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SUMMARY

The xer site-specific recombination system is employed in two related biological
processes. The first of these roles is in resolving multimers of high copy number,
randomly partitioned plasmids in order to ensure their heritable stability. Plasmid multimers
arise through homologous recombination. Their resolution to monomers by xer site-
spec.:iﬁ.(: recombination requires a recombination locus named cer that was originally
described in the naturally occurring plasmid ColE1, although similar sites have been
isolated 'in many other plasmids (Summers and Sherratt, 1984; Summers et al, 1985). The
second role of the xer system is in bacterial chromosome partition. A locus Has been
described, named dif, in the terminus region of the Escherichia coli chromosome that is a
substrate for xer catalysed site-specific recombination (Blakely et al, 1991; Kuempel et al,
1991). It is believed xer recombination activity is required at dif because dimers of
replicating chromosomes are produced by homologous recombination; these dimers cannot
be partitioned into daughter cells as the host cell divides, and hence xer recombination
converts the chromosomal dimers into monomers and allows cell division.

The proteins that act in xer site-specific recombination are encoded by the E.coli
chromosome. At the start of this work three genes (xer genes) had been shown to be
absolutely required for cer recombination, and one for dif recombination. xerC has been
cloned and sequenced and is required for both cer and dif recombination (Colloms et al,
1990; Blakely et al, 1991). The prdtein encoded by xerC binds to both recombination sites
in vitro and has sequence homologies to the A integrase family of site-specific
recombinases. xerA and xerB encode the proteins ArgR and aminopeptidase A (PepA)
respectively; both are essential for cer recombination and are believed to be "accessory
factors" in the reaction (Stirling et al, 1988 and 1989). While this work was being

performed a fourth xer gene was identified, called xprB. Genetic evidence is presented that



the XprB is essential for both cer and dif recombination and that it shows amino acid
sequence homologies to the A integrase family of recombinases.

PepA is an amino-terminal exopeptidase whose role in the cer recombination reaction
was not understood at the start of this work. Site-directed mutagenesis of the gene
encoding PepA is described, and evidence presented that the mutant enzyme (named
E354A) encoded by the altered pepA gene lacks any aminopeptidase activity both in vitro
and in vivo but is still able to support cer recombination. The relevance of this observation
to how PepA is employed by the xer site-specific recombination reaction is discussed.

Thé construction of an controllable in vivo recombination system and its use in
analysing the mechanism of the xer recombination reaction is described. The system
comprises a derivative of E.coli K12, named RM40, in which the expression of xerC is
controlled by the lac promoter and operator sequences rather than its natural promoter
sequences. Analysing the products derived from cer-mediated recombination of reporter
plasmids demonstrated the existence of Holliday junction structures produced during the
reaction. These putative recombination intermediates were shown to have arisen by the
exchange of a specific pair of strands within the cer sites of tﬁe substrate DNA molecule
used. These results suggest that cer site-specific recombination involves the same form of
strand exchange mechanism that has been described in vitro for other members of the A
integrase family (Int, FLP and Cre; Stark et al, 1992). The Holliday junctions were isolated
in anomalously large quantities when compared to the isolation of such reaction -
intermediates in other, related systems. The possible relevance of this to the xer
recombination mechanism was analysed by comparing cer and dif recombination in RM40,

and by altering the cer substrate molecules and reaction conditions employed.



Chapter 1

Introduction



1.1 General introduction

Site-specific recombination is a controlled process found in both eukaryotes and
prokaryotes which generates precise rearrangements of DNA molecules at defined
positions. The rearrangements are catalysed by a variety of proteins which are
collectively termed "recombinases”, and are achieved by cutting the DNA molecules at
specific points and joining the ends to new DNA partners. Site-specific recombination
is distinguished from homologous recombination in a number of ways. In homologous
recombination the recombining DNA segments recognise their partners by comparing
the DNA sequences through Watson-Crick base-pairing between the partner duplexes
(a process which is mediated by RecA-like proteins), and therefore extensive homology
is required between the two DNA molecules. In contrast, there is no requirement for
extensive homology between DNA molecules during site-specific recombination
because the recombination sites are brought together primarily through interactions
between DNA binding proteins. Moreover, no base-pairing between the two
recombining DNA duplexes is required before strand cleavage in site-specific
recombination. The two processes are also distinguished by the fact that the proteins
involved in the reactions are unrelated, and site-specific recombination is probably a
more regulated process.

Site-specific recombination is related to another type of non-homologous
recombination process called transposition. These processes differ in their biological
and genetic consequences and in their reaction mechanisms. In site-specific
recombination both recombining molecules are cleaved at two precise positions within a
very short region of homology, and there is no synthesis or degradation of DNA during
the strand exchange reaction (which in both processes involves a series of precise
catalytic steps). In transposition there is no requirement for homology in the
recombination sites and DNA synthesis is utilised during the strand breakage and
reunion steps. During replicative transposition the entire transposing DNA segment is

replicated, whereas in conservative (or "cut and paste") transposition the DNA



synthesis involves only a few bases of sequence. Reviews of transposition have been
published by Craig and Kleckner (1987) and Derbyshire and Grindley (1987) and it
will not be considered further here.

1.2 Consequences of site-specific recombination

Site-specific recombination alters the structure of DNA molecules in a number of
ways which depend on the organisation of the recombination sites (see fig.1.1).
Recombination between sites on different molecules is possible, and this causes the two
substrate molecules (which could, for instance, be plasmids) to become fused; site-
specific recombination of this sort is termed "intermolecular”. Intramolecular
recombination (between sites on the same molecule) is also possible, and has two
possible outcomes depending on the relative orientations of the recombination sites.
When the sites are in direct repeat in a circular substrate molecule, site-specific
recombination results in deletion of the DNA intervening between the sites and
generates two smaller product molecules; this reaction is termed "resolution” in this
thesis, but has also been called "excision" in other systems (see below). In contrast,
when recombination sites are in inverted repeat relative to each other, recombination
causes the DNA sequences between the sites to invert in relation to the rest of the
molecule. These reaction outcomes are a consequence of the fact that site-specific
recombination sites are asymmetric, and the asymmetry is retained. during
recombination such that the left hand side of one site is always fused to right hand side
of the other site, and vice versa. It should be noted, however, that in some
circumstances this asymmetry can be overcome (see, e.g., Hoess et al, 1986).

Although the intramolecular reaction products were described above as being
simple circles, it has been shown that topologically more complex products can be
created during site-specific recombination reactions in vitro. This is illustrated, as an
example, in Figure 1.1 by showing that catenated products can be generated during

resolution reactions. Analysis of the topological nature of these, and other, in vitro
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Figure 1.1. Physical consequences of site-specific recombination.
Recombination sites are shown as arrows whose direction indicates the site's
orientation. A Intermolecular recombination results in the fusion of two substrate DNA
circles. B Intramolecular recombination in a circular substrate DNA molecule
containing directly repeated sites results in two product circles; this is termed resolution
in this thesis. C Intramolecular recombination of a substrate containing sites in inverted
orientation results in inversion of the DNA between the sites. D Site-specific -
recombination in vitro in a supercoiled substrate molecule can generate topologically
complex products; in this case resolution generates a multiply linked catenane tecause
substrate supercoils were trapped during the reaction. (Adapted from Craig, 1988).



products has allowed information to be derived regarding the detailed mechanisms of
various site-specific recombination reactions (this is discussed below).

The biological consequences of site-specific recombination are very diverse and
incorporate the structural considerations described above. This is illustrated in the
following examples:

(1) Integration and excision of temperate bacteriophages into and out of the host
organism's chromosome. Integration of the phage generates a prophage, in which the
phage genome becomes part of the host genome and is replicated by the host
machinery. Excision is required to release the phage and allow it to spread horizontally,
by infection, into other cells. Bacteriophage A is notable because it was here that site-
specific recombination was first described (reviewed by Landy, 1989), but other
phages also employ this strategy (e.g. $80 and P22; Leong et al, 1985).

(ii) Resolution of cointegrate intermediates during replicative, inter-replicon
transposition of type II transposons. These Tn3-like transposons move by a replicative
mechanism during which the donor and recipient replicons become fused. Resolution
of these cointegrate structures is achieved by site-specific recombination of directly
repeated transposon-borne res sites, and is catalysed by transposon-encoded
recombinases called resolvases (Sherratt, 1989; Stark et al, 1989).

(iii) Control of gene expression by "switching" of DNA segments. The Hin, Gin,
Cin and Pin systems encode a family of DNA invertase recombinases that execute
inversions of DNA segments (either containing genes or the promoter sequences of
genes), and thereby mediate the variation of flagellar antigens in Salmonella
typhimurium and tail fibre proteins in bacteriophages Mu, P1 and relatives (reviewed
by Glasgow et al, 1989). fimB and fimE encode Escherichia coli recombinases that are
unrelated to the DNA invertases which catalyse the inversion of a small chromosomal
region containing the promoter for the gene fimA, and therefore alter the fimbriation
state of the cell (Klemm, 1986).

(iv) Stabilisation of low copy number plasmids by multimer resolution.

Bacteriophage P1 does not integrate into the host's chromosome during lysogeny, but



instead exists as a low copy number circular plasmid. The phage-encoded recombinase
Cre is required to resolve dimers of P1 which arise through homologous recombination
to ensure that the lysogenic phage is efficiently segregated into daughter cells during
host division (reviewed by Sadowski, 1986). Similar systems are employed in other
low copy number plasmids (e.g. the plasmid R46 also encodes a recombinase; see
Dodd and Bennett, 1987).

(v) FLP is a recombinase encoded by the 2-micron plasmid found in
Saccharomyces cerevisiae v;/hich acts on plasmid-borne FRT sites to cause inversion of
a large DNA segment and promote amplification of the plasmid to high copy numbers

in the cell (Cox, 1989).

1.3 General reaction mechanisms in site-specific recombination

A number of site-specific recombination sytems have been reconstituted in vitro,
using either crude cell extracts or purified proteins, simple buffer solutions and defined
substrate molecules. The reactions that have been established in this way include those
catalysed by A Integrase (Int; Nash, 1975), yeast FLP (Vetter et al, 1983),
bacteriophage P1 Cre (Abremski et al, 1983) and some of the resolvases and DNA
invertases (Hatfull and Grindley, 1988). Analysing the reactions in vitro has shown
that the basic reaction mechanisms of the different systems (described above) are
similar, but the detailed biochemistry of the reactions can be divided into two classes;
the integrase-like and the resolvase/invertase class of reactions (see below). The
distinction between the reaction mechanisms is reflected in the fact that all recombinases
can be assigned as being part of one of the two classes because the proteins are
homologous within the two classes (see below).

The various recombination sites in the different systems share little sequence
homolojy , and in fact the two recombining sites in a given system can be different in

primary sequence. However, in all site-specific recombination reactions a small region



of sequence identity between the recombination sites is essential. This is where the
strand exchanges that occur during the rccombinationKreaction are found. The parental
DNA molecules are broken at specific, fixed positions within these regions and the
recombinational strand exchanges occur by joining the broken ends of one parental
duplex to the ends of the other broken parental duplex. Recombinant DNA molecules
generated in this way contain no gaps or nicks. The breakage positions in the top and
bottom strands of both parental duplexes are staggered (see figures 1.3 and 1.7), and
consequently the recombinant DNA molecules contain some heteroduplex DNA. The
size of this stagger varies from 2-8 bp, and is one of the features that distinguish the
two classes of site-specific recombination reaction (see below).

The strand exchange mechanism of all site-specific recombination reactions
involves a transient, covalent linkage between the substrate DNA and recombinase
proteins (see figs. 1.3 and 1.7). Correlating with this is the fact that in all
recombination sites the recombinases bind to DNA sequences surrounding the points of
strand exchange. The DNA sequence which encompasses the recombinase binding sites
and staggered cleavage positions is termed the "crossover" region or "core"
recombination site. The form that the covalently linked protein-DNA intermediate takes
is different in the two classes of recombination reaction and is conserved within each
class (see below). The function of this intermediate is to conserve the energy of the
substrate DNA molecule's phosphodiester backbone, and hence no site-specific
recombination reactions utilise high energy co-factors.

In some site-specific recombination systems the crossover region contains all the
sequence information that is required in the reaction (e.g. the loxP site of Cre, the FRT
site of FLP and the atfB site of phage A; below). In other cases, the recombination sites
have a more more elaborate architecture, and can employ additional proteins and protein
binding sites (e.g. in A, the attP, attL and attR sites contain binding sequences for the
proteins ITHF, Xis and Fis). In all cases, however, the catalytic steps of cutting,
exchanging and ligating the DNA are mediated by the recombinases, and the other so-

called "accessory factors" have various supporting roles in the reactions.



Current understanding of the biochemical details of resolvase/DNA invertase and
A integrase-like site-specific recombination reactions, and the functions of the site-
specific recombination proteins, are described separately below. It should be noted,
however, that these families cannot be separated in a biological context, since similar

reactions are performed by members of both classes.

1.4 The resolvase/DNA invertase class of site-specific

recombination system

As suggested by the name, this family is divided into two sub-families on the
basis of the type of reaction that is executed, despite the fact that they apparently share
the same reaction mechanism. The resolvases catalyse resolution reactions and are
primarily involved in recombining cointegrate structures (described above), although
they have also been described in plasmid-stabilising monomerisation (e.g. R46; Dodd
and Bennett, 1987). The resolvases encoded by the transposons Tn3 and d are the best
studied in vitro (although resolvases from other transposons have also been described,
e.g. Tn21, Tn552 and Tn1721; reviewed by Hatfull and Grindley, 1988; Stark et al,
1989 and Sherratt, 1989). The functions of the invertases Gin, Hin, Cin and Pin have
been discussed (Section 1.2) and the sites of all these systems are interchangeable
(Glasgow et al, 1989). Recombination of Gin and Hin have been extensively analysed
in vitro (Kahmann et al, 1985; Bruist et al, 1987).

These recombinases are small proteins of highly conserved size (all approximately
180 amino acids) and sequence (see fig.1.2). The proteins appear to be comprised of
two structural domains that can be separated by proteolytic digestion; a C-terminal
domain of approximately 40 amino acids that is mainly responsible for sequence
specific DNA binding (Abdel-Meguid et al, 1984), and an N-terminal domain (whose
X-ray crystallographic structure has been solved; Sanderson et al, 1990) that contains

the catalytic site and is responsible for protein-protein interactions.
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The recombination site of Tn3 (called res) is approximately 120 bp in length and
contains 3 sub-sites (named I, II and III), each of which has dyad symmetry and is
believed to bind dimers of resolvase (Grindley et al, 1982; Kitts et al, 1983). Strand
exchange occurs exclusively at the central AT sequence of sub-site I, but II and III are
essential for recombination. All the different res sites have the same organisation,
although the size of the subsites and spacings between them vary considerably
(M.Boocock, pers.comm.). The different activities of resolvase when bound to the
different subsites is probably due to differences in the size and sequences of the sub-
sites altering the nature of the protein-DNA interactions. Resolvases subunits bound at
sub-sites II and III might act as accessory factors that facilitate the formation of a
nucleoprotein synaptic complex in which the recombination reaction occurs (Stark et al,
1989; see fig.1.4).

The recombination sites of the DNA invertases are 26 bp in length and, like res
sub-sites, have dyad symmetry and probably bind dimers of the recombinase (Mertens
et al, 1988). The strand exchange reactions occur at the central 2 bp of the sites (Klippel
et al, 1988). They are only efficiently recombined, however, if an enhancer sequénce
(called sis), which binds the host protein Fis, is present in the same DNA substrate
molecule (Kahmann et al, 1985). Fis therefore represents an accessory factor that
possibly performs a similar function in the invertase reaction to resolvase at sub-sites II
and III during resolvase recombination (Bednarz et al, 1990; see fig.1.4).

The recombination reactions catalysed by resolvases and DNA invertases are
mechanistically very similar. The top and bottom strand cuts are staggered by 2 bp and
create recessed 5' ends and overhanging 3'OHs (fig.1.3). Putative intermediates have
been isolated using abnormal in vitro reaction conditions in which the substraté
molecules have been cut at all four cleavage positions, suggesting that the
recombination reactions proceed by double strand breaks, duplex rotation and ligation
(Klippel et al, 1988; Reed and Grindley, 1981). The isolated intermediates are
covalently linked at each broken 5' end to a resolvase/DNA invertase protein, and it is

believed that an absolutely conserved serine residue present near the N-terminus of the



Figure 1.3. Events at the crossover site during resolvase/DNA
invertase-catalysed site-specific recombination reactions. Recombinase
subunits are depicted as shaded ovals; the ends of the crossover sites by inverted
arrows; the two base pairs between the staggered cleavages (the overlap) as vertical
lines; and the phosphates that are attacked by the recombinases as black diamonds. The
four DNA strands (thick and thin lines) of the two crossover sites (differentiated by
shading) are cleaved and covalently linked protein-DNA intermediates form.
Recombination occurs by rotation of the left half-sites relative to the right half-sites and

subsequent joining of the broken DNA ends to a new half site. (Adapted from Stark et
al, 1992).
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Figure 1.4. Topology of reactions catalysed by the resolvases and
DNA invertases. A The resolution reaction catalysed by resolvases proceeds via a -3
synapse and produces a singly-interlinked (-2) catenane. The -3 synapse of the res sites
required for the reaction may be specified and stabilised by interwrapping of subsites Il
and III around resolvase. B Inversion by DNA invertases proceeds via a -2 synapse
and produces an unknotted circular product. The -2 synapse may be specified and

stabilised by interactions between the enhancer element and bound Fis.

In A, the three subsites of the res site are shown as I, II and II and the resolvase
subunits within the synapse are indicated. In B, a, b, ¢ and d are markers to illustrate
the inversion reaction; the DNA invertase and Fis proteins and their DNA binding

sites (the recombination site and enhancer respectively) are indicated.



proteins (fig.1.2) is the catalytic residue involved in the phosphodiester linkage
(Klippel et al,1988; Hatfull and Grindley, 1986).

Tn3 res sites are only efficiently recombined in vitro when they are present in
direct repeat on the same, supercoiled DNA molecule (Kitts et al, 1983). Similarly,
DNA invertase sites must also be present on the same, supercoiled substrate, but, in
contrast to res sites, they must be in inverted repeat (Kahmann et al, 1985). In addition
to this site orientation selectivity the resolvase/DNA invertase reactions in vitro have
topological selectivities (summarised in fig.1.4: resolvase-catalysed deletion reactions
normally produce a specific (-2) catenane product and involve a linkage change of +4
(Wassermann and Cozzarelli, 1985; Boocock et al, 1987); DNA invertase-catalysed
inversion normally produces an unknotted circular product and has a +4 linkage change
(Kahmann et al, 1987; Kanaar et al, 1988). These results have suggested that the strand
exchange reactions only occur when the recombining sites form a specifically
interwrapped synaptic complex, and that the strand exchange is a simple right-handed
1800 rotation of the cleaved DNA duplexes and subsequent ligation. The differences in
the two reactions' product topologies can be accounted for by the different synaptic
topologies required for strand exchange. Resolvase reactions occur via a -3 synapsis
which is thought to be stabilised by resolvase subunits bound to the interwrapp.ed
accessory sites (Stark et al, 1989a and 1989b), whilst the inversion reactions occur via
a -2 synapse that is stabilised by Fis bound to the sis enhancer (Bruist et al, 1987;

Kanaar et al, 1989).

1.5 The A integrase class of site-specific recombination system

The second class of site-specific recombination reaction is called the A integrase
class because of the sequence homologies of the recombinase proteins to A Int. The
functions of some of these reactions have been discussed (A Int, FimB/E, FLP and Cre;

see above), but many other A integrase-like recombinases have been described; e.g.



Tnpl of Tn4430 mediates cointegrate resolution (Mahillon and Lereclus, 1988) and the
D protein encoded by the E.coli F factor is involved in plasmid-stabilising
monomerisation (Lane et al, 1988 and O'Connor et al, 1988).

This family of recombinases has no sequence homologies with the
resolvase/DNA invertases and the proteins display much greater variation in size and
sequence. Two regions of amino acid similarity have been identified by comparing the
recombinase sequences, termed domains 1 and 2 (Argos et al, 1986; Abremski and
Hoess, 1992; see fig.5.17). Only four residues are completely conserved in all
published A integrases. The reactions catalysed by A Int, P1 Cre and FLP are the only
ones to have been analysed in vitro, and therefore only they will be described in detail
(although it is likely that all the A integrase-like systems have a common basic reaction
mechanism).

The recombination sites of FLP and Cre (called FRT and loxP respectively) are
simpler than the att sites of A Int (see figs.1.5 and 1.6). loxP comprises inverted 13 bp
Cre binding sites surrounding an 8 bp spacer sequence, and therefore it is simply a
crossover site (Hoess and Abremski, 1985). FRT also comprises two 13 bp inverted
recombinase binding sites surrounding an 8 bp spacer, but differs from loxP in that it
has an additional 13 bp FLP binding site that is not essential for recombination
(Gronostajski and Sadowski, 1985a; Andrews et al, 1987). Neither of these site-
specific recombination reactions require any accessory factors. In contrast, the att sites
of A are complex in structure and Int-catalysed recombination requires accessory
factors; Two pathways for A recombination exist, one for phage integration and the
other for prophage excision (fig.1.6). The integration reaction recombines the phage-
borne attP site with the E.coli chromosomal a#B site and generates attL and attR sites; it
requires the host-encoded IHF accessory protein in addition to Int. Excisive
recombination recombines attL and attR to regenerate attP and atB; it is not, however,
the exact reverse since it requires Int, IHF, phage-encoded Xis and is stimulated by
host-encoded Fis. The two reaction pathways are carefully regulated (reviewed by

Landy, 1989). The crossover sites of attP and aB are not identical, but have a similar
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auB

loxP

FRT

spacer

sequences

AGCCTGCTTTTTTATACTAACTTGA
TCGGACGAAAAAATATGATTGAACT

GTTCAGCTT%&TTATACTAAGTTGG
CAAGTCGAAAAAATATGATTCAACC

ATAACTTCGTATAATGTATGCTATACGAAGTTAT
TATTGAAGCATATTACATACGATATGCTTCAATA

éAAGTTCCTATAETTTCTAGAGAATAGGAACTTCGGAATAGGAACTTC
CTTCAAGGATATGAAAGATCﬁgTTATCCTTGAAGCCTTATCCTTGAAG

Figure 1.5. Comparison of the crossover sites for A Int (attP and
attB), FLP (FRT) and Cre (loxP). Each site consists of two binding sites for the
recombinases (which are inverted repeats in /oxP and FRT) surrounding the spacer
sequence. In FRT the right-most FLP binding site can be deleted. The sites are cleaved
by their respective recombinases on either side of the overlap, as shown.



attP

attB
B B'
A
. INT
XIS IVNF {(IS
V fls
attL
attR

Figure 1.6. Phage X integrative and excisive recombination pathways.
Integration of phage X into the host chromosome involves recombination between
phage-borne attP and chromosomal a#tB and generates attL and attR, excision
regenerates attP and attB. The proteins required for the two reactions are indicated, as
are the proteins' binding sites: IHF (H), Xis (X), Fis (F), arm-type Int (P) and core-
type Int (C or B).



organisation to /oxP and FRT sites (fig.1.5) since they comprise two Int binding sites
(so-called core sites; see below) around a 7 bp spacer sequence. The full a#P site is 240
bp in size and is made up of, in addition to the crossover region, multiple binding sites
for Int (arm-type binding sites; see below), IHF, Xis and Fis (Landy, 1989; fig.1.6).
Int's ability to bind core and arm sequences is a consequence of the fact that the protein
contains two DNA-binding domains which can be separated by proteolytic cleavage; a
7.5 kDa N-terminal fragment is made which binds the arm sites and a 32 kDa C-
terminal fragment that binds the core sites (Moitoso de Vargas et al, 1988).

In all these reqombination reactions the strand exchanges are made within the
crossover sites, and the top and bottom strand cuts are made at fixed positions near the
edges of the spacer sequences (fig.1.5). The size of the stagger between the cut
positions is greater than in the resolvase/DNA invertase reactions and varies from 6 to 8
bp; the sequence between the cuts is called the "overlap" sequence. Notice that the
spacer and overlap sequences are not necessarily equivalent, since in /oxP the spacer
between the Cre binding sites is 8 bp and the stagger between cleavage positions is 6 bp
(fig.1.5). A further difference between the integrases and resolvese/invertases in the
cleavage step of the reactions is that cleavage on both strands of integrase-like sites
would generate a protruding 5'OH and a recessed 3' phosphate. In certain in vitro
reaction conditions, the integrase recombinases become covalently linked to their
substrates via a phosphodiester link involving the 3' end of the cleaved DNA and the
absolutely conserved tyrosine found in domain 2 (for Int see Craig and Nash, 1983 and
Pargellis et al, 1988; for FLP see Andrews et al, 1987 and Gronostajski and Sadowski,
1985b; for Cre see Hoess and Abremski, 1985).

The mechanism of the strand exchange reaction employed by the A integrases is
quite different to the double strand breakages used by the resolvase/invertase class. The
reactions proceed via two independent pairs of strand exchanges, as shown in
figure1.7. For the Int and Cre reactions it has been demonstrated that the "top" pair of
strand exchanges is always made first (Kitts and Nash, 1985; Hoess et al, 1987), but

this may not always be true in FLP recombination (Jayaram et a/, 1988). In all cases,
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Figure 1.7. Events at the crossover site during recombination
reactions catalysed by X integrase-like recombinases. Recombinase subunits
are depicted as shaded ovals; the ends of the crossover sites by inverted arrows; the
base pairs between the staggered cleavages (the overlap region) as vertical lines (note
the size of this can vary from 6-8 bp); and the phosphates that are attacked by the
recombinases as black diamonds. A single DNA strand (thick or thin line) from each
crossover site (the sites are differentiated by shading) is cleaved and covalently linked
protein-DNA intermediates form. The strands are exchanged and a Holliday
intermediate is created. Recombinant product is made by branch migration of the
Holliday junction across the overlap and a second pair of strand exchanges; it is not
intended that this figure imply that two 4-way junctions are present simultaneously.
(Adapted from Stark et al, 1992).



exchange of the first pair of strands creates a Holliday junction intermediate that is
converted to full recombinant product molecules by the second pair of strand
exchanges. These Holliday intermediates have been isolated using specific in vitro
reaction conditions and substrate molecules (For Int see Nunes-Duby et al, 1987 and
Kitts and Nash, 1988; for FLP see Jayaram et al, 1988 and Meyer-Leon et al, 1988 and
1990; for Cre see Hoess et al, 1987). Resolution of the Holliday junctions by the
second pair of strand exchanges requires that they branch migrate from the point that
they are generated (by the first pair of strand exchanges) across the overlap sequence,
as shown. It is proposed that this is the reason that the overlap sequences of the
recombining sites must be homologous (see Stark et al, 1992 for review). Integrase-
like recombination is therefore sub-divisible into two stages, each involving cutting and
rejoining of the DNA strands.

The rigid substrate requirements described for resolvase/DNA invertase
recombination is not reflected in integrase-like reactions. Neither FLP nor Cre require
supercoiling of their substrate molecules in vitro, and both enzymes can catalyse both
intermolecular and intramolecular (deletion and inversion) recombination (Vetter et al,
1984;Gronostajski and Sadowski, 1985¢c; Abremski and Hoess, 1984). Integrative
recombination catalysed by Int does require a supercoiled attP substrate molecule
(though not attB), whilst excisive recombination does not need supercoiled substrates
(Landy, 1989). This lack of selectivity may suggest that the integrase family of site-
specific recombination reactions does not have the same restrictions as the

resolvase/invertase family in forming catalytically competent synapses.

1.6 Identification of the xer site-specific recombination system
The xer site-specific recombination system was identified during analysis of the

mechanisms employed by the naturally occurring, high copy number plasmid ColE1 for

its stable maintenance in growing cell cultures. Various plasmid functions have been
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described which ensure the stable maintenance of plasmids during cell growth and
division (reviewed by Nordstrom and Austin, 1989); the two basic requirements are
that the rate of plasmid replication matches the rate of replication of the host's
chromosome(s), and that after cell division each daughter cell receives at least one copy
of the plasmid. The first of these requirements is satisfied by the different mechanisms
used by plasmids to maintain their copy number at a set level in the host cell's
cytoplasm. It was during analysis of the way that ColE1 fulfills the second requirement
that the xer recombination system was discovered.

Plasmids can be partitioned by either an active or a random process as the host
cell divides. There is evidence that low copy number plasmids employ the former
partitioning mechanism. The F factor of E.coli and the plasmids R1 and P1 all have
systems comprising cis-acting sites and plasmid-encoded trans-acting par proteins
which interact with the host's segregation "machinery” and place a copy of the plasmids
into each daughter cell as the host cell divides (reviewed by Austin and Nordstrom,
1990). In contrast, there is no evidence for active partitioning of high copy number
plasmids such as ColE1 (and its relatives), and indeed all evidence suggests that these
plasmids segregate into the daughter cells at random during host division (Summers
and Sherratt, 1984). It is calculated that a random mechanism of this sort would
generate plasmid-free segregants with a probability of 21-n_ where n represents the
number of independently segregating plasmid units. This means that an experimentally
undetectable frequency of <10-5 plasmid-free daughter cells per cell division is
produced when the plasmid copy number is >18. Correlating with this is the
observation that ColE1 has an estimated copy number of 30 at division (Timmis,
1981), and ColE1-free segregants have never been found in non-selective cell cultures.

Paradoxically, it was found that many commonly used cloning vectors (such as
pACYC184) are lost from bacterial cultures at frequencies of 10-2-10-5, despite the fact
that these vectors are derived from ColE1 (or its relative pMB1) and have copy
numbers in excess of the naturally ocurring plasmids (Summers and Sherratt, 1984).

Summers and Sherratt (1984) showed that in Rect strains pACYC184 generates
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plasmid multimers while ColE1 does not, and that this multimerisation is associated
with an increase in the instability of the cloning vector. They also demonstrated that
dimers of ColE1 introduced into these strains are rapidly converted to monomers while
pACYC184 dimers are not, and that the multimers of pACYC184 are present at lower
copy numbers in the cell. The conclusions derived from these results are two-fold:

(1) The instability of the high copy number cloning vectors is a result of
homologous recombination causing multimerisation of the plasmids. Multimerisation
results in an increase in the frequency of plasmid-free segregants because the multimers
have numerous origins of replication, and, because copy number control mechanisms
"count" the number of plasmid replication origins, the multimers are maintained at a
lower copy number in the cell. The decrease in the number of independently
segregating units increases the probability of generating daughter cells that are free of
plasmid at host division (see above).

(1) ColE1 contains a determinant, that is absent from cloning vectors, which acts
to resolve dimers into monomers and therefore maximise the plasmid's copy number

and stability.

1.7 Characterisation of the ColE1l cer recombination site

The determinant of ColE1l that causes dimer resolution was isolated by a
combination of sub-cloning fragments of the plasmid, deletion mutagenesis and
sequencing. It was originally defined as a 284 bp Hpall-Taql fragment, and is named
cer (Summers and Sherratt, 1984; Summers et a/,1985; Summers and Sherratt, 1985;
see fig.1.8). A plasmid with two cer sites present in direct repeat acts as a substrate for
site-specific recombination. When the cer sequence is deleted from ColE1 the plasmid
becomes unstable and multimerises in Rect strains. If it is cloned into pUCS, cer
increases the stability of the cloning vector and stops it from multimerising in Rect

strains. The site-specific recombination reaction at cer sites is highly directional;
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Left arm recombinase

Right arm recombinase

binding site Spacer binding site
ColEl GCGGTGCGTACAA TTAAGGGA TTATGGTAAAT
ColK - GCGGTGCGTACAA TTAAGGGA‘TTATGGTAAAT
pMBl GCGGTGCGTACAA TTAAGGGA TTATGGTAAAT
ColN GCGGTGCGTACAA -TAAGGGA TTATGGTAAAT
ColA GCGGTGCGTACAA --CGGATG TTATGGTAAAT
NPT16 GCGGTGCGCGTAA -TGAGACG TTATGGTAAAT
ColE2 GGGGGGCGTACAA --CGGGAG TTATGGTAAAT
ColE3 GGGGTGCGTACAA --CGGGAG TTATGGTAAAT
pSC101 GCGGTGCGCGCAA ~--GATCCA TTATGTTAAAC
CloDF13 GCGGTACCGATAA --GGGATG TTATGGTAAAT
type I hybrid GCGGTGCGTACAA TTGGGATG TTATGGTAAAT
type II hybrid GCGGTGCGTACAA --GGGATG TTATGGTAAAT
dif. TTGGTGCGCATAA --TGTATA TTATGTTAAAT
R1 TTAGTGCGCATAA --TGTATA TTATGTTACAT

Figure 1.9. Comparison of the putative crossover sites from different

cer-like sites. The conserved, putative left- and right-arm recombinase binding sites
are indicated, as are the spacer sequences which, as shown, vary in their putative
sequences and sizes (from 6-8 bp).This diagram was kindly supplied by J.Roberts.



plasmids containing directly repeated cer sites are resolved by intramolecular
recombination and do not recombine intermolecularly (see e.g. Colloms, 1990 and this
thesis). This directionality is expected from the site's function, since intermolecular
multimerisation would lead to destabilisation and not stabilisation of ColE1.

Highly homologous sites have been identified from a large number of related,
naturally occuring plasmids: ColK (Summers et al, 1985), CloDF13 (Hakkaart et al,
1984), pMBI1 (Greene et al, 1981), ColA (Morlon et al, 1988), pNTP16 (P.Strike,
pers.comm.) and ColN (Kolot, 1990) all contain sites that have homology with the
entire 284 bp of cer (see fig.1.8); in addition the plasmid R1 contains a plasmid
stabilisation site with homology to the proposed crossover region of cer (see below and
fig.1.8; Clerget, 1984). It is likely that most, if not all, plasmids contain sites that
function in resolving multimers which arise by homologous recombination, although in
many cases they are not homologous in sequence to cer. For example, P1 encodes the
Cre protein that acts at loxP sites (Austin et al, 1981; see above), the F factor encodes
the D protein which acts at rfsF sites (O'Connor et al, 1986) and a resolvase
recombinase acts at the R46 per site (Dodd and Bennett, 1987).

The position where the strand exchange reactions occur in cer have been coarsely
mapped by sequencing the reaction products of recombination between ColE1 cer and
the cer-like sites from ColK and CloDF13 (Summers et al, 1985; Summers, 1989).
This suggested that the exchanges had occurred within a 35 bp region at the right-hand
end of the cer site. Comparing the numerous cer-like sites in this region showed that it
is the most conserved sequence within the sites, and suggested that it might be the
crossover sequence of cer with a similar organisation to the crossover sequences of A
att sites, P1 loxP sites and the yeast 2-micron plasmid FRT sites (see figs.1.9 and 1.5).
It is hypothesised tha't the cer-like crossover regions comprise imperfect and highly
conserved, inverted repeat recombinase binding sites flanking a less conserved spacer
sequence. Notice that if this analysis is correct then the recombinase(s) that act on the
cer-like sites are able to perform strand exchange reactions on various sites that have

spacer regions which vary in their sequence and in their size (from 6-8 bp). The
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positions of strand cleavage within this presumptive crossover sequence are not
known, but, by analogy with other A integrase-like systems, it is hypothesised that the
cleavages are within the spacer sequence (see Chapter 5).

Deletion analysis determined that 200 bp of the sequence upstream of the putative
crossover region is all that is needed for cer recombination, therefore suggesting that
approximately 250 bp of the 284 Hpall-Tapl fragment comprise the actual cer site
(Summers and Sherratt, 1988). Within this 200bp region is a conserved "arg-box"
sequence that is essential for the recombination reaction (see fig.1.10 and below;
Stirling et al, 1988). The arg-box is only some 18 bp in size, however, and it is
therefore necessary to explain the function of the remaining 180 bp (approximately) of
sequence upstreamof the cer crossover. The sequences upstream of the arg-box are not
believed to bind any proteins, but instead to act as a "flexible" region; this is based on
the observation that they can be replaced by unrelated sequences that have alternating
AT and GC tracts which are found in bent DNA (Summers and Sherratt, 1988; Drew
and Travers, 1985). The region between the arg-box and putative crossover site is more
conserved in sequence than the "flexible region”, and the distance between the two
sequence motifs is also conserved, but despite this its function is not yet understood. A
transcript is made in this region, but does not appear to be involved in cer
recombination since a mutation that reduces the leveﬁ\fits expression 60-fold has no
effect on cer recombination (Summers and Sherratt, 1988).

Recombination between ColE1 cer and CloDF13 parB sites is inefficient and
generates two cer-like sites (termed the typel and typell hybrids; see fig.1.8) whose
recombination characteristics have important implications (see sections 1.8.1 and 1.8.2,
below). The typell hybrid site supports both intramolecular and intermolecular
recombination, unlike cer which recombines in an exclusively intramolecular direction
(Summers, 1989). All the sequences necessary for the typell hybrid recombination
reactions are present in the region downstream of the cer Mlul site, therefore offering
further evidence that this is the crossover region. The reasons for these altered reaction

properties are currently being investigated, and it is likely that they are due to the
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differences between the cer and typell hybrid sites in their overlap and left arm

crossover sequences (J.Roberts, pers.comm.).

1.8 The E.coli chromosomally encoded xer genes

As stated above, the only sequences of ColEl required for xer site-specific
recombination are within the 250 bp of the cer site. Although a transcript is expressed
from cer, it has very limited coding potential and is not conserved in the other cer-like
sites, and it was therefore suggested that the protein(s) which recombine cer are
encoded by the E.coli chromosome (Summers et al, 1985). For this reason the
transposon Tn5 was used to mutagenise E.coli, and xer mutants were identified by their
inability to resolve a cer reporter plasmid, pKS455 (see fig.4.20), that carries selectable
drug resistence markers. Three genes were identified by this technique as being
essential for cer recombination; xerA, xerB (Stewart, 1986; Stirling et al, 1988 and
1989) and xerC (Colloms et al, 1990). All have been cloned and sequenced, and are
discussed below. (While work was being performed for this thesis a fourth xer gene

(xerD/xprB) was identified by different methods; it is described in Chapter 5.)

1.8.1 xerA

The map position in the E.coli chromosome (70.5 mins) and nucleotide sequence
of the cloned xerA gene were shown to be identical to the sequence and map position
determined for argR, which encodes the arginine biosynthetic repressor (Stirling et al,
1988; Lim et al, 1987). ArgR (in conjunction with its corepressor, L-arginine) is a
negative regulator of the expression of the genes involved in arginine biosynthesis (for
review, see Glansdorff, 1987). Gel retardation and footprinting experiments using the
purified protein have shown that ArgR binds to an 18 bp sequence in cer that has
homologies with the operator sequences found in the promoter regions of the arginine

biosynthesis operons (Stirling et al, 1988; see fig.1.10). It is intriguing that the cer site
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appears to contain only one copy of this 18 bp arg-box sequence, whilst the arginine
biosynthesis genes, as well as argR itself, contain two repeats of the loosely conserved
arg-box. The cer footprinting data that are available do not detail whether ArgR/XerA
binds to the region directly downstream of the arg-box (which would be the location of
a second arg-box if it was present) because its sequence has innate resistance to
DNAasel cleavage, and therefore the possibility that this may reflect an alteration of
ArgR binding to cer (when compared to other operators) that has significance in terms
of cer recombination remains to be investigated.

A number of results show that ArgR is not the cer recombinase, but is an
accessory factor in the reaction; it displays no sequence homologies to either class of
recombinases, it binds approximately 100 bp from the proposed strand exchange
positions and typell hyrid sites (see above) are able to recombine in the absencé of
functional ArgR (Summers, 1989). It seems unlikely that the role of ArgR during cer
recombination is to repress transcription from the promoter which overlaps with the cer
arg-boxes. This can be said because alterations in the level of expression of the
transcript have no effect on cer recombination unless the mutations also affect ArgR
binding (Summers and Sherratt, 1988; it may in fact be argued that the existence of the
transcript and promoter sequences in the cer site are simply a consequénce of the
incorporation of the argR binding site during cer evolution). The role of ArgR may be
analogous to that of IHF during A recombination, and is in the assembly of higher-
order protein-DNA complexes in which cer recombination occurs. In this role ArgR
(along with the upstream sequences and PepA; see below) could contribute to the

intramolecular directionality of the cer recombination reaction.

1.8.2 xerB

Database searching using the predicted amino acid sequence of XerB (derived
from the cloned gene) revealed 31% identity to bovine lens leucine aminopeptidase
(Stirling et al, 1989; see fig.3.2). This raised the possibility that xerB may be an E.coli

gene encoding an aminopeptidase. Analysis of the Xer phenotype of various pep
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argF AATGAATAATTACACATAtadAGTGAATTTTAATTCAAT
argl -G--—=---- C-TC---dtag-T---------—--—-- T-
argECBH T--C----T-C-TG--GHattTA----- AAA---A--C-
carAB TG-----T-A--TG--Atag----- G-GAAT----TC-
argA -CA------ AA-T---C-HatgTTC----AA-C--G---A
argR TT--C----AA-TT---QtgtiTA--C-CAA----GTTTG
cer GT--C---GG--TT----{IcggTTAA----- ATCAGGCGC
concensus TATGAATAATNATNCANT. . .[TATGAATAATNATNCANT
A TA TA

Figure 1.10. Comparison of the ArgR DNA binding sequence in cer to
the arg-boxes from the arginine biosynthetic genes. The sequences are
aligned against the arg-boxes found in the argF promoter region, bases unchanged are
denoted by a dash and the boxes are framed. (Sequences taken from Glansdorff, 1987
and Stirling et al, 1988).



mutants of S.typhimurium suggested that xerB may be the E.coli equivalent of pepA; it
was necessary to perform the genetic analysis in S.typhimurium because the pep genes
of this organism have been more extensively mapped and analysed (Miller, 1987). It
was further shown that a clone of the S.typhimurium pepA gene was able to
complement an xerB mutation in E.coli and allow cer recombination (Colloms, 1990),
therefore offering compelling evidence that xerB is pepA and encodes E.coli
aminopeptidase A.

Aminopeptidase A (PepA) was previously purified from E.coli and named
aminopeptidase I by Vogt (1970). Analysis of the purified enzyme in vitro has shown
that it is heat stable (70 ©C for 5 mins), has an approximate molecular weight of 52
kDa, aggregates to form a larger molecular weight species in low ionic strength buffer
and that it is an exopeptidase which cleaves amino-terminal residues from various
peptide substrates. E.coli and S.typhimurium encode a number of aminopeptidases
(PepA, PepB, PepM, PepN and PepP) - as well as four dipeptidases (PepD, PepQ,
PepE and PepQ), a tripeptidase (PepT) and several carboxypeptidases - which all have
non-specific substrate specificities (Miller and McKinnon, 1974; Miller and Schwartz,
1978; Miller, 1987). The exclusive requirement for PepA rather than the other
aminopeptidases in cer site-specific recombination is therefore surprising, and is not yet
understood, but it could function in either an enzymatic or structural capacity (this is
considered in more detail in Chapter 3). It is clear, however, that PepA is an accessory
factor (in conjunction with ArgR), since it has no sequence homologies to either class
of recombinases and because type II hybrid sites will recombine in pepA strains

(Summers, 1989).

1.8.3 xerC

This was the last xer gene to be identified, and has been mapped to the 85 minute
region of the E.coli chromosome, between the genes for adenylate cyclase (cya) and
DNA helicase II (uvrD; Colloms et al, 1990). The translated amino acid sequence of

XerC has homologies to the A integrase class of recombinases (see fig.5.17), and
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partially purified preparations bind to the crossover region of the cer site (Colloms,
1990). This suggests that XerC is the recombinase responsible for the xer strand
cleavage and exchange reactions, and it is likely that the recombination mechanisms will
correspond to the scheme described for Int, FLP and Cre-catalysed recombination (see
above).

xerC constitutes the third member of an operon which also contains the
previously cloned gene dapF, encoding the enzyme diaminopimelate epimerase
(Colloms et al, 1990; Richaud et al, 1987; Richaud and Printz, 1988). The co-
transcribed genes in the operon are, in order, dapF, orf235, xerC and orf238 (see
fig.4.1). The roles of the proteins encoded by the two open reading frames are not
known and no homologies to published proteins have been found. Why xerC should be
part of an operon, and how its function may be related to, or regulated by, the other

proteins is not understood.

1.9 A cellular role for xer site-specific recombination

Insight into the cellular role of the xer site-specific recombination system was
gained through the observation that xerC mutant strains have a tendency to produce
filaments and have aberrant and amplified nucleoids (Blakely et al, 1991). This
suggested that xerC mutants, though viable, have defects in cell division and nucleoid
segregation. The same phenotype is observed in strains carrying deletions in a region of
the E.coli chromosome close to the terminus of replication called dif (Kuempel et al,
1991). Analysing the sequence of the dif region revealed a 33 bp sequence similarity to
the crossover region of the cer site (see figs.1.8 and 1.9), and it was therefore
proposed that dif is an E.coli chromosomal substrate for xer site-specific
recombination.

The 33 bp dif sequence is sufficient to act as a substrate for site-specific

recombination when cloned into plasmids, and XerC binds specifically to it in gel
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retardation assays (Blakely et al, 1991). Recombination of dif does not require either of
the cer accessory factors ArgR or PepA, which is consistent with the fact that dif and
cer are only homologous at their crossover sites and argR and pepA strains do not
have a filamentous phenotype. The dif site-specific recombination reaction, like
recombination of the typell hybrid (which can also function as a simple crossover site
without accessory sequences), shows no directionality - i.e. it proceeds both
intramolecularly and intermolecularly.

The above results have led to the hypothesis that the cellular role of the xer site-
specific recombination system is in chromosome partitioning. Odd numbers of
homologous recombinational exchanges between monomeric sister chromosomes
(either during or after their replication) will generate chromosomal dimers. Dimers
formed in this way cannot be partitioned into the daughter cells at cell division.
Therefore it is proposed that xer site-specific recombination at dif acts to convert these
chromosomal dimers into segregateable monomers, in an analogous function to plasmid
stabilisation by recombination at cer sites (Blakely et al, 1991). 1t is believed that the
positioning of the dif locus at the replication terminus allows all dimers to be resolved
just prior to termination of replication, and it could minimise the decatenation required
to separate the monomerised chromosomes. The apparent lack of directionality of the
dif recombination reaction would create as well as resolve chromosome dimers, but it is
possible that this reaction mechanism is needed because the sites are unable to
determine when the chromosomes are dimeric, and therefore must rapidly recombine
irrespective of the chromosomal configuration.

Support for the above hypothesis is provided by the fact that the filamentous
phenotype and aberrant nucleoids of xerC strains are overcome when they are made
recA, suggesting that without homologous recombination generating chromosome
dimers dif recombination is not necessary (Blakely et al, 1991). It is also strengthened
by the fact that xerC is widely distributed in bacteria (G.Blakely, pers.comm.). The

hypothesis, however, still requires formal demonstration of xer recombination at the
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chromosomal dif locus, perhaps by analysing the dimeric state of XerC* and XerC-

cells.
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Chapter 2
Materials and Methods
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Table 2.1 Bacterial Strains

Strain
AB1157

DS9%41
DS9%42
DS956
CSX17
HOM38b
DS980
DS981
DS982
DS984
DS9008
STL116
CS85
JC7623
BMH 71-18

EM1

RM10
RM20
RM30
RM40
RM41
RM42
RM43
RM50
RM60
RM61
RM62

Genotype

thr-1, leuB6, hisG4, thi-1, ara-14,
A(gpt-proA)62, argE3, galK2, supE44,
xyl-5, mtl-1, tsx-33, lacY 1, rpsL31
AB1157, but recF143, lacZAM15, lacl4
DS941, but lacZAH220 (lacl)

DS941, but xerA9 (argR::fol)

DS941, but xerBI (pepA::TnS5)

DS941, but pepA7

DS941, but orf235::TnS

DS941, but xerC::Kan

DS941, but orf238Y2 (::mini Mu)
DS941, but xerCY17(::miniTn10)
DS941, but xprB::miniTn10

AB1157, but xprB::miniTn10

AB1157, but ruvC53, eda-51

AB1157, but recBC, sbcB

thi, supE, A (lac-proAB) mutS::Tn10
(F' lacl4 lacZAM15)

DS941, but mutS

DS941, but lacPOxerC, dapF/orf238::Kan

RM40, but xerA9

HO'M38b, but lacPOxerC, dapF/orf238::Kan

RM40, but ruvC53

DS941, but lacPOdapF
DS942, but xerC::Kan
DS942, but xerCY17
DS942, but xprB::miniTn10
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Source/reference

Bachmann, 1972
D. Sherratt
D. Sherratt
D. Sherratt

C.Stirling, 1989
H.O'Mara
S.Colloms
P.Sykora
S.Colloms
S.Colloms

M.Burke

S.Lovett

B.Lloyd
C.Richaud

Promega
E.Morrell
This work



Table 2.2 Plasmids

Plasmid/resistance Description Source/Reference
pBR322 (Ap, Tet) vector derived from pMB1 Sutcliffe, 1978
pUC18 (Ap) vector derived from pBR322 Yanisch-Perron et al, 1985
pUC19 (Ap) " "
pUCO (Ap) " "
pKK223-3 (Ap) " Pharmacia
pIC20R (Ap) " R.Wilson
pAT153 (Ap) " A Twigg
pSELECT (Tet) pBR322-derived mutagenesis vector Promega
pUC71K (Ap, Km) pUC19 + kanamycin resistence gene Pharmacia
pCT1050 (Ap) pAT153 + APL, promoter R.Thompson
pGP1-2 (Cm) T7 polymerase expression vector Tabor and Richardson, 1985
pGP1-2Km (Km) vector derived from pGP1-2 S.Rowlands
pBAD (Ap) pKK223-3 derived Pyg4¢ expresion vector A.C.Boyd
pCB105/6 (Cm)  Adv-based vector "
pKS455 (Ap, Cm) pUC9-based 2-cer reporter plasmid D.Summers
pCS202 (Cm, Tet) Adv-based 2-cer reporter plasmid C.Stirling, 1987
pCS126 (Ap) pBAD + 1.9 kbp HindIll pepA fragment "
pCS118 (Cm) pCB106 + 1.9 kbp HindIIl pepA fragment "
pCS350 (Cm) pCB106 + 920 bp Sphl-Accl argR rfagment "
pSD105 (Ap) pBAD+1.2 kbpHindlll-EcoRI xerC fragment S.Colloms, 1990
pSD102 (Ap) pTZ18R + 3.8 kbp HindIlI-Bgll

xerC fragment : !
pSD110 (Ap) pBR322-based 2-typell reporter plasmid "
pSD113 (Ap) pBR322 + 300 bp cer fragment in EcoRI-HindIl1 "
pSD115 (Ap) pSD113 + 300 bp cer in Pvull "
pSD124 (Ap, Km) pUC18-based 2-dif reporter plasmid Blakely et al, 1991
pSD126 (Ap, Km) pBR322-based 2-dif reporter plasmid "
pGS762 (Ap) pUC18 + 1.12 kbp ruvC fragment Sharples and Lloyd, 1991
pJC763 (Ap) PBR322 + 3.8kypxprt fragment Lovett and Kolodner, 1991
pRM10 (Ap) pIC20R + 450 bp SspI-Hindlll

rrnB terminator from pKK223-3 This work

pRM11 (Ap, Km)
pRM20 (Tet)
pRM21 (Ap, Tet)
pRM40 (Ap)
pRM50 (Ap)

pRM10 + 1.3 kbp Ps?I kanamycin (ex pUC71K) "
pSELECT + 1.9 kbp HindlIll pepA fragment This work
pRM20, but containing pepAG354A "
pBAD + 1.9 kbp Hindlll pepAE354A (ex pRM21) "
pCT1050 + 1.2 kbp HindllI-EcoRI xerC fragment "
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Table 2.2 (continued)
pRM60 (Cm) pGP1-2 + 1.6 kbp EcoRI-BamH]I

AP -xerC fragment from pRM50 This work
pRM65 (Km) pGP1-2Km + 1.6 kbp EcoRI-BamH]1

AP -xerC fragment from pRMS50 "

pRM70 (Ap) pUC18 + 2.1 kbp Pvull-Stul xerC frag.(ex pSD102) "
pRM71 (Ap, Km) pRM?70 + 2.4 kbp BamHI fragment from pRM102 "
pPRMS80 (Cm) pCB105 + 1.12 kbp HindlII-EcoRI ruvC

fragment from pGS762 "
PRM90 (Ap) cer Mlul- derivative of pSD113 "
pRMO91 (Ap) pRMO0 + wild type cer at Pvull site (see pSD115) "
PRM92 (Ap) pSD113 + Mlul- cer at Pvull site (see pSD115) "
pRM93 (Ap) pRMO0 + Mlul- cer at Pvull site (see pSD115) "

pRM101 (Ap) pSD102 + 230 bp Pvull-Smal lacPO in Nrul site "

pRM102 (Ap, Km) pRM101 + 1.8 kbp EcoRI Kanamycin-rrnB
terminator cassette from pRM11

pRM120 (Ap) GGG-AAT cer site derivative of pSD113 "

pRM121 (Ap) pRM120 + wild type cer in Pvull (see pSD115) "

pRM122 (Ap) pSD113 + GGG-AAT cer in Pvull (see pSD115) "

pRM123 (Ap) pRM120 + GGG-AAT cer in Pvull (see pSD115) "

pRM130 (Ap) pUC19 + 1.7 kbp HindlII-EcoR1 xprB
fragment from pJC763

pRM131 (Ap) 760 bp Sacll deletion derivative of pPRM130 "

pRM132 (Ap) pUC19 + 1.3 kbp Hindlll-Haell xprB
fragment from pJC763 "

pRM133 (Ap, Gen) pRM130 Sacll+ 2.0 kbp HindIII gentamycin
resistance gene

pRM134 (Ap, Gen) pRM130 + 2.0 kbp HindIIl gentamycin
resistance gene in EcoRV site

pRM135 (Cm) pCB106 + 1.7 kbp HindIlI-EcoRI xprB
fragment from pJC763

pRM140 (Cm) replacement of xerC in pRM60with 1.7 kbp
HindlII-EcoR1 xprB from pRM130 "
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2.1 Bacterial strains and plasmids. The derivatives of Escherichia coli K-
12 used in this work are listed in Table 2.1; new strains were constructed either by P1
transduction (Miller, 1972) or by linear transformation of mutant, cloned genes
(Winans et al, 1985; see Chapter 4). The plasmids that were used and constructed for

this work are listed in Table 2.2.

2.2 Chemicals

CHEMICALS SOURCE

General chemicals, biochemicals

and organic solvents BDH, May and Baker, Sigma
Media Difco, Oxoid

Agarose BRL, Flowgen

IPTG BRL
Radiochemicals ' NEN

Nucleotides Boehringer Mannheim, Promega
Antibiotics Sigma
Val-Leu-NH» BioMac

2.3 Bacterial growth media and conditions. Bacteria were grown in
standard L-broth (Miller, 1972) and L-agar at 37 O©C, or in minimal agar (100 ml of
which contained 25 ml D&M salts, 75 ml 2% agar in distilled water, 0.2% glucose, 20
ug/ml vitamin B1 and the following amino acids at 30 ug/ml: threonone, leucine,
histidine, arginine and proline) at the same temperature. Antibiotics and other
supplements were added where appropriate (see text). The bacterial strains were stored
in 50% L-broth, 20% glycerol and 1% peptone at -20 ©C, or in thiamine-containing

slopes at room temperature.
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The antibiotic concentrations used for both liquid and plate selection were as

follows:

Antibiotic Stock Solution Selective concentration
Ampicillin 5 mg/ml water 50 ug/ml
Tetracycline 1.25 mg/ml 10 mM HCl 12.5 ug/ml
Chloramphenicol 2.5 mg/ml ethanol 25 ug/ml
Kanamycin 5 mg/ml water 50 ug/ml
Streptomycin 10 mg/ml water 100 ug/ml
Trimethoprin 1 mg/ml water 10 ug/ml
Gentamycin 1 mg/ml water 10 ug/ml

All stocks were stored at 4 ©C and were added to molten agar cooled to 55 ©C.

2.4 Bacterial transformation. All transformations of plasmid DNA used

standard CaClj treatment of cells (Sambrook et al, 1989; Cohen and Hsu, 1972).

2.5 Isolation of plasmid DNA. Four methods for preparing plasmid DNA
from bacterial cultures were used:

(i) Small scale DNA preparations used a modification of the boiling (STET)
method of Holmes and Quigley (1981) that is in common use in our laboratory
(Colloms, 1990); where stated, a phenol/chloroform extraction step was included
before precipitation of the plasmid DNA with isopropanol. DNA was made from
"patched" cultures of E.coli from L-agar plates, or by harvesting 3 ml of an L-broth
culture at mid-log phase (e.g. in in vivo recombination assays) or at stationary phase.

(i1) Mid scale preparations used Qiagen columns and followed the manufacturers’

instructions.

28



(iii) Large scale preparations for long-term storage of the DNA used a
modification of the technique of Birnboim and Doly (1976) developed by C.Boyd
(1985).

(iv) For rapid analysis of the plasmid content of a bacterial culture, the single
colony lysis technique was used. In this, a 1 cm patch of a single transformant was
collected and resuspended in 100-200 ul of single colony gel buffer (2% ficoll, 1%
SDS, 0.01% bromophenol blue in Tris-acetate buffer). The cells were allowed to lyse
at room temperature for 15 mins, cell debris and chromosomal DNA spun down in a

microfuge for 30 mins at 4 ©C and 30 ul of the supernatant loaded onto an agarose gel.

2.6 in vitro DNA manipulations. DNA manipulations were essentially as
described in Sambrook et al (1989).

Restriction digestions were performed in 10-30 ul of 1X restriction buffer
(purchased from BRL) and contained 0.3-3 ug of DNA. 5-30 units of restriction
enzymes (purchased from BRL, Pharmacia, BIOLABS and Promega) were used in the
digestions.

The ends of restricted DNA fragments were filled-in using either the Klenow
fragment of E.coli DNA polymerase I or phage T4 polymerase (both purchased from
BRL; see Sambrook et al, 1989).

DNA fragments were ligated for 2-5 hours at room temperature in 20 ul of 1X
ligation buffer using 1-3 units of T4 DNA ligase (both purchased from BRL) before
bacterial transformation.

End-labelling of DNA fragments was performed as described in Sambrook et al
(1989) using the Klenow fragment of E.coli DNA polymerase I (purchased from BRL)
and 10-20 uCi of o[32P]dATP/dCTP (purchased from NEN).
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2.7 Site-directed mutagenesis of DNA. Two site-directed mutagenesis
techniques were employed:

(i) The pepA gene was mutagenised after being cloned into pSELECT (purchased
from Promega) following the instructions supplied. The repair-deficient strain EM1
was used in preference to BMH71-18.

(ii) Mutagenesis of the cer site in pSD113 followed a protocol developed by
M.Stark (unpublished). Approximately 2 ug of plasmid DNA was nicked in 1X
restriction buffer (containing 300 ug/ml ethidium bromide) using 2 ug/ml DNAasel
(Stark et al, 1991), purified by ethanol precipitation after phenol/chloroform extraction
(Sambrook et al, 1989) and then denatured by boiling at 100 OC for 10 mins in 25 ul of
1X annealing buffer (purchased from Promega). The denatured DNA was placed on ice
and 2 pmoles of both the mutagenic oligonucleotide and Scal deletion oligonucleotide
(kindly supplied by M.Stark) were added; annealing of the oligos was performed by
incubating the DNA at 55 OC for 2 mins before it was cooled slowly to room
temperature. The plasmid DNA was repaired from the oligonucleotides in 40 ul of 1X
synthesis buffer (purchased from Promega) using T4 DNA polymerase and T4 ligase
(purchased from BRL) following the procedures described for pPSELECT mutagenesis
(Promega). The repaired DNA was transformed into the either of the repair deficient
strains EM1 or BMH71-18 and grown overnight. Qiagen preparations of the plasmid
DNA were performed from overnight cultures and samples digested with a large excess
of Scal (25 units for 3 hours) before being transformed into DS941. Plasmid DNA was
prepared from a number of the Scal-resistant clones and the desired site-directed
mutants selected by further restriction digestion.

The mutagenic oligonucléotides that were used are described in the text. The Scal
deletion oligonucleotide had the sequence: 55GTGACTGGTGAGTATTCAACCAA
GTCATTC 3'. All the oligos were synthesised on an Applied Biosystems PCR-mate
oligonucleotide synthesiser and were not purified before use; they were phosphorylated

using T4 kinase as described in the pSELECT mutagenesis protocol (Promega).
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2.8 Gel electrophoresis of DNA. DNA was analysed on three kinds of
horizontal agarose gels: standard 0.7-1.2% gels, 1.2% low melting point (LMP) gels
and 1.2% alkaline denaturing gels. The DNA samples were applied to the gels in Ficoll-
containing loading buffer (Sambrook et al, 1989). Standard and LMP gels were made
and run in Tris-acetate buffer (40 mM ijis.Acetate [pH 8.2], 20 mM Na.Acetate, 1 mM
EDTA). The preparation and running of the LMP gels was as described by the agarose
manufaturers' instructions (FMC Bioproducts), whilst the standard and alkaline
denaturing gels were as detailed in Sambrook et al (1989). Custom-made gel
electrophoresis kits were used which made 23 cm long gels and contained 3 litres of
buffer; the gels were routinely run for 15-18 hours at 1.5-2.5 volts/cm.

The DNA was visualised either by 254 n.m. UV illumination after staining with
ethidium bromide, or by autoradiography (with and without vacuum drying of the
gels). Ethidium bromide-stained gels were photographed on a Pentax 35 mm SRL
camera fitted with a Kodak Wratten no.23A filter using Ilford HPS film;

autoradiographs used Fiji NIF RX Medical X-ray film.

2.9 Extraction of DNA from agarose gels. DNA was purified from
standard agarose gels by low speed centrifugation through siliconised 'glass wool
(Heery et al, 1990) and from LMP gels by phenol/chloroform extraction (following the

agarose manufacturers' instructions).

2.10 Electron microscopy. Electron microscopic (EM) examination of
purified DNA was performed essentially as described by Coggins (1987). The DNA
was prepared for EM by spreading in 40% formamide, 1X TE (0.1 M Tris [pH 8.3],
10 mM EDTA), 0.1 mg/ml cytochrome ¢ on a hypophase of 10% formamide, 0.1X
TE. Contrast was enhanced by staining with uranyl.acetate, and low angle (8-109)
shadowing was performed by vacuum evaporation of Platinum : Palladium (80 : 20)

wire.
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2.11 Gel electrophoresis of protein. PepA was analysed on 12% SDS-
polyacrylamide gels as described by Laemmli (1970) using vertical kits purchased from
BioRad. The protein samples were applied to the gel in a loading buffer that contained
5% SDS, 50% glycerol, 0.01% bromophenol blue, 50 mM Tris-HCI (pH 8.0) and 5%
beta-mercaptoethanol. The proteins were visualised (after fixing in 40% methanol, 10%

acetic acid) by staining with Coomassie blue in 50% methanol, 25% TCA.

2.12 Preparation of concentrated cell extracts for aminopeptidase
assays. 100 ml cell cultures were harvested by centrifugation and resuspended in 20
mM Tris-HCl (pH 8.2), 100 mM KCl, 0.1 mM EDTA, 1 mM MgOAc. They were then
lysed by the addition of T4 lysozyme at 4 ug/ml and repeated cycles of freezing in
liquid nitrogen and thawing by incubation at 37 O©C. Cell debris were removed by

centrifugation.

2.13 in vitro aminopeptidase assays. The enzymatic substrate used was
leucine-p-nitroanilide (purchased from Sigma). The assays were performed at 37 °C in
20 mM Tris-HCI pH 8.2, 100 mM KCl, 1 mM MnCly, 0.1 mM EDTA, 1 mM L-
leucine-p-nitroanilide.1 ml samples were removed from a total assay volume of 14 ml at
the times stated. The reaction was measured by the absorbance change at 400 n.m and
the amount of reaction product (p-nitroaniline) in the assay was calculated using the
extinction coefficient taken from the Handbook of Chemistry and Physics (53rd edition;
log1g Extinction Coefficient is 4.19). Aminopeptidase units were expressed as nmoles

of p-nitroaniline produced per milligram of protein per min.
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Chapter 3
Analysis of the role of aminopeptidase A in cer site-specific

recombination by site-directed mutagenesis
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3.1 Introduction

The role that Aminopeptidase A (PepA) plays in the cer site-specific
recombination reaction is not yet understood. The evidence that the protein is essential
for cer recombination, and not required for dif recombination, is genetic. Strains
containing TnS insertions within the pepA gene (e.g. CSX17) will not recombine
reporter plasmids containing directly repeated cer sites, but will recombine similar
plasmids if they contain dif sites (Stirling et al, 1989; Blakely et al, 1991); these Xer-
mutations can be complemented by a minimal pepA clone. Because it has not been
possible to recreate the cer recombination system in vitro, experiments to analyse the
role of PepA have been limited (e.g. attempting to see if it has DNA binding properties;
see below). This has meant that considerations regarding its function have been
necessarily speculative, and have centred on the question of whether the protein is
employed by the cer system for its catalytic properties (it is an amino-exopeptidase) or
in a structural capacity (see Stirling et al, 1989). Definitive experimental examination of
these alternative (though not exclusive) roles has so far proved elusive (G. Szatmari,
H.O'Mara, pers.comms.; see Discussion).

Analysis of the proposed cellular functions of PepA does not offer any answers to
these questions. Vogt (1970) isolated, characterised and crystallised a hexameric, 323
kDa aminopeptidase from E.coli whose catalytic activity was dependent on the divalent
cation Mn2*, This protein, called aminopeptidase I, is very likely to be PepA, since this
heat-resistant peptidase activity is absent from DS941pepA::TnS strains (CSX17;
Stirling et al, 1989) and pepA mutants selected by their resistance to the toxic dipeptide
L-Valyl-L-Leucine-amide lack a protein of the size described for Pep I (Miller and
Schwartz, 1978). The in vitro characterisation of PepA by Vogt demonstrated that it is
an aminopeptidase that will processively cleave the amino-terminal residues from many
different peptide molecules (in size and sequence) to produce free amino acids. This so-
called "broad-specificity” of PepA is similar to other aminopeptidases from E.coli and

S.typhimurium (PepN and PepB; see Chapter 1), but it should be noted that the
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substrate profiles of these enzymes can be distinguished since they do not recognize
peptides with every possible amino terminal residue (Miller, 1987). The
aminopeptidases appear to be involved in the degradation of peptides derived from
cleavage (by other enzymes) of abnormal or truncated proteins in the cell, and also in
breaking down exogenous peptides which are transported into the cell so that they can
be utilised as nutrient sources. This analysis is derived from metabolic examination of
S.typhimurium strains mutant in aminopeptidases A, B, D and N; it is likely, however,
that E.coli encodes the same set of enzymes (Miller, 1987; Miller and Schwartz, 1978).

Although there is no direct evidence, either from in vitro or in vivo experiments,
that proteins are substrates for PepA, the possibilty cannot be ruled out that it
processes, and therefore activates, one of the xer proteins (i.e. ArgR, XerC, XprB or
indeed a protein not yet identified). Activation would involve the cleavage.of one or
more N-terminal amino acids, and must be due to a substrate specificity for the Xer
protein(s) possessed by PepA that the other cellular aminopeptidases do not have. No
experiments have been able to identify any such amino-terminal cleavage of these
proteins, but this has not been exhaustively analysed and remains possible. Since XerC
and XprB are able to recombine type II hybrid and dif sites in the absence of functional
PepA, this suggests that the putative recombinases are not the targets for PepA-
activation. If this were how PepA functioned in cer recombination then the amino
teminus of the target protein(s) must be free on the surface of the molecule to allow
access to PepA; alternatively the cleavage may occur during the translation of the xer
proteins.

An alternative target for aminopeptidase cleavage by PepA in cer recombination
could be small peptide molecules, which are the natural substrates for this enzyme.
These have not been identified, and are therefore purely hypothetical, but it is
conceivable they could function either as activators that require cleavage or as inhibiors
that are inactivated by cleavage. This possibility has the same problem as xer protein-
cleavage in explaining why PepA alone of all the broad-specifiaty peptidases in the cell

1s active in this role.
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Whilst there are difficulties in imagining how PepA acts in an enzymatic role
during cer recombination, it is equally problematic to explain how it might act
structurally. If PepA were involved in the nucleoprotein complex which forms during
the recombination reaction (either directly binding to the cer site, or interacting with the
other xer proteins) this would answer why PepA and no other peptidases are
specifically involved in the reaction. However, no cer-specific DNA binding activity
has been described for this protein (C.Stirling, pers.comm.), and no experiments have
been performed to attempt to address the possibility of it forming protein-protein
interactions with either ArgR, XerC or XprB (e.g. by gel binding assays). Clearly,
however, the fact that these experiments yielded negative results cannot exclude these
possible roles since they may be a consequence of having used the incorrect reaction
conditions.

This chapter describes site-directed mutagenesis of the pepA gene in an attempt to
analyse the above possibilities. Site-directed mutagenesis has been used to analyse the
catalytic mechanisms of a number of enzymes (Leatherbarrow and Ferscht, 1896). The
experiments in this study, however, were not intended as an analysis of the amino acid
residues involved in the active site of PepA. Instead the idea was to target specific
residues in PepA's active site in the hope of creating derivatives that lack any peptidase
activity which could then be tested in their ability to support cer site-specific
recombination. This experimennttapproach is therefore asking the question: is PepA's
aminopeptidase activity required for cer recombination ?. The implicit assertion of this
approach is that PepA acts as a structural component of the xer machinery, and does not
utilise its enzymatic activity during the cer reaction. The reason that this hypothesis
must be made is because a mutant PepA which is both Xer~ and peptidase- is unable to
show that PepA acts enzymatically, because a protein with both phenotypes may have

structural perturbations as a result of the site-directed amino acid alterations.
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3.1 Site-directed mutagenesis of pepA

The three dimensional structure of bovine lens leucine aminopeptidase (henceforth
called BLLAP) published by Burley et al (1990) was used to design the mutagenesis
strategy. The crystallographic structure of this enzyme (to 2.7A resolution) was
reported at the start of this work, and later a more refined structure (as well as the
structure of the protein complexed with the inhibitor bestatin) was reported (Burley et
al, 1991 and 1992). BLLAP is an aminopeptidase which, like PepA, displays a wide
substrate profile in vitro. The reason that the structure of this protein was believed to be
the related to that of PepA is because of the high sequence conservation between the
two enzymes (Stirling et al, 1989; see below). Described below are some of the
important structural features of BLLAP (taken from the 3-D structure) which
determined the PepA mutation that was made in this study.

BLLAP is active as a 324 kDa hexamer consisting of six identical subunits, each
487 amino acids in size. The protein contains 12 Zn2* ions (two in each monomer)
which are essential for its enzymatic activity; they can, however, be replaced by Mg2+,
Mn2* or Co2*, although each reduces the Ky, of the enzyme. The N-terminal 137
amino acids of each BLLAP monomer can be cleaved using trypsin and the remaining
C-terminal portions retain the hexamer structure and are catalytically active (van Loon-
Klassen et al, 1979)

Isolated BLLAP monomers have an approximate "comma" shape, comprising an
N-terminal and a C-terminal domain. The C-terminal domain is 327 amino acids in size,
comprises the body of the comma and contains the proposed active site and its
associated Zn2* ions. This is consistent with photoaffinity labelling experiments that
localised the active site to within the larger of the trypsin-cleaved fragments. The
hexamer has 32 symmetry, in which the catalytic domains are clustered around the
threefold symmetry axis. The 160 residue, N-terminal domains extend outwards, and
away from, this catalytic core. It is believed that the residues responsible for

trimerisation are within the C-terminal domain, whilst those involved in trimer-trimer
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Figure 3.1. Stick figure representation of the active site residues of
bovine lens leucine aminopeptidase. Each a-carbon atom is labelled and the two
active site zinc ions are shown as crosses, the uppermost of which is in the readily
exchangeable subsite (site 1).(Adapted from Burley et al, 1992).



interactions are in the N-terminal domain (this, however, disagrees somewhat with the
fact that trypsin cleavage of the majority of the N-terminus does not destabilise the
hexamer). The six active sites are located in the interior of the hexamer and line the
walls of a disc-shaped cavity. Access to this interior cavity for substrate molecules is
believed to be via three solvent channels that run along the 2-fold symmetry axis. The
maximal dimensions of molecules wishing to gain access to the active sites are
approximately 7A, meaning that it is that unlikely BLLAP could utilise proteins as
substrates unless their N-termini are in an extended form; whether this would also be
true for PepA depends on whether it is also active as a hexamer and whether it retains
these structural features.

The active site residues of BLLAP (described below; fig.3.1) were identified on
the basis of their proximity to the bound Zn2* ions. Because two Zn2*t ions are used
by each monomer the active site is described as consisting of two subsites. The subsites
do not appear to be equivalent, however, since one (site 1, the activation site) will
readily exchange the bound Zn?* ion with a variety of other divalent cations (Mg2+,
Mn2+ and Co?+), whereas the other (site 2) binds Zn2+ more tightly and will only
accept other ions when it is unoccupied. The crystallographic structure suggested that
the metal ion in site 1 is co-ordinated by one carboxylate oxygen atom from the residues
Asp273 and Glu334, and by the side-chain amino group of Lys250 (see fig.3.1). In
site 2 the co-ordination is achieved by one carboxylate oxygen from each of Asp255,
Asp332 and Glu334, and by the carbonyl oxygen of Asp332. This illustrates that each
Zn?* jon is chelated by more than one amino acid residue, and that Glu334 is involved
in the co-ordination at both subsites. Two positively charged residues (Lys262 and
Arg336) are also described as being in the active site because they extend into the
region around the Zn2* jons. They are, however, not thought to be involved in metal
ion chelation and their inclusion in the defined active site is mainly a consequence of
their polar character and proximity.

It was important to ask at this stage whether the structure of BLLAP would allow

a reasonable mutagenesis strategy to be extrapolated for PepA, for which no 3-D
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BLLAP 1 TKGLYLEIYSKEKEEDEPQFTSAGENFN§LVSEKLREIENISGPPLEA?K 50
PepA 15 SACiVQGQé —————— éPRRLSPIAEQiBKiSDGYiSAiLRRééLEGKEGQ 58
51 TRTFYGLHEDFPSVVVVGLGKETAGIEEQENWHEGKENfRAAVAAECRQI 100
59 TLLiHH&PﬁViSERiiiIGCGKERéiDERéYKéVIQKTINTLNDTGéMéA 108

101 QDL——EIPSVEVDPCGDAQAAAEGAVLGLYEYDDLKQK ———————— RKVV 140

* % & * % *** * ok, Kk

109 VCFLTELHVKGRNNYWKVRQAVETAKETLYSFDQLKTNKSEPRRPLRKMV 158

141 ——VSAKLHGSEDQEAWQRGVLFASGQNLARRLMETPANEMTPTKFAEIVE 188

***

159 FNVPTRRELTSGERAIQHGLAIAAGIKAAKDLGNMPPNICNAAYLASQAR 208

189 ENLKSASIKTDVFIRPKSWIEEQEMGSFLSVAKGSEEPPVFLEIHYKGSP 238

* .* * * * **.. : * kk*k

208 QLADSYSKNVITRVIGEQQMKELGMHSYLAVGQGSQNESLMSVIEYKGNA 258

250 255 262 273
239 NASEPPLVFVGKGITFDSGGISIKAAANMDLMRAQMGGAATICSAIVSAA 288
Kok kkkk kkkkRRR KKK, Kk ok, kk Kk

259 SEDARPIVLVGKGLTFDSGGISIKPSEGMDEMKYQMCGAAAVYGVMRMVA 308
332 334 336
289 KLDLPINIVGLAPLCENMPSGKANKPGDVVRARNGKTIQVDNTDAEGRLI 338

* **** .*. . ***** * . * **** * * * ********

309 ELQLPINVIGVLAGCENMPGGRAYRPGDVLTTMSGQTVEVLNTDAEGBLV 358

339 LADALCYAHTFNPKVIINAATLTGAMDIALGSGATGVFTN SSWMNKLFE 387
* * * % * o 'k . : *kkk Kk * kkk .
359 LCDVLTYVERFEPEAVIDVATLTGACVIALGHHITGLMANHNPLAHELIA 408
388 ASIETGDRVWRMPLFEHYTRQVIDCQLADVNNIGKYRSAGACTAAAFLKE 437
* % . * k% ** * % . * . ** * % %k * ** ** * %
409 ASEQSGDRAWRLPLGDEYQEQ LESNFADMANIGG RPGGAITAGCFLSR 456
438 FVTHPKWAHLDIAGVMTNKDEVPYLRKGMAGRPTRFSQD 476
dede ke ok ok ok Xk .

457 FTRKYNWAHLDIAGTAWRSGKA———-KGATGRPVALLAQ 491

Figure 3.2. Comparison of the protein sequences of PepA and bovine
lens leucine aminopeptidase. Gaps (-) have been introduced in the sequences to
maximise homology. Identical residues are indicated by an asterisk (*) and conservative
changes (within the exchange groups (V,L, L F, Y,M,W)- (A, T,G, S, C) - (H, K,
R) - (D, E, Q, N)) are shown by a colon (:). The seven active site residues are
underlined and their amino acid position within the bovine enzyme's sequence detailed.



structural dataae available (work is in progress to determine this, however; N.Isaacs
and A.Lipscomb, pers.comms.). PepA has a molecular weight of approximately 55kDa
(based on its constituent amino acids). In a low ionic strength buffer it aggregates and
becomes too large to migrate into non-denaturing protein gels (Miller and Schwartz,
1978). This is consistent with the protein, like BLLAP, being hexameric in nature. An
alignment of the protein sequences of PepA and BLLAP (see fig.3.2) reveals that they
have an overall sequence identity of 31%, and this increases to 52% in the C-terminal
portion of the proteins (residues 210 to 451 of BLLAP and 230 to 470 of PepA). This
is a very high level of homology between proteins from such diverged organisms. The
greater homology between the C-termini reflects the fact that N-terminal 160 residues of
BLLAP can be cleaved off without comprmising the activity of the enzyme, and may
indicate that the catalytic core of PepA also resides in the C-terminus. Figure 3.2 also
shows that all the seven residues implicated in the active site of BLLAP are conserved
in PepA. It should be noted, however, that PepA is a Mn2+-dependent aminopeptidase,
and is inhibited by Zn2* (Stirling et al, 1989); it must therefore be assumed that the
residues (described above) which chelate Zn2* in BLLAP perform the same function
with Mn2t in PepA. Finally, it has been shown that the compound bestatin is capable
of allowing E.coli transformed with a PepA expression vector to grow on media
containing the toxic dipeptide Val-Leu-NHj (G.Szatmari, pers.comm.; see section
3.5). Bestatin is a slow binding inhibitor of BLLAP in vitro and its co-structure with
the enzyme has recently been solved (Burley et al, 1992); its ability to inhibit PepA
further supports the belief that the structures, and perhaps catalytic mechanisms, of the
two proteins are conserved.

It was decided that the residues in PepA that putatively chelate Mn?+ (which were
implicated by the BLLAP Zn2*-co-ordination residues) would be targetted in the site-
directed mutagenesis. Lys262 and Arg336 were decided against because the detailed
catalytic mechanism used by these enzymes had not been analysed, and consequently
the involvement of these residues was speculative. In contrast, it was known that

binding of metal cations was essential for the activity of both enzymes, and the co-
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ordination residues therefore offered the best possibility of creating a peptidase-
deficient PepA derivative.

The residue Glu354 in PepA was chosen as the single amino acid to be altered in
this experiment. It was targetted because it is PepA's equivalent of Glu334 in BLLAP
(fig.3.2). Since it is the only residue implicated in the chelation of both Mn2* ions, its
alteration was thought to be likely to cause the largest reduction in the catalytic activity
of PepA. Only one mutant was made, for two reasons. This experimental approach
relies on creating a PepA mutant which is peptidase-deficient, because a mutant that is
Xer* but has detectable residual catalytic activity cannot determine that PepA is used in
a purely structural role in the cer recombination reaction (as noted a peptidase-, Xer
mutant is a null result in this approach). Because multiple residues are used in the co-
ordination of metal ions in PepA/BLLAP it is possible that mutating only one residue
would be insufficient to make such a mutant, and therefore the E354 mutant of PepA
could be used as a source to create double mutants with even greater reductions in
catalytic activity. The other reason for this cautious approach was the fact that the PepA
mutagenesis was based on the structural data of BLLAP. Since it is possible that the
enzymes in fact do not have the the same structure, a single ("test") mutant was made
which could be subsequently compared to mutations in the other residues if necessary.

The mutagenesis strategy is diagrammed in figure 3.3 and used the pSELECT
plasmid and protocols developed by Promega (Materials and Methods). The gene
encoding PepA was cloned as 1.9 kbp HindIlI fragment from pCS126 (Stirling et al,
1989) into pSELECT, creating pRM20. This allowed the production of single-stranded
DNA which served as a pepA template for mutagenesis using the oligonucleotide
described (fig.3.3). The pepA insert in pRM20 was orientated by EcoRV restriction
(which cuts once once in pepA and once in pSELECT) and, as shown, the gene is
transcribed from the T7 Polymerase promoter. The mutagenesis reaction was
performed following the pSELECT suppliers' instructions.

Mutation by the oligonucleotide in this experiment has two consequences. Firstly,

it creates a novel PstI site in the pepA gene. This meant that the mutation in the gene
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P me ™ POP* Plac

pBAD pSELECT

pCS126 pRM20

AACACCGACGCTGAAGGCCGCCTGGTA
TTGTGGCTGCGACTTCCGGCGGACCAT
wild typePepA N T D A E G R L V

mutagenic 5' CACCGACGCTGCAGGCCGCCTG 3
oligonucleotide
Pstl

AACACCGACGCTGCAGGCCGCCTGGTA
TTGTGGCTGCGACGTCCGGCGGACCAT
PepA E354A N T D A A G R L V

ggg.anpep4“§§§§§ Hin =, Lo HHl pepA E3S4A  Hin
vtac
pSELECT
pRM21 pRM40

Figure 3.3. Strategy used in the site-directed mutagenesis of pep4.
Cloning steps are represented by ( ), the mutagenesis step is represented by
( ) 7 he details of the pSELECT and pBAD vectors are discussed in the text.
The sequence shown represents part of the pep4 gene and transcribed protein; it is
taken from Stirling et al (1989) and centres on the region of the gene that has been
mutagenised. The sequences in bold text are the codon that has been altered and the
resultant PepA amino acid change. Note that the mutation made introduces a Pst/

recognition site.



could be directly selected by Ps:I restriction of the ampicillin resistant clones made
during the mutagenesis, and it was not necessary to sequence the mutant pRM20
derivative that was chosen - called pRM21. The second consequence was that it
changed the glutamic acid residue at position 354 in PepA to an alanine. Alanine was
chosen as the replacement residue because the lack of a polar side chain at position 354
should mean that the active site of PepA becomes disrupted in its ability to chelate
Mn2t, and should therefore be reduced in its catalytic competence. Furthermore, the
smaller size of alanine relative to glutamic acid should not structurally perturb the
protein and therefore not compromise its putative structural role in cer recombination.
The 1.9 kbp insert of pPRM21 was next cloned into HindlIlI-restricted pBAD, and
its orientation selected (by EcoRI and PstlI digestion) such that pepA is transcribed from
the vector's tac promoter. The plasmid that was created in this way is called pRM40
and is exactly equivalent to the expression vector pCS126 except that it expresses the
E354A derivative of PepA rather than wild type (the PstI restriction confirmed that
pRM40 contained a PsI recognition site at the correct position in pepA). This plasmid
allowed the mutant PepA to be purified (by IPTG induction of pepA expression; see
below) to determine if the Glu to Ala mutation had altered its catalytic activity, and
allowed complementation assays to be performed to determine if PepA E354A is Xert

or Xer-.

3.3 Determination of the aminopeptidase activity of PepA E354A in

vitro

Wild type and mutant PepA (expressed from pCS126 and pRM40 respectively)
were purified from the strain CSX17 (DS941pepA::TnS) by Mary Burke, using an
adaptation of the methods described by Vogt (1970) and Stirling et al (1989). A heat
step (70 OC for 5 mins) can be used in these purifications to distinguish PepA activity

from the other, non-heat stable, cellular aminopeptidases. However, because the Glu to
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Figure 3.4. 12% SDS-polyacrylamide electrophoresis of purified wild
type and mutant PepA. The proteins were over-expressed (from the fac promoter)
by IPTG induction of the plasmids pCS126 and pRM40 in the strain CSX 17. One
sample of wild type PepA was purified following the technique described by Vogt
(1970) and involved a 70 °C heat step. The other wild type PepA sample and the
mutant (E354A) PepA sample used an adaptation (similar to Stirling e al, 1989) of this
technique in which no heat step was used. The positions of the molecular size markers
(in kDa) are indicated to the left.



(so1sAyd pre Ansmuoy) o NOOgpueH AP P UOMIPd IS LT X SST) eurrueoniu-d
I0J JUQIOIJJO0D UONOUNXd pauruia)dp Ajsnomnaxd ap Suisn wu (Op B pajemoed  A[eorndwojoydonsads aim  SUONBIIUADIUOD JONPOIJ “SOWAZUD

oM} ) P SUOENUIOUOD I R opewu jonpoid ourrueonru-d p junowre ap £ UMOUS QB SONIATIOB JP PUB Oensqns B £ dpIrueoniu-d-ourona|

B . SN 5 m@mwm/m&uﬂ ST vy v OSSR P =S =TT JneQin B o~ 0o =Moo £ LsmE
50 =N
° o2 o3 @)
o o

v 28 2 B0t

v ES= 2. & *H

v g2 :Z wocsE

3Bl Be g x Oee
A<wgm >MA g m +

ASSB/3UI[IUBOj;iU -xf
S310UIU

000¢



nmoles of p-nitroaniline / assay

amount of wild type amount of PepA
PepA/assay E354A/assay
sa";f:?n;ime 35ug 8.75ug 175ug 560 ug 1120ug 1680 ug
25 N/D 120 190 50 0 0
5.0 60 140 250 40 20 20
7.5 90 180 340 40 0 0
10 . 130 N/D 400 40 20 20
15 160 260 570 0 20 20
20 190 350 690 30 10 20
30 230 510 1030 30 0 10
40 310 660 1300 10 0 10
50 370 800 1520 10 0 10
60 440 950 1650 0 0 0
90 640 1320 N/D 0 0 0

specific activity (nmoles of p-nitroaniline/ mg protein/ min)

2610 1980 2110 N/D N/D N/D

N/D = not
determined

Figure 3.6. Determination of the specific activity of wild type PepA
and PepA E354A. The upper table shows the amount of reaction product (p-
nitroaniline) present at various times in in vitro peptidase assays using three
concentrations of the two enzyme preparations, and 1eucine—b-nitroaxﬁ1ide substrate; it is
graphed in figure 3.5. The lower table shows the specific activities of the three assays
for each protein (expressed as nmoles of product per mg protein per min) calculated as

an average of the specific activities from each time point and the slope of the graph in
figure 3.5.



Ala change in PepA E354A may result in a temperature sensitive mutant no such step
was utilised in this purification; the maximum temperature that the proteins were
exposed to was 37 OC as the E.coli culture was grown. Figure 3.4 shows a SDS-
polyacrylamide gel of the purified proteins, and compares them to PepA previously
prepared following the Vogt protocol. This shows that both the wild type and mutant
proteins were purified to near homogeneity in this preparation, and that they both
appeared to be the same size (approximately 55kDa) as heat-purified PepA. This
suggests that the mutation made in pRM40 has not introduced a stop codon in pepA's
open reading frame or a protease cleavage site in PepA, both of which would result in
production of a truncated enzyme.

Aminopeptidase assays were performed on the purified enzymes using leucine-p-
nitroanilide (purchased from Sigma) as a substrate (see Materials and Methods). Figure
3.5 shows a graph of the spectrophotometrically determined amounts of reaction
product (p-nitroaniline) made over time in these assays. The assays were performed
using three different concentrations of both wild type and mutant PepA, and, for
comparison, the result is shown in tabular form along with the specific activities
calculated from the assays (fig.3.6).

As expected, wild type PepA produced increasing amounts of p-nitroaniline with
time, and the rate of this production increased as the concentration of the enzyme was
increased. In contrast, no reaction product was detected in the assays involving the
mutant PepA preparation. It should be noted that the concentrations of PepA E354A
used in this experiment were substantially higher than the concentrations of wild type
PepA: 0.25, 0.62 and 1.25 ug/ml of wild type; and 40, 80 and 120ug/ml of mutant (i.e.
approximately 100X more mutant than wild type in each assay). The product
concentrations from each reaction time point, and the slopes of the graph in figure3.5,
were then used to calculate specific activites for each concentration of wild type PepA.
These were compared and the average specific activity for the wild type preparation was
calculated as 2230U/mg of protein, which is higher than the activity determined

previously for PepA (1300U/mg; Stirling et al, 1989, and Szatmari pers.comm.). The
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lack of reaction products seen using PepA E354A meant it was not possible to
determine a specific activity for this protein preparation. This experiment was repeated
on two separate occasions by myself and independently by Mary Burke, and
comparable specific activities for wild type PepA were determined in each case.
Similarly, no detectable activity was seen using the mutant PepA preparation in these
assays - even when the reaction was allowed to proceed for three hours.

These experiments suggest that the mutant PepA used in these assays is highly
deficient in aminopeptidase activity. It was not possible to quantify the amount that the
catalytic activity is reduced in this protein preparation since no reaction products could
be detected in the assay used. The lack of reaction product suggests that PepA E354A is
unablciocatalysc the hydrolysis of leucine-p-nitroanilide, or at least that any residual
activity in this enzyme preparation is beyond the limits of detection of this assay.

It seems unlikely that the inactivity of the E354A mutant PepA preparation is
simply a result of the treatment of this particular purified sample. This can be concluded
because the wild type enzyme was prepared in the same manner and at the same time
and was highly active, and also because the enzyme appeared to be the correct size on
protein gels. This therefore suggests that the lack of aminopeptidase activity in the
mutant is a result of the site-directed alteration to PepA's amino acid sequence. The
glutamic acid to alanine change (or indeed other chance, uncharacterised changes made
during the mutagenesis; see discussion) could have this effect either by perturbing the
structure of PepA or by specifically disrupting the integrity of the active site.

Structural perturbations of the protein could either be general conformational
changes because E354 is involved in organising the tertiary structure of PepA, or could
be local changes to the active site region which make the mutant unable to recognise
leucine-p-nitroanilide. The latter possibility is a problem in this analysis because such
local changes may simply be confined to leucine-p-nitroanilide as a substrate, and other
(natural) substrates may still be readily processed by PepA E354A (this is considered
more fully in later sections). Available evidence from other experiments suggests that

conservative site-directed changes in protein sequence (where the new amino acid's
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side chain occupies less space than the natural residue and does not form novel
interactions) rarely cause widespread conformational alterations (see e.g.
Leatherbarrow and Ferscht, 1986; Brodo and Argos 1990). However, since there is no
satisfactory method of determining whether a given site-directed change has this effect
(short of solving the 3-D structure of the mutant protein), this possibility cannot be
excluded in explaining the reduction in peptidase activity of PepA E354A.

The importance of the above result as regards analysing the role of PepA in cer
site-specific recombination is that the E354A mutant is as depleted in peptidase activity
as can be detected in in vitro assays. For this reason it was not felt necessary to create

further PepA mutants before analysing the Xer phenotype of this PepA derivative.

3.4 Determination of the xer phenotype of PepA E354A in vivo

Ideally the ability of this PepA E354A to support cer recombination would have
been tested in vitro, since the same reaction conditions employed for determining its
peptidase activity could have been used in cer recqmbination assays and a strong
correlation between the two properties could have been derived. Unfortunately, the cer
reaction has not yet been recreated in vitro and it was therefore necessary to determine
the xer phenotype of PepA E354A in vivo. This was achieved by doubly transforming
pRM40 and pCS202 (a cer reporter plasmid; see fig.4.21), or pCS126 and pCS202,
into DS941pepA::Tn5 (CSX17). The transformants were selected on media containing
both ampicillin and chloramphenicol, and their DNA was analysed by boiling
preparations and agarose gel electrophoresis (fig.3.7). This showed that both pCS126
and pRM40 were able to complement the chromosomal pepA::TnS mutation and allow
the complete recombination of pCS202 to its resolution product (pCS203, which is
indicated). Restriction of the DNA samples with Ps¢I confirmed that pCS126 contained
wild type pepA and pRM40 contained pepAE354A. This suggests that the E354A PepA

mutant, which is peptidase- in vitro, is Xer* in vivo.
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Figure 3.7. Complementation of an Xer-pepAd::Tn5 insertion by wild
type PepA and PepA E354A. DS941pepA::Tn5 (CSX17) was transformed with
pCS202 alone, with pCS202 and pCS126 or with pCS202 and pRM40. Plasmid DNA
was isolated and run on a 1.2% agarose gel before and after Pst/ restriction. The
reporter plasmid pCS202 is resolved in Xer+ strains to give the plasmid pCS203.
pCS126 strongly expresses wild type PepA from the tac promoter; pRM40 is the same
plasmid as pCS126, but expresses PepA E354A. Pstl restriction identifies the site-

directed sequence alteration to the pepA gene that distinguishes the two plasmids



Interpretation of this experiment is complicated by the numerous potential
differences between the analysis of the activities of PepA E354A in vitro and in vivo.
One possible interpretation of the fact that the mutant appears to be Xert is that the
peptidase deficiency described in vitro is reflected in vivo, and therefore the role that
PepA plays in the cer recombination reaction does not require that PepA be active as an
aminopeptidase, or that it has other catalytic activities. A number of objections to this
are possible, however, and all would mean that this experiment could not determine
whether the peptidase activity of PepA is required for the cer reaction:

(i) It is conceivable that the description of PepA E354A as being peptidase- is
only due to the insensitivity of the leucine-p-nitroanilide assay, and in vivo there is
sufficient enzymatic activity from the protein expressed from pRM40 to allow cer
recombination.

(i1) The lack of activity in vitro when using PepA E354A may have been
overcome in the different in vivo reaction conditions. This could, for instance, have
been due to local structural alterations resulting from the glutamic acid to alanine change
being overcome in the cell.

(iii) It is possible that the mutant PepA has been specifically altered in its ability to
recognise the substrate analogue leucine-p-nitroanilide, and this does not reflect any
change in the activity of the enzyme on other substrates. For instance, it is possible that
PepA has a capacity to specifically recognise one of the xer proteins and this enzymatic

activity is unaltered in the E354A mutant.
3.5 Determination of the peptidase activity of PepA E354A in vivo
E.coliK12 is sensitive to valine and valine-containing peptides when grown on
minimal medium. This is because valine is feedback inhibitor of both its own synthesis

and that of 1soleucine, and therefore if isoleucine is not included in the medium the cells

cannot grow (Miller, 1987). This property has been exploited by using various valine-
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pBAD/ pRM40/

DS941 DS941
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CSX17 CSX17
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CSX17

Figure 3.8. Determination of the peptidase activities of wild type
PepA and PepA E354A in vivo. Both DS941 and DS941p”pA::Tn5 (CSX17)
were transformed with pBAD, pCS126 or pRM40 and grown for approximately 15
hours on minimal agar containing with either 0, 0.05, 0.1, 0.2 or 0.5 mM Val-Leu-
NH2. The organisation of each plate into six sectors is diagrammed and the
concentration of Val-Leu-NH2 in each plate is indicated. Val-Leu-NH2 is cleaved by
aminopeptidase A and releases valine, which is toxic to E.coli. pCS126 expresses wild
type PepA, pRM40 expresses PepA E354A and pBAD is the vector used in these

plasmids.



containing peptides to select for E.coli derivatives that were mutant in aminopeptidases
and in peptide uptake (valine resistant mutants; Miller and Schwartz, 1978). The
molecule Val-Leu-NH; was demonstrated to be a relatively specific substrate for
aminopeptidase A in E.coli because all strains isolated which were resistant to this
dipeptide but still sensitive to valine were mutant in pepA. Val-Leu-NH has also been
used more recently in our laboratory to attempt to select for peptidase-, Xert/Xer-
mutants (H.O'Mara, pers.comm.; see discussion). These experiments suggested that
the dipeptide would be a suitable molecule to determine whether the peptidase
deficiency of PepA E354A is seen in vivo, and therefore to address some of the
considerations discussed in section 3.4.

This analysis was performed by transforming pCS126 (pepA wild type), pPRM40
(repAE354A) and pBAD (expression vector alone) into both DS941 and
DS9%941pepA::Tn5 (CSX17) and growing the cells overnight in L-agar supplemented
with ampicillin. Transformants from each plate were then streaked onto minimal media
(containing ampicillin and the amino acid supplements detailed in materials and
methods) containing the following concentrations of Val-Leu-NH>: 0, 0.05, 0.1, 0.2
and 0.5 mM. The cells were allowed to grow overnight before being photographed
(fig.3.8). |

Without Val-Leu-NHj all the cells grew equally well. Increasing concentrations
of Val-Leu-NH; were generally toxic to both DS941 and CSX17 cells containing
pBAD, since they grew progressively more poorly. This suggests that the dipeptide can
infact be cleaved in the absence of functional PépA, presumably by the other
aminopeptidases. However, at 0.5 mM Val-Leu-NHj, pBAD/CSX17 grew while
pBAD/DS941 did not. This shows that this assay is able to detect the amount of PepA
made from the single chromosomal pepA gene in wild type cells and distinguish that
amount of activity from the peptidase activity in pepA mutant strains; it also illustrates
that PepA is the enzyme that predominantly cleaves this dipeptide in the cell. Both
strains grew very poorly when they contained pCS126; they did not grow detectably

even at 0.05 mM Val-Leu-NHj. This suggests that the amount of peptidase activity in
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these cells is substantially higher than cells without the expression vector, and that the
level of expression of PepA from pCS126 more than compensates for the loss of the
enzyme in CSX17. Both DS941 and CSX17 containing pRM40 grew as well as the
same cells containing the pBAD vector alone; there was no evidence of the expression
of PepA from this plasmid causing the cells to efficiently cleave Val-Leu-NHj as in
pCS126-containing cells. Significantly there was as much growth of pRM40/CSX17 at
0.5 mM Val-Leu-NH; as there was of pBAD/CSX17. This suggests that there is no
more peptidase activity in cells containing pRM40 than there is in pepA::Tn5 mutants,
despite the fact that PepA should be expressed to the same high levels as in the cells
containing pCS126. Furthermore, three separate repetitions of this experiment showed
some growth of pPRM40/DS941 at 0.5 mM Val-Leu-NH; whilst there was no growth
of pBAD/DS941. This may be a consequence of PepA E354A monomers expressed
from pRM40 forming heterohexamers with wild type PepA monomers expressed from
the chromosome, and resulting in a population of hexameric PepA in the cells which
cannot cleave the toxic dipeptide.

This experiment confirms that the lack of PepA E354A-catalysed hydrolysis of
leucine-p-nitroanilide seen in vitro reflects a more general reduction in the mutant's
enzymatic activity. This is important because it rules out the possibility that the Xert
phenotype of this protein in vivo is a consequence of the in vitro peptidase™ phenotype
being overcome by the different cellular reaction conditions. The fact that PepA E354A
is reduced in its ability to cleave two different substrates suggests that the mutation
might have a general effect. This, however, cannot exclude the possibility that the
mutant enzyme is still capable of processing other substrates (e.g. xer proteins).

A difficulty in correlating the reduction of enzymatic activity in vitro with the xer
activity in vivo was the possibilty that pRM40 expressed sufficient protein for the level
of enzymatic activity to be high enough in the cells to allow cer recombination
(assuming that PepA acts enzymatically in the xer reaction). Within the levels of its
sensitiv ity, this experiment suggests that pPRM40 expresses no more peptidase activity

than a pepA::Tn5 strain (CSX17). This means that, at least as regards Val-Leu-NHp, a
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PepA protein (in this case PepAE354A) can be expressed in in vivo assays where it has
no more peptidase activity than an Xer-, pepA knockout strain and it can support cer
recombination. The problem with concluding that this means that PepA has a structural
role in cer recombination is that these assays may not be sensitive enough to detect the
residual amount of peptidase activity that is allowing the cer reaction to proceed, and the
fact that the mutant enzyme may still have full enzymatic activity when it is directed

against substrates for which it has a higher specificity.
3.6 Complementation in CSX17 using pRM21

It was intended that this analysis would be concluded by replacing the wild type
DS941 pepA gene with the pepAE354A site-directed mutant. Construction of such a
strain would have allowed the mutant pepA to be transcribed from the gene's natural
promoter, and therefore would have allowed cer recombination assays to be performed
where the mutant enzyme was expressed at wild type levels in the cell. This would have
meant that any residual peptidase activity from PepA E354A would;recduced below that
made from pRM40, and therefore if the protein was being used as a enzyme in the cer
reaction this may detect it. To do this the plasmids pRM41 and pRM45 were
constructed. These are derivatives of pRM40 and pCS126 respectively, in which a
kanamycin resistence gene is inserted into a unique Stul recognition sequence between
the pepA gene and downstream orfl3 (see Colloms, 1990 and Stirling et al, 1989 for
details of this open reading frame). The plasmids were linearised by restriction with
BamH]I and transformed into the strain JC7623 (the use of JC7623 for strain
construction is discussed in Chapter 4; see also Winans et al, 1985). It was hoped that
this linear transformation would allow the plasmid-borne (kanamycin resistant) pepA
genes to exchange with the chromosomal copies of the genes by homologous
recombination, thereby creating a selectable strain containing the pepAE354A gene in
the natural chromosomal location of pepA, as well as a control strain. Several attempts

failed to yield any kanamycin resistant JC7623 derivatives (perhaps because of the
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specific activities (nmoles
p-nitroaniline/mg extract/min)

strain no heat 70 oC heat
extract treatment treatment
DS941 16.6 15.4
CcsXx17 4.7 0
pCS126/CSX17 95.2 91.2
pRM40/CSX17 5.1 0
pRM20/CSX17 17.8 17.6
pRM21/CSX17 9.9 0

Figure 3.9. Aminopeptidase activities of cell extracts of pepA wild
type and mutant strains, and strains containing plasmids expressing wild
type PepA or PepA E354A. DS941pepA::Tn5 (CSX17) was transformed with
pRM20, pRM21, pCS126 or pRM40. 100 ml cultures of these transformants, and of
DS941 and CSX17, were grown overnight at 37 ©C and concentrated cell extracts
prepared. As in figures 3.5 and 3.6 the activities were determined using leucine-p-
nitroanilide as a substrate and the amount of p-nitroaniline product was calculated
spectrophotometrically. The specific activities are expressed as nmoles of product per
mg of extract per min, and are the average that was determined for two concentrations
of the various extracts, before and after heating to 70 ©C for 5 mins.
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Figure 3.10. Complementation of an Xer-pepAd ::Tn5 insertion by
pRM20 and pRM21. DS941/?epA::Tn5 (CSX17) was transformed with either
pCS202, pRM20 or pRM21. The strains containing pRM20 and pRM21 were then
transformed with pCS202. The plasmid DNA was run on a 1.2% agarose gel, before
and after digestion with Pstl. pCS202 is resolved by xer recombination to give
pCS203. pRM20 expresses wild type PepA, pRM21 expresses PepA E354A (the
plasmids are distinguished by Pst/ digestion); the genes encoding the two proteins are
poorly transcribed from the T7 polymerase promoter in both plasmids, and therefore
the levels of enzyme in the cells are lower than in cells containing pCS 126 and pRM40
(see fig.3.9).



disruption to the expression of orf13, whose function is not understood) and therefore
it was not possible to perform this experimental analysis.

In the plasmids pRM20 and pRM21 the expression of the pepA genes is driven
by the promoter from bacteriophage T7 (fig.3.3). Because this promoter is not
recognised by E.coli RNA polymerase (Tabor and Richardson, 1986) the transcription
level of the pepA genes is likely to be very poor, and therefore these plasmids offer the
opportunity to express PepA E354A at low levels in the cell and perform an equivalent
experiment to the strain construction described above. To determine the level of PepA
expressed from the plasmids, crude cell extracts were prepared from 100 ml cultures of
the following strains: DS941, CSX17, pRM20/CSX17, pRM21/CSX17,
pCS126/CSX17 and pRM40/CSX17 (Materials and Methods). Aminopeptidase assays
were then performed (using leucine-p-nitroanilide as a substrate) on the extracts before
and after heating to 70 ©C for five mins. The specific activities determined from these
assays are tabulated in figure 3.9.

CSX17 (DS941pepA::TnS) displayed a low amount of peptidase activity which
was reduced to 0 U/mg of extract after heating. This is because PepA is the only heat
stable aminopeptidase in E .éoliK12. The activity seen before heating represents
cleavage of leucine-p-nitroanilide by the other cellular aminopeptidases. DS941 had
approximately 15 U/mg extract after heating; this agreed with the activity determined
previously (Stirling et al, 1989) and represents the activity derived from chromosomally
encoded PepA. Both before and after heat treatment, the cells containing pCS126
showed a high level of peptidase activity (approx. 96 U/mg extract) that was absent
from pRM40-containing cells (this activity is lower than the 600U/mg determined by
Stirling et al). This is in agreement with the other experiments of this chapter which
suggested that pCS126 expresses PepA to levels considerably exceeding that made
from chromosomal pepA, and that pRM40 expresses PepA E354A which has
undetectable peptidase activity. When wild type PepA was expressed from pRM20 the
amount of activity was approximately 17 U/mg extract, which was approximately 10-

fold lower than pCS126-containing cells and was comparable to DS941. This suggests
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that the amount of PepA made from pRM20 is little more than is made from the
chromosomal pepA gene, and consequently the level of any peptidase activity
expressed from pRM21 will be 5-fold lower than from pRM40.

To determine the xer activities of pRM20 and pRM21 they were transformed into
CSX17. After selecting for the presence of these plasmids by growth on tetracycline,
the reporter plasmid pCS202 was transformed into the cells and double transformants
were selected on media containing chloramphenicol and tetracycline. It was necessary
to establish the expression vectors in CSX17 before transforming in pCS202 because
the resistance determinant of the reporter plasmid that is lost during cer resolution is
tetracycline. The DNA from the double transformants was prepared by the boiling
technique and analysed by agarose gel electrophoresis (fig.3.10). Both pRM20 and
pRM21 were able to complement the pepA::TnS mutation in CSX17 and allow the
complete recombination of pCS202. This suggests that the PepA E354A is Xert even
when expressed at low levels that are comparable to the expression of PepA from the
chromosome, and therefore if PepA acts enzymatically during the cer reaction the low
levels of peptidase activity expressed from pRM21 are sufficient to achieve this

function.

3.7 Discussion

The experiments in this chapter describe the catalytic properties of a single site-
directed derivative of E.coli aminopeptidase A, and utilise this mutant enzyme to
analyse the function of PepA in the cer site-specific recombination reaction. In the
mutagenesis, the amino acid residue Glu354 was replaced by alanine. This specific
alteration was based on the published structure of bovine lens leucine aminopeptidase
(Burley et al, 1990 and 1992). Glu334 was implicated as one of the seven active site

residues in BLLAP that was involved in the chelation of Zn2t ions; Glu 354 was
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chosen for mutation in PepA because it is the equivalent residue to Glu334 and is
therefore believed to co-ordinate the binding of Mn2t,

The mutant derivative of PepA (PepA E354A) is deficient in its ability to
hydrolyse substrates both in vitro and in vivo (leucine-p-nitroanilide and Val-Leu-
NHj, respectively). This suggests that Glu354 might be at the catalytic site of the
enzyme and may be important in the catalytic mechanism of PepA, since replacement of
the residue with Ala has compromised the active site of the enzyme. However,
discussion of the catalytic role of Glu334 and the implications of the mutagenesis
experiment for considerations regarding the enzymatic mechanism of BLLAP and PepA
are inappropriate. This is for a number of reasons: the lack of aminopeptidase activity
may be due to tertiary structural alterations in PepA and not purely a result of the
enzyme being unable to chelate Mn2+; the pepAE354A gene was not sequenced and
therefore the possibilty of mutations in other active site residues cannot be excluded;
and there is no available model for the mechanism of peptide hydrolysis by these
enzymes.

The mutagenesis described above was not performed in order to analyse the
catalytic mechanism of PepA, but instead to examine the protein's role in the cer site-
specific recombination reaction. Explicitly, this experimental approach was attempting
to create a peptidase-deficient PepA derivative which could be tested for its ability to
support cer recombination. This was done because of our inability to examine the role
of PepA in in vitro assays (e.g. it would be relatively simple in vitro to remove Mn2+
ions from the reaction buffer and determine whether recombination could proceed). The
fact that PepA E354A displayed no detectable catalytic activity when using leucine-p-
nitroanalide as a substrate in vitro or Val-Leu-NHj in vivo, means that it is as "good" a
mutant as can be produced for this experimental approach. The mutant enzyme is Xert
when highly expressed from pRM40 (fac promoter) and when poorly expressed from
pRM21 (unidentified promoter sequences in pSELECT). This represents suggestive,

but not conclusive (see below), evidence that the aminopeptidase activity of PepA is not
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required in cer site-specific recombination. Some indcpend,?nly performed experiments
offer circumstantial support for this conclusion:

(i) Val-Leu-NHj was used to isolate E.coli pepA mutants which were
subsequently tested for their Xer phenotype (H.O'Mara and G.Szatmari, pers.comm.).
A large number of the strains isolated from this screening procedure were both Xer-
and peptidase-, but one clone (named HOM38a) was resistant to Val-Leu-NH> (i.e.
peptidase-) and was Xer*. The gene encoding this PepA mutant has been subcloned
(plasmid pH31.9) as a 1.9 kbp HindlIII fragment, but the mutation has not been
characterised. The mutant strains which were Xer~ and peptidase- have also not been
characterised, but could be explained as encoding truncated PepA derivatives.

(i1) It has been shown that E.coli grown in media containing high concentrations
of bestatin are resistant to Val-Leu-NH; but are still able to recombine cer reporter
plasmids (G.Szatmari, pers.comm.). This can be interpreted as suggesting that in these
conditions PepA is not catalytically active but is still able to support cer recombination,
and it is therefore not functioning as an enzyme during the reaction.

The first reason that none of these experiments can be considered conclusive is
the fact that it is not possible to rule out any residual peptidase activity in the reaction
conditions used (either from an incompletely mutant protein or a subpopulation of PepA
escaping bestatin inhibition) causing the Xer* phenotype. This is primarily because the
limits of detection of the peptidasé assays that were used are not known. It is also
because of the non-quantitative nature of the in vivo cer recombination assay: in vitro it
would be possible to determine whether the reaction rate had been altered by the
reduction in PepA's catalytic efficiency, whereas in vivo a reduction in the reaction rate
might not be detected because the reporter plasmids are able to recombine to completion
before sufficient cells have grown to prepare DNA samples. However, no
aminopeptidase activity at all has been determined for PepA E354A and therefore,
despite the above arguments, it is entirely possible that PepA does not act as an

aminopeptidase in cer recombination.
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