragment was
contained within this unsequenced region, it became a
priority to determine the nucleotide sequence spanning the

gap between dapF and uvrD.
5.2 Sequencing of the xerC gene

The sequence of most of one strand (the top‘strand)
of the xerC region was determined from the exonuclease III
deletion derivatives of pSDC102 shown 1in Table 5.1a. The
production of these deletion derivatives,was described in
Section 4.8 and is represented diagrammatically in Fig
4.10. The chromosomal fragments from these deletion
derivatives were cut out as HindIII - EcoRI fragments and
cloned into M13mp19 also cut with HindIII and EcoRI
(Fig 5.2). Single stranded tempiates were prepared from
these recombinant phage and sequenced using the reagents
from a Sequenase kit. Overlaps between the sequence of
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Figure 5.1 Restriction map of the xerC region of the E.
coli chromosome. The top of the figure shows the extent of
published sequenced in the xerC region. The cya sequence
has been determined by Aiba et al (1984), the dapF
sequence has been determined by Richaud and Printz (1988)
and the seguence of uvrD has been determined by Easton and
Kushner (1983) and Finch and Emerson (1983; 1984). The
positions of the genes identified in this region are
shown. The molecular weights were calculated from sequence
data. The positions of insertion of Tn5 in xerCi and of
the Km' cassette in xerC2 are shown. The sites of
insertion of Mu dII PR13 (Y30, Y13, Y17 and Y2) are also
indicated. ' ’ :
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successive deletions were fouhd by eye and compared using
programs from the University of Wisconsin GCG sequence’
analysis package running on the Glasgow University VAX
(VMS3). The sequence was assembled using'the SEQED 
program, producing 1,391 bp of continuous sequence, -
extending from the pSD102 [3 10.21 endpoint at nucleotide
417 to the BglII site at nucleotide 1,807 (Table 5.1a).
(A11 sequence coordinates quoted in this chapter refer to
the numbering used in F1g 5.5)

In order to determine the sequence of the bottom
strand of the xerC region and simultaneously to determine
the exact Tn5 insertion point in xerCi it was decided to
clone an expected 2.5 kbp HindIII - BglII fragment from
pSDC100 1into Mi13mp19 (Fig 5.3). However, restriction of
pSDC100 with HindIII and Bgl1II did not yield the expected
2.5 kbp fragment, yielding instead one fragment of 1.2 kbp
and another of 1.3 kbp. This was due to the presence of
an unexpected BglII site in pSDC100, located at'br'very
near the right hand end (as drawn in Fig 5.3) of Tn5. The
sequences of both Tn5 ends are 5’AG 3’. Theréfore, when
Tn5 inserts next to the tetra nucleotide sequence
5’ATCT3’ a Bg1II site (AGATCT) is generated. In order to
confirm that this is how the extra BglII site in pSDC100
was produced, the 1.2 kbp HindIII - Bgl1II fragment from
’pSDC100 was cloned into M13mpi9 cut with BamHI and
HindIII, to create mSD12 (Fig 5.3). Single stranded DNA
produced from mSD12 was sequenced and was found to conta1n
a BglII- s1te next to a Tnb5 end exactly as expected.

In order to determine the exact location of the extra
Bgl1II site in pSDC100 and, by implication, the exact sité
of insertion of Tn5 1in xerCt?, the 1,273 bp BgililI Fragment
from pSDC100 was sequenced from the left hand end. The
1,273 bp Bgl1II fragment was first ligated into pTZ19R 1in
the BamHI site to create pSDC103. The insert from this v
plasmid“was 1igated into M13mp19 as an EcoRI - HindIII
fragment, to create mSD14 (Fig 5.3). Single stranded
‘femplate was prepared from mSD14 and sequenced. This
revealed that the BglII site had been created by Tn5
insertion next to the sequence ATCT located at nucleotide
532 (Fig 5.5). The Tn5 insertion point in xerCi was thus .
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Table 5.1 Derivation of the xerC sequence

A) Plus strand

Clone

mAS1
mMB19.3
delta 10.
delta 4.
delta 6.
delta 23.
delta 18.1
. delta 18.6
delta 21.4
mSD15

2
1
2
7

Gaps in plus strand 327 - 390

B) minus strand

Clone

mSD16
mMB9

msSD19 (Y2)
mSD13

mSD13 delta
mSD13 delta

mSD13 delta’

mSD13 delta
mSD18 (Y17)
mSD13 delta
mSD13 delta
mSD17 (Y13)
- mSD13 delta
mMB19.2
mMB19.3
mAS2

5a
2e
2a

3b

4b
5a

7b -

Gaps in minus strand 69

116

116,

Sequence co-ordinates Gel(s)
69 326 n/a
390 432 n/a
417 - 680 5 & 7
576 878 6 & 7
846 — 1141 6 & 7
1108 - 1308 9 & 10
1161 - 1461 6 & 7
1440 - 1631 9 & 10
1582 ~ 1807 8 & 12
1804 - 2120 20
~and 2120 - 2197.
Sequence co-ordinates Gel(s)
2197 - 1911 20 & 21
1986 - 1791 n/a
1873 - 1792 23
1807 - 1515 11 & 13
1434 - 1355 14
1413 - 1285 16
1382 - 1116 14 & 15
1186 996 14 & 15
1058 944 23
975 748 14 & 15
775 678 14 & 15
741 658 23
688 532 14 & 15
595 - 429 ‘n/a
- 393 321 n/a
326 n/a

393 - 429 and 1434 - 1515.
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Figure 5.3 Strategy used to determine the sequence of the
minus strand of xerC and also to determine the Tns
insertion site in xerCi. The fragments shown were cloned
from pSDC100 into M13mp18 and M13mp19 to produce mSDi12,
mSD13 and mSD14. The arrow heads indicate the direction in
which these fragments were sequenced. The 389 bp BgJIIv'
fragment from pVMK42 was cloned into mi3mpi19 to produce
mSD15 and mSD16. Exonuclease III was used as described in
~the text to obtain the deletion derivatives of mSDi13
shown.



accurately located.

The insert from pSDC103 was then cloned into M13mp18
to create mSD13 (Fig 5.3). Double stranded (RF form) DNA
was made from mSD13 and cut.with'the reetriction enzymes'
Xbal and PstI. A set of nested deletions was then made
using exonuclease III as previously described (Fig 5.3).
Sequence was obtained from mSD13 and the de]etfon
derivatives of mSD13 shown 1in table 5.1b, giving the bulk
'iof the sequence of the bottom strand between the Bg]II
site and the Tnb6 insertion po1nt N

The 389 bp Bg1II fragment from pVMK42 was cloned into

M13mp19 1in both orientations to give mSD15 and mSD16 (Fig
‘5.3). Sequence from these two clones, together with
sequence determined by Mary Burke (see Table 5.1b),
completed the sequence between nucleotides 1807 and 2197.
Finch and Emerson (1983 & 1984) and Easton and Kushner
(1983) reported the uvrD sequence, starting from the
Pvull site at 2017. There are no differences between the
publiehed uvrD sequences (Finch and Emerson 1983;1984;
Easton and Kushner, 1983) and that determ1ned in this
work, w1th1n the 181 bp region of overlap. ,

The remaining sequence was determined as summarised
in Table 5.1 with the help of Mary Burke, Alisdair
| Sutcliffe and Richard McCulloch. The sequence from the
PstI site at nucleotide 61 to the psDci02 /\ 10.2 endpoint
at nucleotide 417 was determined on at 1least one strand
from mAS1, mASZ2, mMB19. 2 and mMB19.3. The 252 bp PstI
fragment from pSDC102 was cloned in both orientations into
M13mp18‘by Alisdair Sutcliffe to produce mAS1 and mAS2.
Mary Burke cloned the 68 bp fragment extending rightward
from the Pstl site to the nearest Sau3A site, along with
other random Sau3A fragments, into M13mp19 to produce
mMB19.2 and mMB19.3. Sequence from these clones was
assembled together by comparing it te the sequence
determined by Catherine Richaud. The sequehce as far as
nucleotide 206 is pubiished (Richaud and Printz, 1988) and
the sequence from 207 to 741 was communicated by C.
Richaud. As shown in Fig 5.4 there are several differences
between our sequence and the sequence of Richaud. These
inconsistencies were checked as carefully as possible and
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Richaud

Richaud
This work

-Richaud
This work

Richaud
This work

Richaﬁd
This work

Richaud
This work

Riéhaﬁd
This work

Richaud
This work

Richaud
This work

Richaud
This work

Richaud
.This work

Richaud
This work

Richaud
This work

TATATGACTG
Y M T G

' dapF

AAGCAACCAG

- GGCGGTTGTC

GGCGGTTGTC

CGCGCGCAGT
CGCGCGCAGT

ublished
TTTCGTTGGT
TTTCGTTGGT

*

CTCGAAGAGA
CTGGAAGAGA

CCTGTTTTAT

CCTGTTTTAT

GTCTCGACGA
GTCTCGACGA

CTGGCAGGTG
CTGGCAGGTG

*
GC.GTCGAAC
GCCGTCGAAC

TGCGTATTCA
TGCGTATTCA

GGACCAGAGC
GGACCAGAGC

GGCGATGTCG
GGCGATGTCG

GCCCGGCGGT
P AV

ACATGTCTAC
H VvV Y

Pstl

GGGAAGAACT
CT

GATTATCTGA
GATTATCTGA

AGAAGCGATA
AGAAGCGATA

CGAGTGGCAC
CGAGTGGCAC

ACATGGCGCT
ACATGGCGCT

CGCCTACTCT
CGCCTACTCT

-
TAT.CTGATG
TATGCTGATG

CGAGTCTGCG
CGAGTCTGCG

CACACTCATC
CACACTCATC

GCGTTTGGGG
GCGTTTGGGG

TGCTGGTGGT
TGCTGGTGGT

ATGCTGGGAA
ATGCTGGGAA

GCAGGAAACA
GCAGGAAACA

TTAAAAATCC
TTAAAAATCC

* *
CGTGTTGCCC
CGTGT.GCC.

ATGGCCCGCG
ATGGCCCGCG

(stop)
GTTGATGGAA
GTTGATGGAA

Pstl -
ACCTGCAGCG
ACCTGCAGCG

CGCTTTCACC
CGCTTTCACC

CCTGTTTCCG
CCTGTTTCCG

TGGCATTAAG
TGGCATTAAG

CAGGAACAGC
CAGGAACAGC

GCTACCGGAA
GCTACCGGAA

GCGATGCTGA
GCGATGCTGA

GACGGATTTA

D G F 1

CTCACGGAGC
CTCACGGAGC

TGAGTTTTTT
TGAGTTTTTT

GCATCCGGTA
GCATCCGGTA

CACGTAATCA
CACGTAATCA

CAGGCTATCG

CAGGCTATCG

*

CATTCTCACC
CAGTCTCACC

GCTGGGCGCG
GCTGGGCGCG

GATCGCTGGC
GATCGCTGGC

CCGTCAGTCT
CCGTCAGTCT

ACTATCTTGG
ACTATCTTGG

GCGAAAGCGG
GCGAAAGCGG

TTTGGGTGTC
TTTGGGTGTC

50
TTCATCTATG
H L *

100

TTGATGACCG

TTGATGACCG

150
ATCCGTAATG
ATCCGTAATG

198
CGCGGCACCG
CGCGGCACCG

_ 248
TATTCATGTT
TATTCATGTT

298
CCAACGAAGG
CCAACGAAGG

_ 348
GCCGCCAGCA
GCCGCCAGCA

*398
CGATCT.GGC
CGATCTCGGC

448
GCTTAGGTGC
GCTTAGGTGC

498
TTCGAACCGC
TTCGAACCGC

548
GCCGCTTAAC
GCCGCTTAAC

598
TGGGATCGGT
TGGGATCGGT

648
GTGCTGTTTA
GTGCTGTTTA



| 698

Richaud  CCAGTCGCGA TGCCAGTCAC TATCAACAAG GGCAAGGAAC GCAGTTACTT

This work CCAGTCGCGA TGCCAGTCAC TATCAACAAG GGCAAGGAAC GCAGTTACTT
SR | 748

Richaud  CATGAAATTG CGCTGATGTT GCCGGAGCTT CTGGAGCGTT GGA

This work CATGAAATTG CGCTGATGIT GCCGGAGCTT CTGGAGCGTT GGATTGAACG

xerC | 798

This work CGTATGACCG ATTTACACAC CGATGTAGAA CGCTACCTAC GTTATCTGAG
M TD L HT DV E RYULZER YL S

Figure 5.4 Comparison between the Sequence determined by

Richaud and Printz and the sequence determined in this

- work. The sewn differences between the sequence determined
by Richaud and Printz (1988 and personal communications)
and the sequence determined in our lab are indicated with
asterisks (*). The alignment 1is numbered throughout
according to the sequence determined in this work. The
sequence as far as nucleotide 206 is published by Richaud
and Printz (1988). The inferred protein sequences of the
C-terminus of DapF and the N-terminus of XerC are shown.
The start (nucleotide 48) and stop (nhucleotide 753) codons
of orf235 are shown. Note that the two single base-pair
insertions at nucleotides 175 and 178 in the sequence of
Richaud and Printz introduce a stop codon into the orf235

reading frame at nucleotide 271.



I am therefore fairly confident that the sequence
determined in this work is correct. The complete sequence
of the xerC region, extending from the 3’ end of dapF to
the 5’ end of wvrD is shown in Fig 5.5.

A1l gels were read on at least two occasions and
entered directly into the computer using the SEQED
programme. Readings from gels were then compared to the
sequence determined from the other strand using the
REVERSE and GAP programmes. Conflicts between readings of
the two strands were resolved by referring back to all
gels covering the region of interest. The sequence shown
in Fig 5.5 was double checked by a final proof-reading of
all autoradiographs just prior to writing this thesis.

5.3 Ana}ysis of the xerC sequence

The xerC?1 mutation is complemented by the 1,232 bp
chromosomal fragment contained within pSDC104, but not by
the shorter fragment contained within pSDC123, which
extends 962 bp to the left of the BglII site at nucleotide
1,807 (see Fig 5.5). Plasmids that contain inserts which
start at the Sall site within the minimal complementing
fragment and extend either to the left or to the right
from this site (pSDC106 and pVMK 42, see Fig 4.9) do not
compiement xerCi1. Therefore, it seemed‘like1y that the
xerC reading frame would be wholly contained within the

1,232 bp chromosomal fragment carried by pSDC104, bUtf 

WOu1d be disrupted by the deletion of a further 270 bp.
The complementation data'also suggested that the xercC
reading frame would span the Sall site in pSDC104.

The DNA sequence of the xerC region was searched for
protein coding sequences using the CODONPREFERENCE program
(Fig 5.6 A and B). This program indicates any open reading
frame beginning with an AUG start codon. It also p1ots the
occurrence of'kare codons (those that occur at less than
5% of the frequency of synonymous codons) in all three
reading frames. Above this is plotted a codon preference
statistic, calculated over a window of 25 codons (Gribskov
et al, 1984). E.coli uses synonymous codons on a non-
random basis, which correlates to the abundahce of the
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61

121

181

241

301

361

421

481

- 541

601

661

721

dapF . . orf235 .
TATATGACTGGCCCGGCGGTACATGTCTACGACGGATTTATTCATCTATGAAGCAACCAG
Y M T GP A VHV Y DG F I HIL *

R M K Q P G

Pstl .
GGGAAGAACTGCAGGAAACACTCACGGAGCTTGATGACCGGGCGGTTGTCGATTATCTGA
EEL QETTILTTETLTUDTU DT RA AV VYV DYTLI

TTAAAAATCCTGAGTTTTTTATCCGTAATGCGCGCGCAGTAGAAGCGATACGTGTGCCGC
K NP EF F I RNARAUV EATIURUVPH

ATCCGGTACGCGGCACCGTTTCGTTGGTCGAGTGGCACATGGCCCGCGCACGTAATCATA
PVRGTVSLVEWUHMMARARNIHI

TTCATGTTCTGGAAGAGAACATGGCGCTGTTGATGGAACAGGCTATCGCCAACGAAGGCC
H VL EENMATLTULMEZG QATI ANZEGL

' .Pstl = .
TGTTTTATCGCCTACTCTACCTGCAGCGCAGTCTCACCGCCGCCAGCAGTCTCGACGATA
F YRULU L YL Q R S L T A A S S L D D M

TGCTGATGCGCTTTCACCGCTGGGCGCGCGATCTCGGCCTGGCAGGTGCGAGTCTGCGCC
L M R FHRWARDILUGTILAG A STLUZRIL

TGTTTCCGGATCGCTGGCGCTTAGGTGCGCCGTCGAACCACACTCATCTGGCATTAAGCC
F PDURWU RILGAPSNUHTHIL AL S R

Tn5 .
GTCAGTCTTTCGAACCGCTGCGTATTCAGCGTTTGGGGCAGGAACAGCACTATCTTGGGC
Q S F EPLU RTIAQRIULSGA QEQQHYULG?P

CGCTTAACGGACCAGAGCTGCTGGTGGTGCTACCGGAAGCGAAAGCGGTGGGATCGGTGG
L NGPETLTULUVVILPEATZKA AVGS VA

CGATGTCGATGCTGGGAAGCGATGCTGATTTGGGTGTCGTGCTGTTTACCAGTCGCGATG
M S ML GSDADU LGV VL FTSURD A

CCAGTCACTATCAACAAGGGCAAGGAACGCAGTTACTTCATGAAATTGCGCTGATGTTGC
S HY @ @ G Q G T Q LL HETIATLMMTLP

‘ Y13 . xerC .
CGGAGCTTCTGGAGCGTTGGATTGAACGCGTATGACCGATTTACACACCGATGTAGAACG
E L L ERWI ER V ¥
M T DL H T D V E R

120
180
240
300»
360
420
480
540
600-
660
720

780



| 781
841
901
961

1021

1Q81

1141

1201

1261

1321

1381

1441

1501

1561

CTACCTACGTTATCTGAGCGTGGAGCGCCAGCTTAGCCCGATAACCCTGCTTAACTACCA
Y LRYVL S VEZRU QLS SZPTITULTILNYRQ

pSDC].23 . . . . . o v .
GCGTEAGCTTGAGGCGATCATCAATTTTGCCAGCGAAAACGGCCTGCAAAGCTGGCAGCA
R Q L EATIINTFASENUGTLA QQSUWQ Q

ATGTGATGTGACGATGGTGCGCAATTTTGCTGTACGCAGTCGCCGTAAAGGGCTGGGAGC
Cc bv T M VRNV FAVRSU RRIEKGTLG A

AGCAAGTCTGGCGTTACGGCTTTCTGCGCTACGTAGCTTTTTTGACTGGCTGGTCAGCCA
A S LALRTLSALARST FTFDWILV S Q

. . . . Y17 . .
GAACGAACTCAAAGCTAACCCGGCGAAAGGTGTTTCGéEACCGAAAGCGCCGCGTCATCT
N EL K A NUPAIK GV S A P KA PU RIUHIL

. SalI . . . . 0
GCCGAAAAACATCGACGTCGACGATATGAATCGGCTGCTGGATATTGATATCAATGATCC
PKNIDVDDMNERLLDTIDTINDTP

CCTCGCTGTACGCGACCGTGCAATGCTGGAAGTGATGTACGGCGCGGGTCTGCGTCTTTC
'L AV ERDZRAMTLEVMYGAGUILRTIL S

TGAGCTGGTGGGGCTGGATATTAAACACCTCGACCTGGAGTCTGGTGAAGTGTGGGTTAT
E L V. GL DI K HUELDUILESGEV W VM

GGGGAAAGGCAGCAAAGAGCGCCGCCTGCCGATTGGTCGCAACGCTGTGGCGTGGATTGA
G K GS KEZRU RLUZPIGR RN AV A VW IE

GCACTGGCTTGATTTGCGCGACCTGTTTGGTAGCGAAGACGACGCGCTTTTTCTGTCGAA
H ¥ LDILZ RDILTFGSEDUDA ALTFTIL S K

ACTGGGCAAGCGTATCTCCGCGCGTAATGTGCAGAAACGCTTTGCCGAATGGGGCATAAA
L G K RIS ARNUV Q KRVFAEWGTIK

ACAAGGGCTGAATAATCACGTTCATCCGCATAAATTACGTCACTCGTTCGCCACGCATAT
Q@ G L NNHV HP H K L R H S F A T H M

GCTGGAGTCGAGCGGCGATCTTCGTGGTGTGCAGGAGCTGCTGGGTCATGCCAACCTCTC
L E 8 S ¢ b L R GV Q E L L G H A N L S

CACCACGCAAATCTATACTCATCTTGATTTTCAACACCTTGCCTCGGTGTACGATGCGGC
T T Q I Y T H L D F Q HL A S V Y D A A

840
900

960

1020
1080
1140
1200
1260
1320
1380
1440
1500
1566 

1620



1621

1681

1741

1801

1861

1921

. . orf238 S
GCATCCACGCGCCAAACGGGGGAAATAATGCGTTTTTACCGGCCTTTGGGGCGCATCTCG
H PRAKTERGK * |
' M R F YRPLGT RTI S

GCGCTCACCTTTGACCTGGATGATACCCTTTACGATAACCGTCCGGTGATTTTGCGCACC

ALTFDILDDTTLYUDNRPVITILTERT

GAGCGAGAGGCGCTTACCTTTGTGCAAAATTATCATCCGGCGCTGCGCAGCTTCCAGAAT
E R E »A LT FVQ@NYHPALZ RSTFAQN

BglII .
GAAGATCTGCAACGCCTGCGCCAGGCGGTACGGGAAGCGGAACCCGAGATTTATCACGAC
E DL QQUBRILURGQAVREAEUPETIYHD

. ,'YZ .

GTGACGCGCTGGCGTTTTCGTTCGATTGAACAAGCGATGCTCGACGCCGGGCTGAGTGCC
VTRWIRUPFRSIEAGQQAMTILDAGTLS A

GAAGAAGCCAGTGCAGGCGCACACGCAGCAATGATCAACTTTGCCAAATGGCGCAGCCGA

'E E A S A G A HAAMTINTEFAIEKUWT RS ST R

1981
2041
2101
2161
2221
2281
‘2341

2401

. Pvull .
ATCGACGTCCCGCAGCAAACTCACGACACCTTAAAACAGCTGGCGAAGAAATGGCCGCTG
I DV PQ @Q THUDT TULI KGQQIL A K K W P L

GTGGCGATCACCAACGGTAACGCCCAGCCGGAGCTGTTTGGTTTGGGGGATTATTTTGAG
VvV A I T NGNAQPELVFSGULGDYF E

TTTGTGCTGCGCGCTGGCCCGCACGGGCGCTCAAAACCGTTCAGCGATATGTACTTTTTG
F VL RAGPHOGTRS I KUPFSDMYF L

. . . Bglll .
GCTGCGGAAAAACTCAACGTGCCGATC GhCGAGATCTTACATGTTGGGGACGATCTCACC
A A E K L N V“P 1 G E, I L.HV GDDILT:

ACTGACGTGGGTGGGGCAATTCGCACCGGAATGCAGGCTTGTTGGATCAGACCGGAAAAT
T DV GGGATIU RTGMAQATCUWTIRUPEN

GGCGATCTGATGCAAACCTGGGACAGCCGTTTACTGCCGCATCTGGAAATTTCCCGGTTG
G DLMAQTUWDSURILILPHILETISTZ ERIL

=35 .P1 =10 . LexA .
GCATCTCTGACCTCGCTGATATAATCAGCAAATCTGTATATATACCCAGCTTTTTGGCGG
A S L TS L I *

=35 P2. =10 uvrD .
AGGGCGTTGCGCTTCTCCGCCCAACCTATTTTTACGCGGCGGTGCCAATGGACGTTTCTT
M DV S Y

1680

1740

1800

1860

1920

1980

2040

2100

2160

2220

2280

2340

2400

2460



Figure 5.5 DNA sequence of the dapF to uvrD region of the
E. coli chromosome. The sequence presented here joins the
previously published sequences of dapF (Richaud and
Printz, 1988) and uvrD (Easton and Kushner, 1983; Finch
and Emerson, 1983; 1984). The inferred protein sequences
of Orf235, XerC and Orf238 are shown as are those of the
C-terminus of DapF and the N-terminus of UvrD. The
positions of the in-frame mini-Mu insertions (Y13, Y17 and
'Y2), as determined by DNA sequencing. are shown. The
. position of the Tn5 insertion in xerCi is indicated as is
the Sall site at which the Km' cassette was inserted to
produce the xerC2 mutation. The conserved domains 1 and 2
found in the lambda integrase family of site-specific
recombinases are underlined within XerC. The Xerct plasmid
pSDC104 carries the fragment from the position marked at
nucleotide 576 to the BglII site at 1807. The XerC™
piasmid pSDC123 carries the’fragment from the position
marked at nucleotide 845 to the BglII site.at 1807. Two
potential promoters for uvrD (P1 and P2) and a LexA
binding site (Easton and Kushner, 1983; Finch and Emerson,
1984) are shown. Nucleotide 1 1is enumerated 1101 in
Richaud and Printz (1988) and in Colloms et al (1990). The
sequence from the PvuIll site at 2017 1is presented in
Finch and Emerson (1983). Nucleotide 2192 1is enumerated 1
in Finch and Emerson (1984).




cognate tRNAs in E. coli (Ikemura, 1982). The codon
preference statistic is calculated using a codon usage
table generated from known E. coli coding sequences. In
practice it is found that highly expressed to moderately.
expressed E. coli genes have a codon preference statistic
of between 1.0 and 2.0, and poorly expressed E.coli genes
score from 0.5 to 1.0. Random sequence is expected to
score about 0.45 (though this varies with base
composition), and in practice most non-coding sequences do
score about this level. ' ' '

Examination of Fig 5.6 reveals that there are three
open reading frames which span the Sall site in pSDC104.
One of these is encoded by the top strand 1h frame 1, the
‘other two are encoded by the bottom strénd in frames 5 and
6. A11 three of these reading frames are wh011y contained
within the 1,232 bp minimal complementing fragment. -
However, only the one in frame 1 is disrupted by the
deletion carried in pSDC123. The open reading frame in
frame 1 has a paucity of rafe codons and has a codon
~preference statistic well above that expected for non-
coding sequence. It is also in the cofrect orientation to
be transcribed from the pTZ18R Jac promoter in pSDC104 and
in a11 of the other pSDC102 deletion derivatives. The
other two open reading frames have a much lower codon
preferencevstatistic and are probably not genuine protein
coding sequences. Taken together, the complementation data
and the codon preference data strong]y suggest that the
‘reading frame encoded by frame 2 correépohdé]to the xercC
géne. This open réading frame could encode a protein of'
298 amino acids with a calculated molecular weight of
33,800. '

5.4 Analysis of the xerc? Tn5 insertion

The site of Tns insertion in the xerc?! allele,
determined by DNA sequencing, lies outside the minimal
complementing fragment and 5’ of the xerC open reading
frame (see Fig 5.5). Insertions of Tn5 are known to exert
polar effects in most cases (Berg and Berg, 1983). The
Teaky phenotype of xerC? and the complementation data
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could therefore be explained by a reduction -1n
transcription of xerC brought about by the po]ar upstream
insertion. -

5.5 Other open reading frames in the xerc 'region.

Examination of the sequence upstream of xerC reveals '
" an- open reading frame (orf235) which could encode a
protein of 235 amino acids (Fig 5.5). Downstream of xerc,
between xerC and uvrD, there 1is an open resding frame
(orf238) which could encode a prdtein of 238 amino acids
(Fig 5.5). Examination of Fig 5.6 reveals that both of
these‘reading frames have a codon preference statistic
well above that expected by chance, making it 1likely that
they are in fact genuine protein coding sequences.

_ The dapF, orf235, xerC and orf238 open reading frames
are all in very close proximity. At both the dépF - off235
and the orf235 - xercC junctions, the sequence ATGA
provides the stop codon of one reading frame and (with a
-1 frameshift) the start codon of the next. At the xerC -
orf238 junction, the sequence TAATG forms the XérC stop
codon and the orf238 start codon (a +2 frameshift). This
arrangement leaves little room for a xerC promoter unless
it 1ies upstream of dapF or 1is contained within the
coding regions of either orf235 or dabF. It is known that
dapF does have its own promoter. Its transcriptional start
has been mapped to a position,269 nucleotides upstream of
the dapF start.codon (Richaud and Printz, 1988). It seems
1ikely that all four opeh reading frames are expressed
from the same promoter on one polycistronic mRNA. The
close proximity'of successive stop and start codons
suggests that some form of translational coupling could
occur.

5.6'Insertion mutations in dapF, orf235, xerC and orf238

, Catherine Richaud carried out a mutation analysis of
the cloned dapF region using Mu dII PR13 (Fig 5.7). This
mini Mu produces translational fusions to a copy of JacZ
lacking a translational start. Plasmid pDF3, containing
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Figure 5.7 Determination of the sites of insertion of
Mu dII PR13 in the xerC region. The top of the figure
shows the organisation of the 9.2 kbp Mu dII PR13 element.
The bottom of the figures shows a map of the 5.3 kbp
region contained within pDF3, which was subjected to
mutagenesis with Mu dII PR13 by Richaud et al (1987).
Below this are shown the relevant sections of the three
pDF3::Mu dII PR13 derivatives from which the HindIII -
BamHI fragments were cloned into M13mp19 for sequencing..



the HindIII - BamHI fragment which extends from the 3’ end
of cya -to the 5’ end of uva, was subjected to insertion
mutagenesis with Mu dII PR13. Derivatives of pDF3
containing Mu diI PR13 JlacZ translational fusions wére‘
se]eéted as blue colonies on medium containing X-gal
(Richaud et al; 1987). Mutations were theh transferred to
the chromosome by transformatﬁon of JC7623 with
) ]inearised_pTasmid DNA. Catherine Richaud supplied us with
 ‘plasmids and strains carrying four separate Mu dII PR13
insertions. One of these (here called Y30) was known to
map within dapF, and cause a partia1 Dap~ auxotrophic
phenotype. The other three insertions weré known to map
downstream of dapF. ‘
The downstream insertions had not been accurately
mapped by Richaud. To accurately map these insertions,

ng]aSmids‘containing»the'Y13, Y17 and Y2 mini Mu 1nsertionsk""

were cleaved with HindIII and BamHI. Mu dII PR13 has a.
unique BamHI site 117 bp from the JacZ end. Fragments of
the correct size to carry mini Mu - pDF3 boundaries (2.8
kbp, 3.1 kbp and 3.9 kbp respectively for Y13, Y17 and Y2)
were excised from an agarose gel, purified with Geneclean
and cloned into M13mp19 to give mSD17, mSD18 and mSD19
(Fig 5.7). Sequencing of these recombinant phage gave
identical mini Mu sequence for 117 bp fo11owedbby bDF3
sequences. These pDF3 sequences could be located on the
xerC bottom strand sequence (Table 5.1). This allowed the
determination of the exact-position at which each copy of
the mini Mu had inserted (Fig 5.5) and defined which
reading frame was fused translationally to JacZ. |

It turned out that each insertion was into a
different open reading frame. Y13 is an insertion into
orf235 at nucleotide 741, the Y17 insertion is into the
xerC reading frame at nucleotide 1,058 and Y2 1is anr‘
insertion into orf238 at nucleotide 1,873 (Fig 5.5)1 Al1l .
three of these 1insertions had placed 7acZ in frame with
,'the corresponding open reading frame previously identified
by computer. Since all three insertions are blue on X-gal
this provided evidence that these open reading frames are
in fact translated in vivo.

Audrey McLaugh]in~(a project student) found that alil
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four chromosomal fusions exbressed beta galactosidase  at
approximately the same level, about 1-5% the level of the
fd]]y derepressed chromosomal JacZ gene 1in ML308:. Audrey
measured beta galactosidase actiVities in exponentially
growing cultures grown'in L broth or minimal medium in the
presénce and absence of lysine and diaminopimelic. acid.
She was unable to detect any regulation acting on
expressidn of these fusions under these conditions.

5.7 Xer phenotypes”of mini Mu insertions

JC7623 carries the recBC sbcBC mutations, rendering
it an unsuitable host for ColE1 related plasmids (Bassett
and Kushner, 1984) In order to study the Xer phenotypes
caused by the mini Mu insertions in the xerC region the
four insertion mutations were transduced into DS941 using
P1. Transductants were selected by virtue of the mini Mu
encoded resistance to chloramphenicol.

DS941 derivatives carrying mini Mu insertions in dapF
(Y30), orf235 (Y13), xerC (Y17) and orf238 (Y2) were
transformed with the reporter plasmid pKS455. DS941 dapF
transformants were plated onto medium suppliemented with 20
ug/m1ADAP.'P1asm1d DNA was prepared from transformants by
the boiling method and analysed by agarose gel
electrophoresis (Fig 5.8). As can be Seen the 1insertions
into dapF and orf235 prevented domp]ete resolution of
pKS455. The extent of resolution varied slightly from
experiment to experiment;'but some unresolved pKS455
always remained. This Xer phenotype is reminiscent of the
phenotype caused by the xerC? mutation. The most 1likely
expTanation for this phenotype 1is that 1néert10ns between
the dapF promoter'and the xercC coding sequénce are polar
on expression of xerC. A reduction in transcription of
xerC, caused by the polar mini Mu'insertions, will lead to
a lower cellular XercC proteih concentration and thus
reduce the rate of resolution of pKS455.

The Y17 mini Mu insertion into the xerC coding
" sequence completely abolished resolution of pKS455 (Fig
5.8). Evén after continued culture for many generations no
resolution of pKS455 in DS941 xerC Y17 was detected. Peter
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Figure 5.8 Complementation of Xer” mini-Mu insertions in
dapF. orf235 and xerC by a plasmid containing only the
xerC open reading frame. The DS941 derivatives shown were
transformed either with pKS455 alone or with pKS455 and
pSDC112. Plasmid DNA was isolated by the boiling method
and run on a 1.2% agarose gel. The reporter plasmid pKS455
is resolved by cer site-specific recombination in Xer+
strains to give plasmid p456. pSDC112 contains the same
1,232 bp XerC1 fragment as pSDC104 in a Knmr Ilambda dv-
based replicon.



Sykora 1in our lab constructed a strain (DS941 xerc2) that
carries a Km" gene cloned into the Sall site within the
chromosomal XercC gene. This stfain'shows an identical
XerC~ phenotype to DS941 XxerC Y17 (see Fig 5.9). .

The Y2 insertion, which is dOthtream of xerc, within
orf238, gave no detectable phenotype. Resolution of
pKS455, pCS202 and pSDC110 proceeded at the same rapid
rate as in wild type strains. DS941 orf238 Y2 had a growth
curve very similar to DS941 in both rich medium (L broth)
and in minimal medium supplemented with DS941
requirements (A. MclLaughlin, personal communicatiohs).
Colonies on plates also appeared»hormal, as did cell -
‘morphology under the microscope. _' |

The Xer~ phenotypes of the dapF Y30, orf235 Y13 and
xerC Y17 insertion mutations were complemented by the
1,232 bp minimal xerC complementing fragment. DS941
derivatives carrying these mutations were doubiy
transformed with the plasmids pKS455 and pSDC112.
Transformants were selected for resistance to both
ampicillin and kanamycin. DNA was recovered by the boiling
method and analysed on an agarose gel. The reporter
plasmid pKS455 was found to be completely resolved to its
deletion derivative p456 in all cases (Fig 5.8). (psSDC112
carries the xérC+ EcoRI - HindIII fragment from pSDC104 on
a Km" lambda dv - based plasmid.) _ ‘ ,

Recombination at the type II ColE1 cer —.C]oDF13 par8
hybrid site was totally abolished by both the xerc2 (km")
and the xerC Y17 mutations. DS941 xerc2 and DS941 xerC Y17
were transformed with pSDC110, which contains two directly
repeated copies of the type II site. Analysis of plasmid
DNA by agarose gel electrophoresis revea]edkthat no
resolution of pSDC110 had occurréd,(Fig 5.9 and not
shown). Plasmid DNA was also found to be non recombinant
by restriction even after many generations of growth} The
dapF Y30 and orf235 insertions were also found to
reduce intramoliecular type II hybrid recombination in
pSDC110 to a level similar to that found in DS941 xercCi.
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Figure 5.9 cer-mediated site-specific recombination in
Xer+ and Xer- JE* coli strains. A) DS941 E; coli Xer+ and
Xer” strains were transformed with the reporter plasmid
PKS455, which contains two copies of the wild type cer
site, cer-mediated recombination yields p456. B) DS941 E.

coli Xer+ and Xer- strains were transformed with the
reporter plasmid pSDC110, which contains two copies of the
type 1l (ColE1 cer - CloDF13 parB) hybrid site (Sau3A -
Alul fragment, cer ). Intramolecular cer site-specific

recombination acting on pSDC110 yields p111. Plasmid DNA
was isolated using the boiling technique and run on a 1.2%
agarose gel.



5.8 XerC belongs to the lambda integrase family of site-
specific recombinases. ‘

The inferred protein séquence of XerC was searched by
eye,fbr similarities to either the resolvase/invertase
class or the lambda integrase class of site-specific
recombinases. A convincing match to the most highly
‘conserved region of the lambda integrase family, the so
called domain 2. was easily found. This match to doma1n 2
was found near to the C- terminus of the XercC sequence,
where it is found in all other members of the lambda
integrase fam11y of éite—specific recombinases, 1nc1ud1ng
the yeast FLP protein (Afgos et al, 1986). ‘

The lambda 1integrase domain 2 contains three
residues, histidine, arginine and tyrosine which are
totally conserved throughout the lambda integrase family
(Argos et al, 1986). Other residues are highly conserved
but are not present in all members of the family. XercC
contains all three totally conserved amino acids and has
matches to many of the highly conserved positions, all
with the correct spacing. Homology to the other.high1y
conserved region of the integrase family, domain 1, was
also found in the XerC sequence. Alignments of domains 1
and 2 of XerC to the other members of the integrase fam11y
is shown in Fig 5.10.

An exhaust1ve search using the Ed1nburgh ICL 64 x 64
d1str1buted array . processor (Collins et al, 1988)~was‘
carr1ed out by John Collins to compare the XercC sequence
to 17,425 protein sequences. This search revealed regiohs
of similarity to many members of the lambda integrase
family of recombinases as summarised in Fig 5.11. It can
be seen that sequence sim11ar1ty to other members of the
integrase family is centred on the classical domain 1 and
domain- 2 regiohs but extends out from these in many cases.
of pafticU]ar note are the alignments with the E. coli
proteins FimB and FimE (Klemm, 1986; Dorman and Higgins,
1987) and the alignment with TnpI from Bacillus
thuringiensis Tn4430 (Mahillon and Lereclus, 1988). These
alignments span the region between domains 1 and 2 and
cover about 160 amino acids. An a]ighment between amino
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Domain 1
J » R |

consensus elay tG RisEll L didl
XerC RAMLEVMYGAGLRLSELVGLDIKHLDLE
"R46 Orf3 RLFAQLLYGTGMRISEGLQLRVKDLDFD
FimE YCLILLAYRHGMRISELLDLHYQDLDLN
- FimB YCLTLLCFIHGFRASEICRLRISDIDLK
Tn4430 Tnpl YAIATLLAYTGVRISEALSIKMNDFNLQ
Tn554- TnpA KLILMLMYEGGLRIGEVLSLRLEDIVTW
Tn554 TnpB ATMTMIVQECGMRISELCTLKKGCLLED
F:D Prot KMLLATLWNTGARINEALALTRGDFSLA
Pl Cre TAGVEKALSLGVTKLVERWISVSGVADD
P22 Int KSVVEFALSTGLRRSNIINLEWQQIDMQ
Lambda Int RLAMELAVVTGQRVGDLCEMKWSDIVDG

Domain 2

consensus H LRHs at 1 e G- ir vq 11GH n-i tt- Yth
XerC HKLRHSFATHMLESS-GDLRGVQELLGHAN-LSTT-QIYTH

R46 Orf3 HTLRHSFATALLRSG-YDIRTVQDLLGHSD-VSTT-MIYTH

- FimE. HMLRHACGYELAERG-ADTRLIQDYLGHRN-IRHT-VRYTA

. FimB HMLRHSCGFALANMG-IDTRLIQDYLGHRN-IRHT-VWYTA
Tn4430 Tnpl HQLRHFFCTNAIEKG-FSIHEVANQAGHSN-IHTT-LLYTN
Tn554 TnpA HMLRHTHATQLIREG-WDVAFVQKRLGHAHVQTTL-NTYVH
Tn554 TnpB HAFRHTVGTRMINNG-MPQHIVQKFLGHES-PEMT-SRYAH
F:D Prot HTFRHSYAMHMLYAG-IPLKVLQSLMGHKS-ISST-EVYTK
Pl Cre HSARVGAARDMARAG-VSIPEIMQAGGWTN-VNIV-MNYIR
P22 Int HDLRHTWASWLVQAG-VPISVLQEMGGWES-IEMV-RRYAH
Lambda Int HELRSLSA-RLYEKQ-ISDKFAQHLLGHKS-DTMA-SQY-R
Flp HIGRHLMTSFLSMKGLTELTNVVGNWSDKRASAVARTTYTH

Figure 5.10 Alignment of the XerC protein sequence to
other site-specific recombinases. of the Tlambda. integrase
family. Only the two most conserved regions (domains 1
and 2) are shown. The regions of XerC shown are those
underlined in Fig 5.5. The consensus 1ine shows residues
present in at least 4 of the proteins in lower case and
those present in at least 8 proteins 1in upper case. Gaps
(=) have been introduced to maximise the homology. The
seguence of R46 Orf3 is from Hall and Vockler (1987). The
sequences of the chromosomally encoded E. coli
recombinases FimB and FimE are from Klemm.  (1986) and
Dorman and Higgins (1987). TnpIl comes from the Bacillus
thuringiensis transposon Tn4430 (Mahillon and Lereclus,
1988). The sequences of the Tn554 transposition proteins
ThpA and TnpB are from Murphy et al. (1985).The D protein
is a recombinase from the E. coli F factor (Lane et al,

- 1986). The sequenhces of the P1, P22,. lambda and Fl1p

recombinases are taken from the data of Argos et al.
(1986). _
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Figure 5.11 Summary of the alignments found between the
XerC protein and other members of the lambda integrase
family of site-specific recombinases. A protein sequence
data-base containing 17,425 protein sequences was searched
with the 64 x 64 Distributed Array Processor using the
“Best Local Similarity” algorithm of Smith and Waterman
(1981) as modified by Collins et al (1988). A1l alignments
to known members of the lambda integrase family of site-
“specific recombinases out of the top 90 scoring alignments
are summarised above. The rank according to score is shown
above each alignment. The percentage of identical amino
acids within each alignment is shown. The alignment to
domain 2 of lambda integrase did not score in the top 90
but is shown for information. The positions in XerC of the
conserved glycine residue in domain 1 and the conserved
histidine, arginine and tyrosine residues in domain 2 are
shown.



acids 4 - 36 of XerC and 76 - 107 of lambda Int was also
found. This region of lambda Int can not be aligned with
any‘of the other members of the integrase family of site
specific recombinases: P2 Inﬁ, 186 Int, P22 Int, P1 Cre,
‘Phi80 Int, and P4 Int (Argos et al, 1986). It is also
outside of the 7KDa N-terminal domain of lambda Int which
binds to the arm type sites of attP (Moitoso de Vargas et
al, 1988). The spacing between this region and domains 1
and 2 is very similar in Xerc and lambda Int. However, the
biological significance of this a]ignment, if any, is not .
. Known. ' ' '
The same type of computer search was done to 1ook for
proteins similar to the inferred protein sequences of
- Orf235 and Orf238. No convincing similarities were found
between these sequences and any others in the data base.

5.9 A cellular role for xercC?

It was noticed that DS941 xerc2 and DS941 xerC Y17
produced smaller colonies than DS941 on L agar plates.
However, when growth rates were measured in 1iquid media
there was no apparent difference in exponential growth
phase doubling times. The small colony size on plates
might have reflected a slowness 1in recovery from
stationary phase, since it was particularly noticeable
when these strains were recovered from stofage}
Examination of DS941 xerC2 and DS941 xerC Y17 under the
microscope revealed that these xerC strains have a
tendency to filament. DS941 dapF Y30 (medium was
supp]ementéd with DAP), DS941 orf235 Y13, DS941 xerCi and
DS941 orf238 Y2 did not show these phenotypes. Both the
tendency to form filaments and the small colony size were
complemented by the plasmid pSDC105, which contains the .
xerct 1,232 bp fragment from pSDC104 transcribed from the
strong Py, promoter. The xerC Y17 mutation was transduced
with P1 into CSH50 and CSH50 delta fimB - fimH.
Exémination of the two strains produced revealed that
CSH50 delta fimB - fimH, xerC Y17 has a greater tendency
to filament than CSH50 xerC Y17; and both form filaments
to a greater extent than their xerct parental strains (not
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shown). »

. Nucleoids were visualised in various xerc® and xercC”
"etrains by‘D. Sherratt and G. Blakely, using the method of
Hiraga et al (1989). Cells were first treated with
¢h1oramphenico1 torinhibit”protein synthesis, stained with =
DAPI and visualised by fluorescence microscopy. Most of
the filaments present in xerC mutant strains had aberrant
nucleoids. In many cases a single, highly fluorescent
(possibly amplified) nucleoid was present in the middle of
the filament (D. Sherratt and G. Blakely, pers. comm.).

5.10 Discussion

The work reported in this chapter provides the DNA
sequence of the xerC gene, a gene whose function is
absolutely required for cer site-specific recombination.
It also provides the DNA eeduence’that‘spans the gap -
between the published E. coli dapF (Richaud and Printz,
1988) and uwuvrD (Easton and Kushner, 1983; Finch and
" Emerson, 1983; 1984) sequences. The sequence determined
here overlaps for 181 bp with the published uvrD sequences
(Finch and Emerson, 1983; 1984; Easton and Kushner 1983)
with no differences. The xerC sequence overlaps at the
other end with the published dapF 3’ flanking sequence
(Richaud and Printz, 1988) for 138 bp and for a further
534 bp with the unpublished dapF 3’ flanking sequence (C.
Richaud, personal communications).

There are differences between .the sequence determined
in our lab and that determined by Richaud. Although these
differences are minor, they are crucial to the existence
of orf235, since some of them produce frame shifts. These
differences were therefore checked very carefully on the
relevant sequencing gels. Furthermore the sequence
reported here is consistent both with the high codon
preference statistic throughout the orf235 reading frame
and with the fact that orf235 is known to be transilated at
its 3’ end. .

The sequencing data would best be confirmed by the
visualisation of a protein of the correct size to be
encoded by orf235. An attempt to do this using minicells
containing pSDC121 (see Matefia]s and Methods) has so fer
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failed. One possible explanation for this 1is that orr23s5
:may be missing part of its translational initiation
é%gna]s'ﬁh:bSDC121; A similar experiment using minicells
containing pSDC120'(Sée Materia]s and Methods) has
verified that orf238 does indeed encode a protein with an
apparent molecular weight of épbkoximate]y 25,000 (data
not shown).

The xerC gene appears to be transcribed as part of a
mu]ticistroniq unit that has dapF as the first gene and
xerC as the third gene. The second and fourth genes in
this transcription group (orf235 and orf238) are of
unknown functions but appear to be translated at similar
levels to dapF and xerC. The fact that these four genes
are co-transcribed suggests that their functions might 1in
some way be related. . ' .

A11 genes so far identified in this region, namely
the cya operon (Aiba et al, 1984), the dapF - xerc'operon
and uvrD (Easton and Kushner, 1983; Finch and Eherson,
'1983; 1984)_are transcribed in the same direction,
clockwise on the E. coli map. This fits 1in with the
observation that the majority of E. coli genes are
transcribed away from oriC (84 min), in the same direction
as the direction of DNA repiication (Brewer, 1988).

Insertion mutations 5’ of the xerC open reading
frame, within either the dapF or orf235 open reading
frames, substantially reducebsite—speCific recombination
at cer. The defect caused by at least one of these (a Tn§
insertion in orf235 to give xerC?) is not cbmp1emented‘by
the plasmid pSDC106 which Cérfies‘the complete orfr235
reading frame but ohTy part of xerC (see Fig 4.9). Al11 of
the insertion mutations upstream of xerC are, however,
complemented by a plasmid carrying only the intact xercC
open reading frame. This suggests that upstream insertions
reduce cer recombination only by reducing transcription of
xerC, and that the dapF and orf235 gene products are not
~.themselves required for cer site-specific recombination.
An 1nsertf0n in orf238 (downstream of xerC) does not
abolish recombination at cer showing that the product of
this gene 1is not required for cer recombination. It is
known that dapF has 1ts’own promoter (Richaud and Printz,
1988), and it seems pkobab]e”thatldabF, brf235, xerC and
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orf238 are all transcribed on the same mRNA from this
promoter. » ' |
: Strains carrying insertions within the xerC open
reading frame ére'tota11y defectivé {h recombination
' between cer sites. They are also totally defective in
feqpmbination‘at a variant cer site which does not require
the function of argR or pepA for'recombination. This
variant cer site is functionally much smaller than the
wild type cer site, requiring at most only 50 bp. around
the crossover region (Summers, 1989). This’suggests'that
XercC acts at or near the crossover site of cer, and S
taking into account the similarity to other Known
recombinases - it is almost certainly the cer recombinase.
The XerC protein has substantial amino acid sequence
similarity to the lambda intégrase family of site-specific
recombinases,,espeC1a11y at the two most conserved
domains. The second of these domains contains the
absolutely conserved tyrosine residue that is known to
become linked to the recombination site DNA in lambda
integrase (Pargellis et al, 1988) and in the FLP protein
of the yeast 2-micron plasmid (Gronastajski et a7, 1985).
The other parts of domain 2, including the other two
absolutely conserved residues, might also be elements of
the recombinase active site (Argos et al, 1986). Given
this similarity to the lambda 1integrase family it seems
likely that XerC catalyses recombination at cer with a
mechanism similar to that of these other recombinases.
This would involve making two staggeféd nicks within the
cer crossover region generating transient 5’ protruding.
ends and 3’ phosphodiestek protein-DNA linkages to
tyrosine 275 of XercC. ' | ' ;
In the region between the two conserved domains the
XerC sequence is most similar to the sequenceé of the E.
coli chromosomally encoded FimB and FimE proteins (Klemm,
1986; Dorman and Higgins, 1987) and to the Tnpl protein of
Bacillus thuringiensis Tn4430 (Mahillon and Lereclus,
1988). FimB and FimE are two E. coli proteins which act to
reversibly invert a small segment of the E. coli
chromosome to bring about type I fimbrial phase variation.
Tnpl probably acts to resolve cointegrate intermediates,
-formed by the‘transpOSitionfof’thefc1ass'iI_transposon
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Tn4430 (Mahillon and Lereclus, 1988). Within the conserved
38 amino acid domain 2 the XerC sequence is closest to a
possib1e'reédmbinaseAfrom b]asmid'R46 (Hall and Vockler,
1987). The significance of these_sim11arit1és is not
known. ' | ' | _
The two E. coli genes previously identified as being
required for cer site specific recombination, pepA and
argR, are known to have other roles in E. coli apart from
ensuring plasmid stability. It seems likely that xercC also
has some other role in E. coli. This 1is supported by the
observation that xerC mutants have altered growth
characteristics and cell morphology, which are
complemented in trans by xerC. The cellular role of xerC
might involve acting at ah E. coli chromosomal
recombination site or sites. XerC could either act (11ke'
" FimB and FimE) to invert the DNA.betWeen two chromosomal
recombination sites, or it could act at a single
recombination site to resolve any chromosome mu]timeré
that arise by homologous recombination. The second of
these two possibilities is consistent with the bhenotYpe
seen in xerC mutant strains. Chromosomal multimers shbu]d
fail to partition and could give filaments with amplified
DNA. If XerC is involved in chromosome monomerisation, it
would appear that FimB and FimE can substitute, at least
in part, for this function; probably by acting ét their
normal recombination sites.
, Most site-specific recombinases are found in very
close proximity to their sites of action. However, by
using both sequence comparison tb Cer and a functional
(dimer resolution) assay, we have not been able to detect
any such site in the cya - xerC - uvrD chromosomal region.
A cis-acting locus (dif) has recently been identified in
the terminus region of the E. coli chromosome. Disruptionv
" of this locus leads to a phenotype very similar to that
‘seeh’ihbxerc mutants, giving aberrant nucleoids and
”cau31ng the ceT]s,to filament (Kuempel, pers. comm.). The
dif Tlocus has been sequenced and contains a small region
of sequence similarity to the crossover region of cer.
Garry Blakely is currently working in collaboration with
Kuempel et al to ascertain whether dif does indeed contain
a cer-like recombination site. |
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CHAPTER SIX

PARTIAL PURIFICATION OF XerC AND INVESTIGATION OF
ITS cer BINDING ACTIVITY
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6.1 Introduction

One of the 1qng'térm aims of the cer / xer project is
to develop an in vitro recombinatidn system. This would
help to clarify the role of PepA and ArgR in cer site-
specific recombination and might also allow the
" identification of other factors, such as IHF, Fis and
transcription, which could be involved in cer
recombination. In vitro recombination»sytems'exist for the
- lambda Int / att system (Nash, 1975), the yeast 2-micron
FLP system (Vetter et al, 1983), the bacteriophage P1 Cre
/ lox system (Abremski et al, 1983) and other lambda
integrase class recombination systems as well as for many
members of the Resolvase / DNA invertase family of
recombinaSes-(eg,Reéd and Grindley, 1981; Kahmann et al,
‘1985).’A11‘of these in vitro recombination systems‘employ
simp1e'buffered so]utioné'containing some NaCl and either
Mg2+ ’
protein and some also require the addition of accessory

ions or spermidine. They all require the recombinase

proteins such as IHF, Fis or Xis. v

In the absence of an in vitro recombination assay, it
was decided to develop an in vitro DNA binding assay for
XerC. If XerC is 1indeed the cer recombinase, then it
should display a DNA binding activity which is specific to
the cer sequence, probably in the crossover region of cer.
Once a binding assay was developed it‘COU1d be used to
follow the purification of. XerC. Purified XerC could be
used'in an 1h vitro recombination system, once.such a
system is developed.

A particularly sensitive technique for the detection
of protein binding to specific DNA fragments is the gel’
binding assay (Fried and Crothers, 1981; Garner and
Revzin, 1981). This involives electrophoresis of protein-
DNA complexes through non-denaturing polyacrylamide geTs.
Binding of protein to a radicactive (end-labelled) DNA
' mo]édu1e is detected by a keduction in mobility of the DNA
'ffagment. This reduction in mobility is caused either by
an increase in the apparent size and/or bending of the DNA
fragment. Specific protein-DNA complexes can be formed 1in
the presence of a large excess of unlabelled "non-
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specific” DNA. This competes out the binding of non-
specific DNA-binding proteins to the labelled DNA
- fragment. - 5 '

The gel binding assay was first used to study:the 
binding of purified CAP protein and 7ac repressor to the
regulatory sequences of the 7ac promoter (Garner and
Revzin, 1981; Fried and Crothers, 1981). Gel binding
assays havevsince been used to study the.binding of many
purified proteins to their DNA binding sites (eg ArgR
binding to cer: Stir1ingAet al, 1988b; MetJ binding to mét
boperon promoters: Phillips et al, 1989). The gef binding
assay has also been used to detect DNA binding activities
in crude extracts, and to follow the purification of DNA
binding proteins from these crude extracts'(eg Strauss and
Varshavsky, 1984§ Morrell; 1990). _

The gel binding assay has several advantages over the
f11tér binding assay which was traditionally used to assay
binding of proteins to DNA molecules. The filter binding
assay can only distinguish two classes of DNA molecules;
those bound by protein'and those not bound. The gel
binding aésay not only separates bound from unbound DNA
but also resolves the protein-bound DNA into distinct
complexes. From the number and pattern of complexes
produced it is often possible to make inferences about the
nature of each complex. This type of approach has been
used to study the binding of Tn3 resolvase to the Tn3.res
site (Bednarz, 1989). Yet more can be learned about the -
nature of protein - DNA 1nteféct1dns in the various
complexes by carrying out'footprinting reactions on
complexes isolated by gel electrophoresis.

Gel binding assays have been used to study the
binding of several members of the lambda integrase family
of site-specific recombinases to their recombination
~ sites. Lambda Int binds strongly to the arm-type sites 1in
“attP but only weakly to the core-type binding sites
(Thompson and Landy, 1988). Binding of lambda Int to the.
core-type sites can be detected in a gel binding assay,
but the pattern of complexes produced is unclear (Thompson

and Landy, 1988). _
Binding of Flp to its recombination site (FRT) 'can
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also be detected in gel binding assays. The FRT site
: contains'two_13.bp inverted repeat sequencés.f1anking an
8 bp spacer region, with an additional 1é‘bp repeat
located to one side (Andrews et al, 1985). Flp binds to
FRT and gives’three diétinct compliexes in gel binding
assays (Andrews et al, 1987). Footprinting experiments
carried out on these complexes showed that each complex
- represented a unique F1p - DNA association. Flp produces a
single complex 1in gel binding éssays when it binds to a
DNA fragment containing only one 13vbp repeat sequence
(Andrews et al, 1987). It seems likely that the three
- complexes result from the binding of one, two or three Fip
molecules to the intact FRT site (Andrews et al, 1987).

The recombination site for the prbtein Cre, lox,
consists_of two 13 bp inverted repeat sequences f]anking
a spacer region of 8 bp. Cre binds Jox to produce three
complexes which can be separated by non-denaturing gel
.e1ectrophoresis (Wierzbicki et al, 1987). The
- stoichiometry of these complexes has been determined. The
protein:DNA ratio is approximately 1:1 for compliex 1, 2:1
for complex 2 and 3:1 or 4:1 for complex 3 (Hoess, pers
Comm.). There is evidence, however, that compliex 3 is not
a simple Cre - TJTox complex,'and may be some sort of
recombination intermediate (Hoess, pers comm.).

This chapter reports the development of a gel binding
assay to detect the binding of XerC to the cer site and
_ the'use of this assay to follow XerC thrbugh a partiaT
purification. '

6.2 Over expression of xerC

The plasmid pSDC105 was constructed in order to over
express xerC. This plasmid contains the 1,232'bp'XerC+'
fragment from pSDC104 1in the vector pBAD. The insert in
pSDC105 1is in the correct orientation for xerC to be
transcribed from the strong IPTG-inducible Ptac Promoter.
The following preliminary experiments, using the plasmid
pSDC105, were carried out by George Szatmari.

Cultures of DS941 carrying pSDC105 were grown
overnight .in L broth plus ampicillin, with or without 1mM

87



IPTG. Total cellular protein was run on an SDS-
pb1yackyTam1de ge1 An extra protein of apparent molecular
weight 32,000 was present in the IPTG 1nduced culture.
This protein appeared to make up 2-5% of tota1 cellular
protein in the induced cu1ture. The apparent size of this
protein is in good agreement with the predicted molecular
mass of XerC, 33.8 kDa.
» A culture of DS941 / pSDC105 was grown overnight in
the presence of IPTG, the cells were harvested and
sonicated in a low salt buffer. The sonicate was then
centrifuged to produce a cleared lysate. The majority'ef
the 32 kDa protein was insoluble and was found 1in the
insoliuble pellet fraction. The 32 kDa protein was
resuspended from this fraction in a buffer containing 1M
NaCl. On storage, the 32 kDa protein precipitated and a
fraction consisting largely of the 32 kDa protein was
obtained by centrifugation. This fraction was run on a
SDS—po]yacry1amide gel, the 32 kDa protein was eTuted from
a gel slice and precipitated with acetone by ‘the method
of Hager and Burgess (1980). The purified protein was then
subjected to Edman degradation on an Applied Biosystems
automated peptide sequencer to obta1n the N-terminal
protein sequence. The sequence obtained (20 amino acids)
agreed entirely with that predicted from the DNA sequence.
This confirms that the 32 kDa protein seen in  pSDC105 .
containing, IPTG-induced cultures is indeed XerC

The prec1p1tated XerC protein cou1d only be d1sso]ved
with the use of harsh treatments, such as boiling in the
presence of SDS. No DNA binding or recombinase activity
could be demonstrated for this precipitated form of XercC.
The reasons for the precipitation of this inactive form of
XerC are not clear. In case it had anything to do with the
very 1large amounts of XerC produced by overhight
expression, a different eXpression pfdtbco] was developed
- for the subsequent work earried’out by myself. Overnight
"cultures carrying pSDC105 were diluted 1:80 in fresh L
broth containing ampicillin. They were growhAwith good
aeration at 37°C to a density giving an Agog ©of 0.5 and
were induced by the addition of IPTG to a final
concentration of 1mM. The cultures were then grown a
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further three hours with good aeration at 37°C. A (pSDC105
specific) polypeptide of apparent molecular weight 32,000
was visible after SDS-polyacrylamide gel e1éctrophoresis.
- of total cellular protein. However this protein made up
less than 1% of total cellular protein. Cultures treated
in this way were used to produ¢e protein extracts for the -
experiments described in the rest of this chapter.

6.3 Development of a gel binding assay

‘ A culture of DS941 xercC2 containing pSDC105 was grown
~and induced as,described above. Cells were harvested by
centrifugation and washed once in 10 mls of a buffer
containing 10 mM Tris—HC] pH 7.5 and 100 mM NaCl. The wet
cell pellet was weighed and then frozen at -70%.

‘Thé cell pellet (weighing 0.80 ‘:g) was thawed and '
resuspended in 3 mls of buffer B (50 mM Tris-HCI pH 7.5,
1.0 M NaC1, 1 mM EDTA and 0.1 mM DTT). 0.8 mg of PMSF
(phenyimethylsulphonyl fluoride, a protease 1nh1b1tor)
dissolved in 50 ul of ethanol was added dropwise to the
unbroken cells. The cells were then broken by sonication
with a Dawe sonicator using the button probe. Seven puilses
of ten seconds, each followed by’one minute to allow
cooling, were carried out on ice. ’ » '

The sonicate was then cleared by centrifugation for
15 minutes at 18,000 rpm in a JA21 rotor (37,000 x g) at
49Cc. The cleared sonicate was then di]uted'jn buffer B to
make a two-fold dilution series and then used in a gel
binding assay as described in Chapter 2. The extract was
incubated with either the cer cohtaining 304 bp BamHI -
HindIII fragment from pKS492 (see Fig. 6.8) or with the
"non-specific” 235 bp Ddel fragment from pUC19. Complexes
were run on a polyacrylamide Tris~-glycine pH 9.4 ge]»and,
after autoradiography, the resuIt shown in Fig 6.1.was
_.thained.' A | |
' As can be seen, the crude extract did not retard the
DdeI fragment from puUC19, but did retard the cer
containing fragment. At the lower protein concentrations
one distinct retarded compiex was visible. At the highest
protein concentration nearly all of the cer containing’
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Figure 6.1 Gel binding assay on a XerC+ crude extract
using non-specific and cer fragments.

A DS941 xerC2/pSDC105 culture was induced as described in
the text and sonicated in a buffer containing 50mM Tris-
HCI pH 7.5, 1mM EDTA, 0.1nM DTT and 1.0 M NaCl. A cleared
lysate was produced by centrifugation (12,000g, 10 min).
The lysate was diluted in the same buffer to give a two-
fold dilution series. Approximately 1 ng of end-labelled
fragment was mixed with 1 ul of each protein dilution and
incubated at 37°C for 10 min. Reactions were then loaded
on a non-denaturing polyacrylamide gel as described in
Chapter 2. Lanes 1-4 contain the 235 bp Ddel fragment from
pUC18. Lanes 5-8 contain the cer site cut out as a 304 bp
BamHI - Hindlll fragment from pKS492.

Lanes 1 and 5 0 protein
Lanes 2 and 6 1/8 ul protein
Lanes 3 and7 1/4 ul protein
Lanes 4 and$8 1/2 ul protein

(The undiluted crude extract contained of the order of
15 mg/ml total protein.)



fragment was bound and two distinct complexes were
‘visible. _

It appeared from this experiment that a protein in
the crude extract was binding Specifica11y to cer DNA. An
experiment was then carried out to ascertain whether this
retardation of cer was dependent uponlthe expression of
xercC. _ v

.Two parallel cultures were grown and‘induced with
IPTG as described,abbve.AOne’of thesé'cu]tures.contained
DS941 xerC2/pSDC105, the other contained DS941 xerc2/pBAD.
Extracts from both of these cultures Were produced by
sonication in buffer B, followed by centrifugation, as
described above. DS941 xerC2/pBAD contains no fuctional
xerC gene, so the extract produced from this strain
contains‘no,XerC. The extract.produced from DS941
. xerC2/pSDC105 contained significant quantities of XerC
(not shown). ‘ | ;  |

These two extracts were then assayed for their
ability to bind cer DNA. A gel binding assay was carried
out using a mixture of two labelled DNA fragments.'One of
these fragments was the cer-containing 304 bp BamHI -
HindIII fragment from pKS492 (see Fig 6.8), the other was
the 235 bp Ddel fragment from pUC19. The results of this
experiment are shown in Fig 6.2. ' _

The sonicate produced from DS941 xerC2/pBAD produced
no detectable retardation of either the "non-specific"” or
~the cer-containing fragments. The XerC-containing extract
from DS941 xerC2/pSDC105 retarded the cer-containing DNA
fragment to give the same pattern seen before, but
appeared not to bind to the Ddel pUC19 fragment.

A1l of these gel binding experiments contained a
large excess (about 200 ng) of unlabelled, supercoiled
puUC18 carrier DNA to compete out‘binding;to the 1abe11ed_
fragments of any proteins that bind non-specifica]]Y to
DNA. Therefore the choice of the 235 bp Ddel fragment from
pUC19 as a control "non-specific" fragment was perhaps not
ideal. Since this fragment came from puUC19, its sequence
was represented in approximately 20 fold exéess in the
unlabelled carrier DNA (the reactions contained about 1 ng
of 235 bp fragment and 200 ng of 2686 bp puUCi8). '
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Figure 6.2 Gel Dbinding assay on XerC+ and XerC- crude
extracts using a mixture of two fragments. A wild type cer
site (pKS492, HindllI-BamHI| ) was mixed with the 235 bp
Ddel fragment from pUC18 and incubated with different
dilutions of crude extract for 10 min at 37°C. Crude
extracts were prepared from DS941 xerC2/pBAD (lanes 2-6)
or DS941 xerC2/pSDC105 (lanes 7-15). The cells were
sonicated in a buffer containing 50mM Tris-HCI pH7.5, 1mM
EDTA, 0.1mM DTT and either 1M NaCl (lanes 2-11) or 100mM
NaCl (lanes 12-15). Lane 1 contains no added protein.

Lanes 2, 7 and 12 1/32 ul protein
Lanes 3, 8 and 13 1/16 ul protein
Lanes 4, 9 and 14 1/8 ul protein
Lanes 5, 10 and 15 1/4 ul protein
Lanes 6 and 11 1/2 ul protein

(the undiluted crude extracts contained of the order of
15 mg/ml total protein.)



6.4 Partial purification of XercC

The gel binding éssay waé then used to follow the
partial purification of the XerC protein. In order to
quantitate this purification, the XerC binding unit was
defined as the amount of XerC which retards 50% of a cer-
containing DNA fragment, when added to a standard gel
binding assay. The effects of varying the amount of cer
fragment in the gel binding assay were never investigated.
However, if the same amount of fragment (1 ng of a 300 bp
fragment) is always used, this assay should be reasonably
quantitative for XercC.

The effect of salt concentration in the cell breaking
buffer was investigated. IPTG-induced DS941 xerC2/pSDC105
cell.pellets were sonicated in 50 mM Tris-HC1 pH7.5, 1 mM
- EDTA, 0.1 mM DTT containing either 1.0 M NaC1l, 100 mM NaC1l
"or 50 mM NaCl. The concentration of NaCl present had
1ittle effect on either the recovery of XerC binding
activity (Fig 6.2 and not shown), or on the recovery of
XerC polypeptide in the soluble fraction, as visualised by
SDS-polyacrylamide gel electrophoresis (not shown). ‘

A purification protocol was arrived at by repeatedly
preparing sonicates from cultures of DS941 xerc2/pSDC105,
and experimenting with various protein fractionation
steps. The ffactionskwere run on SDS-polyacrylamide gels
and stained with Coomassie blue to visualise proteins.
This allowed the XefC,bb1ypeptide to be fo110wed'through
the purificatioh. The 1insoluble XerC which had been
purified by G. Szatmari was used as a size marker on these
gels. Small samples from each fraction were also diluted
50% in glycerol and stored at -20°C. These were used at a
later time to assay the various fractions for XerC binding
activity. Thus the purification was followed both by the N
presence of XerC—sized:prOteins and by XerC. binding
activity. However, the objective bf the purification was
to purify the binding activity rather than justvthe 32 kDa

protein. .
| The purification protocol finally arrived at is
summarised in Fig 6.3. A typical protein preparation is

described'be]ow.
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Dilute an overnight culture of DS941 xerC2/pSDC105 1:80 in
L broth + Ap (50 ug/ml)

Incubate with shaking at 37°C and grow to Aggg = 0.5

l

Induce by the addition of IPTG to 1mM.
Continue to grow for 3 hours.

!

Harvest cells by centrifugation (7,000g, 5 min).
" Wash in 100mM NaCl 10mM Tris-HC1 pH7.5

Resuspend cell pellet (1.6 g) in 6 ml of buffer A
~(50mM Tris—HC1 pH7.5, 50mM NacC1, imM EDTA, O0.1mM DTT)
' + M PMSF

Sonicate 6 x 10 seconds on fce.

!

Centrifuge Sonicate (37,000g, 15 minutes)

7N

Supernatant (fraction 1) : - Pellet

Pass’thrdugh,DEAE sephacel equilibrated 1in buffer A.
' ~Collect flow through (fraction 2)

Do 25-50% ammonium sulphate cut. Resuspend pellet in
100mM Tris-HC1 pH7.5, 1mM EDTA, O0.1mM DTT (fraction 3)

Desalt on Pharmaéia fast desalting column equilibrated
with buffer A. '
Load onhto mono-S and apply 50mM - 1.0M NaC1l gradient.

Collect fractions eluting off at approximately 400mM NaC1.
(fraction 22)

Figur 6.3 Flow chart for the purification of XercC.



A cleared sonicate (fraction 1) was produced as above
from éa 1.8 g cell pellet of IPTG-induced DS941
xerc2/psSbDC105 suspended in 6 mil of buffer A (50 mM Tris-
HC1 pH7.5, 50 mM NaCl, 1 mM EDTA, 0.1 mM DTT). A1l
subsequent purification steps were carried out at 4°c.

A 6ml1 DEAE sephacel column was poured in a 10 ml
syringe and equilibrated with buffer A. The cleared
- sonicate was loaded onto this column and allowed to drip
slowly through by'gfavity.‘The column was then'washed with
further buffer A. The flow-through was collected in
fractions of approximately 1 ml. The first three fractions
were found to contain very little protein (as assayed by'
Bradford reagent)'and were discarded. The next eight 1 ml
fractions contained the bulk of the XerC binding activity
and were pooled to give fraction 2. The column was washed
W1th further buffer A and then proteins which had bound to
the column were washed off with a buffer conta1n1ng 50 mM
Tris HC1, 1.0 M NaCl, 1mM EDTA and 0.1 mM DTT. The buffer
A flow-through fraction was found to contain at least one
protein of the expected size for XerC, whereas the 1M NaCl
wash fraction contained no proteins of this size.

The DEAE step was originally designed to remove
nucleic acids from the sonicate. However, as can be seen
from Fig 6.4, a number of proteins were also removed by
this step. The yield of XerC binding activity from this
step was nhear to 50% (Table 6.1). The NaCl concentfation
was kept as low as possible (50mM NaCl) to max1m1se the
number of proteins binding to the DEAE co1umn

The DEAE flow through (fraction 2) was further
purified by ammonium sulphate fractionation. Proteins
precipitating in the ranges 0% - 25%, 25% - 50% and
50% - 70% saturation ammonium sulphate were re-dissolved
in 1 ml of a buffer containg 100 mM Tris-HC1 pH 7.5, _1 mM
EDTA and 0.1 mM DTT.

The 25% - 50% ammonium sulphate fraction (fraction 3)
was found to contain the bulk of proteins of the correct
size to be XerC (Fig 6.4). The 0% - 25% ammonium sulphate
fraction contained some protein of the correct size to be
XerC, but this material was very difficult to resuspend
(Fig 6.4). The 25% - 50% ammonium sulphate fraction was
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—XerC

Figure 6.4 SDS-polyacrylamide electrophoresis of fractions
obtained from DEAE Sephacel and ammonium sulphate
precipitation.

Lane
Lane
Lane
Lane
Lane
Lane
Lane

Noa L WNA

XerC
Clea
DEAE
0% -
0% - 25% ammonium sulphate fraction (insoluble)
25%
50%



the only fraction that contained any significant XercC
binding activity (Fig 6.7). _

The 25% - 50% .ammonium sulphate fraction was then
passed through a fast desalting column (Pharmacia), which‘
had previously been equilibrated with buffer A. The run
was carried out at 2 mi/min on a Waters FPLC system. The
protein was recovered in 13 mls of buffer A.

The desalted protein was loaded onto a mono-S cation
exchange column which had been equilibrated with buffer A.
The column was then developed with a 17.5 mil gfadient
running at 0.5 ml/min. The gradient started with 100%
‘buffer A (50 mM Tris-HC1 pH7.5, 50 mM NaCl, 1 mM EDTA, 0.1
mM DTT) and ended with 100% buffer B (50 mM Tris-HC1 pH
7.5, 1.0 M NaCl, 1 mM EDTA and 0.1 mM DTT). Fractions of
0.5 ml were collected. Elution of proteins from the column
was monitored by measuring the absorbance at 280 nM (Fig
. 6.5). ‘ |
‘The pooled flow-through fraction and also fractions
that eluted during the gradient were analysed by SDS-
polyacrylamide gel electrophoresis (Figk6.6). No proteins
of the correct size for XerC were present in the flow
through. Two proteins of approximately the same size as
XerC eluted from the column. at approximately 400 mM NacCl
(fractions 20 - 23) and another eluted at abpr0x1mate1y
800 mM NaCl (fractions 31 - 32, not shown).

The fractions were assayed for XerC activity using
the gel binding assay (Fig 6.7). Binding activity was
found 1in the'fréétions.that coincided with the presence of
the larger of the two XerC-sized proteins eluting at
~ 400 mM NaCl (fractions 21 - 23). No XerC activity was
found in the flow-through fraction or in the fréctions
that eluted between 700 mM and 900 mM NaCl (fractions 28 -
33) (not shown). o '

The purification is sUmmarisedAianab1e 6.1. Protein
~concentrations were measured using Bradford reagent. XercC
binding activity was estimated from the gel binding assay
shown in Fig 6.7. In some lanes of Fig 6.7, the fraction
being assayed contained XerC binding activity but the
amount of protein added did not not retard 50% of the cer
containing fragment. In these cases the number of‘binding‘
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1 2 3 45 6 7 8 9 10 1N 122 183 #4

Figure 6.6 SDS-polyacrylamide electrophoresis of fractions
obtained from mono-S ion exchange chromatography.

Lanes 1, 14 XerC size marker (from G. Szatmari)
Lane 2 25-50% ammoni un sulphate fraction
Lane 3 25-50% desalted
Lane 4 Mono-S f 1ow-through

Lane 5 Mono-S fraction 19

Lane 6 Mono-S fracti on 20

Lane 7 Mono-S fracti on 21

Lane 8 Mono-S fracti on 22

Lane 9 Mono-S fracti on 23

Lane 10 Mono-S fraction 24

Lane 11 Mono-S fracti on 25

Lane 12 Mono-S fracti on 26

Lane 13 Mono-S fracti on 27
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Figure 6.7 Gel binding assay on various fractions obtained
in the purification of XerC. The following amounts of
protein were incubated with approximately 1ng of end
labelled cer DNA for 10 min at 37°C and then loaded on a
non-denaturing polyacrylamide gel.

Lane 1 0 protein

Lane 2 1/8 ul cleared sonicate

Lane 3 1/8 ul DEAE flow through

Lane 4 1/10 ul 0-25% ammonium sulphate

Lane 5 1/20 ul 25-50% ammonium sulphate

Lane 6 1/20 ul 50-70% ammonium sulphate

Lane 7 1/10 ul 25-50% ammonium sulphate (spun)
Lane 8 1/2 ul desalted 25-50% ammonium suiphate
Lane 9 1 ul Mono-S flow through

Lanes 10-18 1 ul each of Mono-S fractions 19-27

-cer
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units present was estimated by extrapolation from the
-results obtained in other XerC binding experiments (eg Fig
6.1 and Fig 6.2). It is ‘estimated that the values given
for the XerC binding activities in Table 6.1 are probably
accurate to within a factor of two.

Fraction 22 contained the highest ‘concentration of
XerC binding activity. As can be seen on Fig 6.6, fraction
22 contained one major polypeptide of 32 kDa and six or
seven other major bands. This 32 kDa protein had co-
purified with the XerC binding activity and was the same
size as a protein which had been positively didentified as
XerC by N-terminal sequencing. It was estimated that the
XerC - sized protein made up about 15% of the protein in
fraction 22.

The approximate concentration of XerC required to
retard cerbcontainihg_DNA fragments can now‘be estimatedtﬁ
The protein concentration of fraction 22 is 130 ug/ml.
1 ul of fraction 22 was added to the 10ul reaction shown
in lane 13 of Fig. 6.7. The total protein concentration in
the binding reaction was therefore 13 ug/ml, so the
concentration of XerC-sized protein was approximately
2 ug/ml, which is 6 x 10™8 M. The amount of cer DNA in the
reaction is approximately 1 ng which corresponds to a

concentration of 5 x 10710 M,
6.5 XerC binds to the crossover region within cer

- Gel binding experiments were carried out.to localise
the binding site or sites of XerC within the cer region.
These experiments USed fragments containing only part of
the cer site. The dérivation of these fragments is shown
in Fig 6.8.

The PstI - BamHI fragment from pKS493 was end-
labelled withASZP'using the Klenow fragment of DNA
. polymerase I and alpha <3ZP> dATP. This labelled only the
" end closest to the crossover site in cer. The 1labelled
fragment was then cleaved with Mlul, splitting the cer
site into two fragments. One of these (73 bp in Tlength)
contained the crossover region and was labelled at one
end. The other fragment (219 bp) contained the rest of cer
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assays. :



and was un]ébe]]ed. This mixture of fragments was
~incubated with the most highly purified fraction of XercC,

| fﬁéétioh 22,from the mono-8 column. The reactions were
then run on a‘hQn¥denatur1hg‘polyaCry1amide gel as-

described in Chapter 2. Reactions were also carried out. to 3

assay the binding of the same protein dilutions to the
intact cer-containing DNA fragment. The result obtained
after autoradiography is shown in Fig 6.9.

‘ At the same protein concentratibn thét prbduced‘two

complexes on a full cer site, the 73 bp crossover region = .

was also bound to a similar extent. The full cer site gave

the previously observed pattern of two major complexes, -

with the least retarded complex predominating. The 73 bp
crossover region gave only one major complex and a (1éss
retarded) minor complex.

In another experiment a cer-containing fragment was
labelled at both ends and then cleaved with Mlul. This
mixture of 1abe11ed'fragment3»was then used in a gel
binding experiment. As assayed by the disappearance of the

unbound fragments, only the 73 bp crossover containing‘

region of cer was bound significantly by XerC (not shown).
kHowever, no complexes could be seen 1in this experiment.
This may have been because the complex produced from the
crossover region comigrated with the unbound large
fragment. , ) -
» A cer containing fkagment, labelled at both ends and
~then cleaved at the Pvul site was also used in a gel
binding experiment. The‘kesu1ts of this experiment are
shown 1in Fig 6.10; Note that the cleavage with Pvul was
.partial. As assayed by dissappearanCe of ﬁhboundvbands,
only the smaller, crossover site-containing fragment was
bound by XerC. One band, which probably corresponds to a
bound form of this‘sma11er'fragment, can be seen on
Fig 6.10. A ' . o

" These experiments show that;'when the cer site is
cleaved into two fragments, XerC binds only to the
fragment containing the crossover site. XerC binds to
these crossover site-containing fragments with
approximately the same affinity as it binds to the intact
site. However, the pattern of comp1exesAprodqced by
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Figure 6.9 Gel binding assays on the mono-S fraction 22
using the crossover region of cer and the full cer site,
Lanes 1-3 contain the purified BamHl - Pstl fragment of
pKS493 labelled at the BamHI end. Lanes 4-6 contain the
same fragment cleaved with Mlul. Only the 73 bp fragment
containing the crossover region is labelled.

Lanes 1 and 4 0 protein
Lanes 2 and 5 1 ul fraction 22
Lanes 3 and 6 1/2 ul fraction 22
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full cross over?
length #
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A ARG box

\  unbound
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Figure 6.10 Gel binding assay using a cer fragment which
has been cleaved with Pvul. End labelled fragments were
incubated with different amounts of 25% - 50% ammonium
sulphate fraction (fraction 3) containing XerC. Lanes 2-7
contain the 304 bp Hindlll - BamHlI fragment from pKS492
labelled at both ends and then cleaved with Pvul. Note
that the Pvul cleavage was only partial. The DNA in lane 1
was nhot treated with Pvul.

Lanes 1 and 7 1/2 ul protein

Lane 2 0 protein
Lane 3 1/32 ul protein
Lane 4 1/16 ul protein
Lane 5 1/8 ul protein
Lane 6 1/4 ul protein

(Undiluted fraction 3 contained approximately 3 mg/ml
total protein.)



binding to the isolated crossover site appears to be

'different to the pattern produced by b1nd1ng to the intact

site. : S . . .
6.6 Discussion

A gel binding assay has been developed to detect
proteins which bind specifica11y-td the cer site.
Fragments conta1n1ng cer were not retarded in this assay
by an extract prepared from DS941 xerCZ/pBAD They were,
however, retarded by an extract prepared from DS941
xerc2/pSDC105. The fact that the retarded complexes were
only seen usihg extracts from the‘xerc over expressing
strain demonstrates that this retardation is dependent on
the express1on of xercC.

“The gel bmdmg assay was then used to follow cer
"binding activity through a pur1f1cat1on protocol. This
protocol employed a negative DEAE step, an ammonium
sulphate precipitation step and chromatography on a cation
exchange column and gave e_75—fo1d purification of the
binding activity over all.

| Over expression of xerC led to the accumulation of a
protein of apparent molecular weight 32,000. This protein
was purified‘in an inactive form by G. Szatmari, and was
shown by N-terminal sequencing to correspond to XerC. A
protein of this size co-purified with the XerC binding
activity, throughout the pur1f1cat1on ' ' '

The purest fraction obtained conta1ned a m1xture of
several proteins, one of which, making up about 15% of
total protein, was the same. size as XerC (as purified by
G. Szatmari). It is not absolutely certain however that
this protein is responsible for binding to cer in the gel

binding assay. Nor is it absolutely certain that this.. . ..

protein is indeed the XercC protein. To check‘this,the cer
binding protein would have to be further purified,
possibly by a size fractionation step. That the purified
protein did 1indeed correspond to XerC could then be
verified by N-terminal sequencing.

Obviously much remains to be done to improve the XerC
purification protoco],'If XerC could be over eXpressed in
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a soluble and active form, to the high levels seen by G.
Szatmari, the purification'of‘1arge amounts of XerC would
be great1y'a1ded. However, from the work of G. Szatmari,
it would appear that the XerC protein is not soluble at
low NaCl concentrations when it is expressed at these high
levels. cle .

When the cerAjs split at either the Pvul or the Mlul
'sites, only the crossover chtaining region is bound by

' XerC. XerC appears to bind to the isolated crossover site

of cer and to the intact cer site with similar affinities. .
However the pattern of complexes produced by binding to
the isolated crossover site is different from that
produced by binding to the full site. It is possible that
‘XerC can interact with regions of cer distal from the
crossover site, but‘onTy'after 1t_has bound td the
crossover site. It is also poésible.that XerC binds to
sequences 1in cer that are disrupted- by.vc1eavage at the
M1ul and Pvul sites.

The nature of the complexes seen in the gel
retardation experiments remains unclear. Possible
explanations for some of them are: 1intermediates 1in
binding (with one, two or more XerC molecules bound) as
seen for Flp (Andrews et al, 1987) and Cre (Hoess, pers.
- comm), synaptic complexes containing two cer fnagments,
alternative conformations of compiexes, 6r compliexes with
contaminating proteins in the XerC¥containing fractions.
| The protein - DNA interactions involved in the ©
‘formation of XerC - cer complexes could be investigated
using further'gel‘binding assays on different regions of
the cer site. Footprinting experiments would also be. very
useful for these studies. These could be carried out in
solution on XerC - cer complexes. Alternatively complexes
could be isolated in. a non-denaturing polyacrylamide gel
and cleaved in the gel before being analysed by'denaturing
'.ge1 e1ectrophoresis. The sequences witnin cer to which
XerC binds could be located more accurately by these
experiments.

Hopefully purified XerC'w111 soon prove useful in an
in vitro cer site-specific recombination system. Such a
system has, however, so far remained elusive.
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CHAPTER SEVEN

CONCLUDING REMARKS
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The main objective of this work was to isolate
further E. coli mutants deficient in cer site-specific
recombination, in the hope that the gene encoding the cer
recombinase might be identified. The isolation of one such
mutant led to the ididentification of xercC, expféssion of -
which is absolutely required for cer site-specific
recombination. The XerC protein’bihds in vitro to the
crossover region of cer, and its predicted amino acid
sequence displays significant similarity to the lambda
kintegrase family of sité—sbecific recombinases. XerC is
almost certain]y the recombinase that acts at cer.

Members of the lambda 1ntegrase family of site-
specific recombinases (eg FLP, Cre and lambda Int) cleave
their recombination sites to give staggeredvhﬁcks at
either end of a spacer region of 6-8 bp. Given that XerC
is the cer recombinase, and that it is a member of the
lambda integrase class of recombinases, it seems probable
that XerC will cleave cer, to producévstaggered nicks in
the crossover region. These nicks are predicted to produée
protruding 5’ OH ends and recessed 3’ phosphates,
covalently 1inked to tyrosine 275 of XerC. These nicks
should be at either end of a 6-8 bp spacer region flanked
by two inverted repeat XerC binding sites. ’

Where does XerC cleave cer? There 1is a highly
conserved 11 bp sequence at the right hand end of the cer—
like sites (see Fig 1.2 and Fig 7.1). To the left of this
is a poorly conserved sequence of_frbm 6-8 bp, which is
flanked by a fairly We11 conserved‘sequéhce with some
inverted repeat symmetry to the highly conserved 11 bp
sequence (Fig 1.2 and Fig 7.1). Current thinking is that
these two sequences are XerC binding sites, énd that XercC
probably cleaves cer and related sites at the boundaries
of the 6-8 bp spacer. The nature of theyinteractions
between XerC and the cer site could be further>
1nvestigated by various footprinting techniques. The sites
of strand cleavage could be identified if conditions were
found in which XerC cleaves the cer site in vitro.
Cleavage products could be run on a denaturing
polyacry]émide gel to identify the exact phosphodiester
bonds broken by XercC.
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R1 contains a plasmid stabilising recombination site
which displays sequence similarity to cer only in the
crossover regioh (Clerget, 1984; Fig 1.2). This site acts
in vivo as a substrate for both intermolecular and
intkamo1ec01ar site-specific recombination. This
~recombination is dependent on the presence of a functional
xerC gene (Clerget pers. comm.). The R1 recombination site
V,requ1res at most 44 bp for function (Clerget, pers. comm.)
'and contains no obv1ous ArgR b1nd1ng s1te It seems'1ige1y
that recomb1nat1on at this site will be 1ndependent of
ArgR and PépA. The E.kco7i dif region, which may act to
resolve chromosomal multimers, contains a 30 bp seguence
which is almost idéntica] to the,R1_recombination sitev
(Fig 7.1). Gary Blakely, ﬁnvour lab, has constructed a
synthetic 31 bp dif sité, which appeafs to be a substrate
in vivo fof‘both intermolecular and 1ntramo1ecu1ar site-
specific recomb1nat1on Recomb1nat1on at this s1te will
almost certa1n1y requ1re the presence of XerC but not
ArgR or PepA. '

cer . GCGGTGCGTACAA TTAAGGGA TTATGGTABRAT
— — c—— A —
pars GCGGTACCGATAA GGGATG TTATGGTAAAT
. - - -— e — — .
type II GCGGTGCGTACA_A GGGATG TTATGGTAAAT
R1 TTAGTGCGCATAA TGTATA TTATGTTACAT
. cm—— | Z—
dif TTGGTGCGCATAA  TGTATA TTATGTTACAT

~Fig 7.1 ‘Alignment of the plasmid R1 and E. coli -

~chromosomal dif recomb1nat1on sites with the crossover
regions of ColEtl cer, C]oDF13 parB, and the type II (cer-
parB) hybrid . '

The plasmid R1 and E. coli chromosdma] sites appear
to behave in a similar way to the type II cer-parB8 hybrid.
A1l three are substrates for both intermolecular and
1ntramo1ecu1ar recombinatidn in vivo. This recombination
requires only a region of about 30-50 bp which includes
the two putative XerC binding s1tes

An interesting question remains as to why the type
II hybrid and the R1 and dif sites appear to have no
selectivity for intramolecular reactions and probably can
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all recombine in the absence of PepA and ArgR. It is
prSSib1evthat the wild-type cer site is a poor substrate
for Xerc;’ahd'can'on1y'fecombine after a specific synaptic
complex has been formed. This ‘synaptic. complex would be
dependént on the upstream regions of'cer-and also on the
ArgR and PepA proteins, and could act as a "topological
filter"”, favouring intramolecular recombination over
~intermolecular recombinétion. The type II hybrid, dif and
the R1 recombination sites could be better substrates for
- XerC mediated recombination and hence have no requirement
for PepA and ArgR. This would account for their lack of
topological selectivity. ,

If the wild-type cer site specific recombination
reéction does proceed>via a specific synaptic complex,
ohe wou]d predict that the;reaction products would have a
Specific topology - (compare with*the reso]vases and - the
DNA invertases). The topological féatUres of the cer site—‘
specific recombination reaction, and the involvement of
FPepA and. ArgR in a "topological filter" could best be
studied if an in vitro recombination system was
developed. Such a system has so far remained elusive. We
have looked for ArgR—independent, PepA-independent
recombination 1in vitro, using ‘XerC—containing crude
extracts and DNA substrates with two directly repeated
copies of the type II cer-parB hybrid site. We have also
1ooked’for recombination 7in vitro using purified ArgR and
PepAAa1onQ with XerC-containing extractS'acting:bn'DNAV
substrates with directly repeated~W11d—type cer sites.
However, no recombination has so far been detected. This
failure to detect recombination in vitro could reflect a
requirement for further proteins accessory factors or the
need for different reaction conditions.

The dif site is more symmetrical than the type II
cer-parB hybrid. This might make recdmbination'at the the
dif site more éfficient,than recombination at the type II
hybrid. If recombination'at dif is independent of ArgR and
PepA in vivo, it might be worthwhile to assay for dif
site-specific recombination in vitro using semi purified
XerC or crude extracts containing XercC.

If this fails we could look for resolution of
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artificial Holliday Jjunction intermediates by XercC.
. Resolution of att site Holliday Jjunctions requires only
the 1ntegraéé.protein‘and the core type Int bindihg sites
(Hsu and Landy, 1984), so it is predicted that XerC would
be thé only protein required for Holliday junction
resolution. ‘ | ‘ |
Hopefu]]y_thé deve]opmeht of an in vitro cer site-

‘specific recombination system will enhance our

v'*understandihg of the mechanism of cer_sitefsp§dific

recombination. The possible role of XerC in chrdﬁbsomev
multimer reso]ution'is intriguing, and also deserves
further study. ' '
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