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Abstract
Plasmid-Mediated Restriction Evasion Mechanisms
Nicola Jayne Althorpe

Plasmid ColIb-P9 (InclI1) encodes mechanisms which allow it to avoid
destruction by type I and type II restriction enzymes during transfer by
conjugation between strains of Escherichia coli. A genetic system was
developed to analyse these mechanisms. The system relied on measuring

Collb-mediated rescue of the restriction-sensitive plasmid R751 (IncPf) from
destruction by EcoKI (type I) and EcoRI (type II). One Collb mechanism was
known to involve a plasmid-encoded antirestriction gene known as ardA,
the product of which is active against type I enzymes. Tests for alleviation
of EcoKI restriction of R751, showed strong protection by a co-transferring
Collb (Ard*) plasmid, slight protection when Collb was resident in the
recipient and no effect when Collb was immobilised in the donor by
removal of its nic site. Hence, expression of ardA is activated in the
recipient cell following transfer; no detectable transfer of the ArdA protein
occurs from the donor to the recipient.

The ardA gene is found in the leading region of Collb, which is
defined as the first segment of the plasmid to enter the recipient cell during
conjugation. Nucleotide sequencing of 11.7 kb of this region identified ten
open reading frames. Furthermore, the region also contains three dispersed
repeat sequences homologous to a novel single-stranded DNA promoter
described by Masai and Arai (1997, Cell 89, 897-907). It is proposed that these
secondary structures form in the transferring T-strand of Collb and function
as promoters for transcription of genes encoded on the unique plasmid
strand transferred during conjugation.

Another mechanism, which acts independently of ardA, alleviates
restriction of both type I and type II enzymes in the recipient in second or
subsequent rounds of transfer. Two separate mechanisms appear to be
operating since alleviation of type I restriction occurs in trans and is
constitutive. In contrast, alleviation of type II restriction is by a cis-acting
mechanism. The ‘substrate saturation’ hypothesis, whereby increasing
amounts of transferred DNA saturates the restriction system (Read et al.
1992, Mol Microbiol 6, 1933-1941) is ruled out by data presented.
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Ala Alanine

Arg Arginine

Asn Aspartic acid

Asp Asparagine

ATP Adenosine triphosphate

Ap® Ampicillin resistance

bp Base pair

BSA Bovine Serum Albumin
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Chapter One

General Introduction

1.1 Prologue

Extrachromosomal genetic elements known as plasmids are commonly
found in bacteria and determine functions involved in their stable replication-
maintenance. Many plasmids also possess transfer genes (tra) that support
horizontal transfer of the element between bacteria by the process of
conjugation. The first conjugative plasmid to be recognised was the F fertility
factor of Escherichia coli (Lederberg and Tatum, 1946). Since the discovery of F,
the majority of research has focused on developing a molecular understanding
of the conjugation system of F and other enterobacterial plasmids (Wilkins
and Lanka, 1993). To date, the most documented transfer systems belong to
plasmids of the incompatibility (Inc) complexes F, I, P, N and W. Essential
features of these transfer systems, including strategies for mating-pair
formation and transmission of genetic material, are conserved between an
extensive collection of plasmids representing more than 25 Inc groups isolated
from Gram-negative bacteria (Wilkins and Lanka, 1993).

These conserved features apply less to the conjugation systems of
plasmids isolated from Gram-positive bacteria. In fact, the similarities that
exist are that they require physical contact between donor and recipient cells
and that conjugation is mediated by plasmids or a special class of conjugative
transposon. Thus, a global definition of conjugation is that it is a “process
whereby a DNA molecule is transferred from a donor to a recipient bacteria via
a specialised protein complex called the conjugation apparatus” (Zechner et al.,
1999).

In addition to housekeeping functions involved in replication-
maintenance and transfer, many plasmids carry an array of specialised genes of
high environmental and medical importance. The most interesting of these
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genes are those that encode resistance to antibiotics and virulence
determinants. One feature of plasmid transfer that has brought it much
attention is its so-called promiscuity; that is, the ability of certain types of
plasmids to mediate transfer between bacteria exceeding their maintenance-
range. During such transfer, there is the potential for the exchange of genetic
material by the process of recombination. Therefore, plasmids make a
significant contribution to the gene pool and hence, play an important role in
the ecology of bacteria (Datta and Hughes, 1983; Mazodier and Davis, 1991;
Amabile-Cuevas and Chicurel, 1992).

One potential barrier to horizontal transfer of DNA is that imposed by
bacterial restriction-modification (R-M) systems. These are ubiquitous in
nature and are therefore likely to be encountered frequently by transferring '
DNA. The restriction endonuclease component operates to cleave infecting
DNA recognised as foreign by its lack of cognate methylation at target sites for
the enzyme. Plasmids transferring and replicating within a single host strain
will acquire the appropriate methylation and avoid destruction by the
restriction enzymes of the host. In contrast, plasmids transferring to new host
strains will not carry the appropriate methylation. Therefore, promiscuous
transfer raises the intriguing question of how plasmids avoid destruction from
newly encountered R-M systems.

Bacteriophages, like plasmids, are also subject to destruction by host-
encoded restriction enzymes during infection of a new strain. However,
bacteriophages are known to encode a variety of anti-restriction mechanisms.
It is now becoming clear that certain plasmids also encode such protective
mechanisms. This thesis focuses on one such plasmid, Collb-P9 of the Incll
group of plasmids, and attempts to characterise further the plasmid’s two
restriction-evasion mechanisms. Data described in this thesis have been

published in the papers Althorpe et al. (1999) and Bates et al. (1999).



1.2 Enterobacterial Plasmids

The majority of large plasmids (> 20 kb) isolated from Gram-negative
bacteria carry transfer genes that promote transmission of the element to a new
bacterial cell by the process of conjugation. Such plasmids are described as
conjugative or self-transmissible. Most plasmids are generally classified
according to incompatibility (Inc) relationships based initially on the inability
of two closely related or identical plasmid replicons to be propagated in the
same cell line. The phenomenon of incompatibility reflects the identity
between the two plasmids and their replication control and active partitioning
systems (Couturier et al., 1988). Further classification of plasmids may involve
criteria such as i) replicon-typing, ii) DNA hybridisation tests, iii)
morphological and serological typing of conjugative pili and iv) sensitivity to
pilus-specific bacteriophages (Bradley, 1980). As a result of these tests, it is the
trend that plasmids from the same Inc group often share similar if not
identical features between their transfer systems.

The subject of this thesis is the 93-kb enterobacterial plasmid Collb-P9
(Fig. 1.1), which along with closely related plasmid R64 represent the Incll
group of enterobacterial plasmids. Collb-P9 was originally isolated in Shigella
sonnei P9 and like F was one of the first conjugative plasmids discovered
(Frédéricq, 1965). Consequently, Collb-P9 has featured extensively in the
literature regarding the fundamentals of conjugation. However, the complex
details regarding the conjugation system of this plasmid and F are beyond the
scope of this thesis. Therefore, the reader is directed to a number of extensive
reviews that exist for further details (Willetts and Wilkins, 1984; Willetts and
Skurray, 1987; Wilkins and Lanka, 1993; Lanka and Wilkins, 1995; Firth et al.,
1996; Pansegrau and Lanka, 1996 and Zechner et al., 1999). To this end, only a
general overview of the details regarding I1-like conjugation will be described
in the following sections. Where appropriate, analogies with F- and P-like

conjugation will be made.



Fig. 1.1 Map of IncI1 plasmid Collb.

Regions Tral and Tra2 contain the plasmids transfer genes. Loci within Tral
include the shufflon (shf), shufflon recombinase (rci), the flexible pilus
structural gene (pilV) and genes encoding an EDTA-resistant nuclease (nuc).
Tra2 includes DNA primase (sog), entry exclusion (eex) and genes involved in
rigid pilus assembly. Adjacent to the leading region is the origin of transfer
(oriT) and genes encoding relaxosome proteins (nikA, nikB). The Collb Rep
region contains the origin of vegetative replication (oriV), Il-type
incompatibility locus (inc) and replication controlling factor (repZ). Leading
region genes shown are those that encode the single-stranded DNA binding
protein (ssb), plasmid SOS-inhibition (psiB) and alleviation of restriction of
DNA (ardA). Other loci include the colicin Ib gene (cib) and colicin Ib
immunity gene (imm), fertility inhibition of F (FinQ) and genes determining
abortive phage infection (ibfA, ibfB). Indicated on the map by internal lines are
EcoRI cleavage sites. Triangles (A) indicate Sall cleavage sites. Map represents
data from studies with both Collb and closely related IncIl plasmid R64 (Rees et
al., 1987; Howland et al., 1989; Komano et al., 1990; Furuya et al., 1991 and
Chilley and Wilkins, 1995). Map is reproduced from Read (1993).
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1.2.1 IncI1 plasmids

Plasmids belonging to the I complex are typified by those which specify
homologous thin conjugative pili and include plasmids from the six Inc
groups I1 (Ia), 12, I5, B, K and Z. Some of these plasmids can be further
classified into one of two groups based on replicon-typing and serological
relationships that exist between the conjugative apparatus they specify. These
include the plasmids from the Inc groups I1-B-K and the Incl2 plasmids.
Despite the relationships between these pili, plasmids from the I complex
display different patterns of sensitivity to I-pilus specific bacteriophages Ifl1 and
PR64FS (Walia and Duckworth, 1986; Bradley, 1984).

All I-type plasmids determine two types of conjugative pilus. The thick
rigid pili are one type, which are all morphologically similar and bear
comparisons to those specified by plasmids of IncP and IncN groups as they
support efficient conjugation between cells on semi-solid surfaces. However,
these thick rigid pili are also required in liquid matings and are thought to be
essential for DNA transfer (Bradley, 1980; Bradley, 1984; Rees et al., 1987;
Horiuchi and Komano, 1998). The second type is the thin flexible pilus, which
is required to support efficient conjugation between cells in liquid media.
Through DNA sequence analysis of the R64 genes responsible for thin pili
biosynthesis, these pili were inferred to belong to the type IV pilus family (Kim
and Komano, 1997). Ré4 thin pili consist of the major subunit PilS and one of
seven PilV products (Horiuchi and Komano, 1998).

The I1-B-K plasmids have a narrow replication-maintenance range and
can be only maintained in strains of Escherichia, Salmonella, Shigella and
Klebsiella (Walia and Duckworth, 1986; Wilkins, 1995). Through replicon
typing tests, the replication region of the IncIl plasmids along with those of the
groups IncFII, IncFI and IncFIV, have been shown to belong to the RepFIC
family of replicons. Apparently, the narrow maintenance range of this
replicon-type is due to the requirement for host encoded enzymes (Jones, 1991;

Couturier et al., 1988; Saadi et al., 1987). Despite the narrow transmission range
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of the IncIl plasmids they are still able to promote low-level transfer to a broad
range of bacteria (Wilkins, 1995).

A large proportion of the backbone of the Incll plasmid is assigned to
the transfer system of the plasmid (~50 kb). The transfer genes of Collb are
organised into two separate modules, Tral and Tra2, as determined by genetic
mapping studies of the plasmid [Fig. 1.1] (Uemura and Mizobuchi, 1982; Rees et
al., 1987).

Tral is located between Tra2 and the rep region and was shown by
transposon mutagenesis to carry genes that are required for the assembly of the
thin flexible conjugative pilus (Rees et al., 1987). The composition of the thin
pilus can be changed by rearrangements in a DNA sequence known as the
shufflon (Komano et al., 1990). This highly mobile DNA sequence consists of
three 300 bp segments separated by six 19 bp repeat sequences and is located at
the 5 terminus of the thin-pilus gene, pilV. Site-specific recombination
mediated by the product of the associated rci gene selects a different C-terminal
segment of pilV. Consequently, the conjugation efficiency in liquid
environments is changed, possibly by affecting the recognition of surface
components of different recipients (Komano et al., 1994; Horiuchi and
Komano, 1998).

The Tra2 segment contains genes involved in the assembly of the thick
rigid conjugative pilus, entry exclusion (eex) and a gene encoding a DNA
primase known as sog (Hartskeerl and Hoekstra, 1984; Rees et al., 1987).

Expression of these transfer genes, with the exception of eex, are subject
to the plasmid’s negative trans-acting fertility inhibition system which is
analogous to that of F-like plasmids (Meynell and Datta, 1967).

Finally, the o7iT and oriT operon, which are both homologous to IncP
counterparts can be found located adjacent to the plasmid’s leading region
(Rees et al., 1987; Furuya and Komano, 1991). This and the corresponding
regions of other I1, B and K plasmids are found to carry highly conserved

zygotically inducible genes which are not essential for conjugation but are
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believed to be involved in establishment of the plasmid in the newly infected

recipient cell. These genes are discussed in more detail in section 1.6.

1.3 Enterobacterial Conjugation

The model of enterobacterial conjugation is divided into three crucial
stages. The first stage involves the formation of stable contacts between donor
and recipient bacteria and is commonly referred to as mating-pair formation.
The second stage involves a series of reactions that result in the transfer of a
unique strand of the plasmid to the recipient cell. The final stage involves the
establishment of the immigrant plasmid in the recipient, which may be
facilitated by plasmid proteins transferred from the donor to recipient or those

synthesised early in the infected cell (Wilkins and Lanka, 1993).

1.3.1 Conjugative cell-cell interactions

Interactions between donor and recipient cells at surface levels are an
essential first stage to conjugation. The pilus specified by all conjugative
plasmids isolated from Escherichia coli is an essential feature in initiating
contact between mating bacteria. These donor-specific surface appendages,
which are also known as sex pili, tend to fall into one of three morphological
groups including thin flexible, thick flexible and rigid filaments or rods
(Bradley, 1980).

The biological significance of the conjugative pilus as an organelle for
mediating contact between donor and recipient bacteria is established and its
importance is emphasised by the number of transfer genes that are assigned to
its assembly. However, certain aspects of this initial stage of conjugation have
yet to be resolved, the most interesting of which is the exact route for ssDNA
transfer from the donor to the recipient bacterium after contact is initiated.

From studies with F-mediated conjugations in liquid media, the process
of conjugative cell-cell interactions is proposed to proceed in several stages

(Anthony et al., 1994). First, the donor cells interact with recipients via the tip
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of the pilus and a receptor on the surface of the recipient cell. The exact nature
and identity of these cell surface receptors are not yet known. However, early
experiments with ConF and Conl mutants (defective in receiving F or I
plasmids by conjugation, respectively) of E. coli K-12 suggested that the surface
lipopolysaccharide (LPS) and outer membrane protein OmpA are the most
likely candidates (Havekes et al., 1977; Achtman et al., 1978b; Anthony et al.,
1994). However, whether LPS or OmpA are the actual receptors recognised by
conjugative pili or are involved in the biosynthesis or structural integrity of
the authentic receptor is not yet understood (Havekes et al., 1977; Anthony et
al., 1994).

After contact is initiated, the second stage of conjugative cell-cell
interactions involves the retraction of the pilus which brings the donor and
recipient cells into wall-wall contact (Achtman et al., 1978a). Assembly of the
extended F-pilus is a complicated process that is poorly understood. However,
what is known is that the process involves the products of 15 transfer genes,
which form a membrane-spanning complex traversing the bacterial cell
envelope from the which the pilus is extended and retracted (Manning et al.,
1981; Schandel et al., 1992). Retraction of the F-pilus involves
depolymerisation of its subunits into the cell membrane (Diirrenberger et al.,
1991; Frost et al., 1994).

Mating aggregates in F-mediated conjugations are at first sensitive to
shear forces. However, once the mating cells are in wall-wall contact the
aggregate is rapidly stabilised by a process requiring the products of traG and
traN (Manning et al., 1981; Panicker and Minkley, 1985). TralN can be found
within the outer membrane of the cell envelope of the donor and contains an
exposed surface domain, which may interact with the lipopolysaccharide of the
recipient (Diirrenberger et al., 1991).

The exact route supporting transfer of single-stranded DNA from the
donor to the cytoplasm of the recipient is unknown. Early studies with F-

mediated conjugations suggested that DNA transfer might occur through the
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extended pilus (Ou and Anderson, 1970). Such a view was supported by the
findings of Harrington and Rogerson (1990) who found that Hfr-C donors
separated from F recipients by a filter 6 pm thick with a pore size of 0.01-0.1
um were still able to produce transconjugants. However, the favoured model
to date is that the donor and recipient cell envelopes, once within intimate
contact, fuse forming a transmembrane pore which allows the transfer of DNA
and any proteins involved in DNA metabolism to the recipient. In matings
mediated by plasmid F, TraD is found traversing the inner and outer
membrane of the donor (Panicker and Minkley, 1985) and appears to interact
with OmpA forming a putative pore between the donor and the outer
membrane of the recipient for DNA transfer (Diirrenberger et al., 1991). No
evidence of a plasma bridge formed between the two cells has yet been found,
which is a notion supported by Diirrenberger et al. (1991) who examined
mating cells within wall-wall contact by electron microscopy (Willetts and
Wilkins, 1984; Diirrenberger et al., 1991). The model is lacking in that there is
no evidence for how the plasmid DNA translocates across the inner
membrane of the recipient. However, it has been proposed that this may be a
passive process similar to that of infecting bacteriophage A, which upon
injection into the periplasmic space, A DNA is transported across the inner
membrane by the sugar uptake mechanism for mannose (Diirrenberger et al.,
1991).

The putative signal for initiation of DNA transfer after contact between
the donor and recipient has been established is proposed to be the product of
the F gene traM. TraM which is found at the base of the F pilus is required to
be in close contact with transfer replication proteins and binds extensive
regions of the origin of transfer [oriT] (Diirrenberger et al., 1991; Zechner et al.,
1999). TraM also provides the physical link between the TraD protein forming
part of the mating bridge and the relaxase protein Tral that is covalently bound
to the transferring DNA. Finally, once DNA transfer has occurred conjugation

is terminated and mating aggregates separate (Achtman et al., 1978a).
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From studies with IncP plasmids, the assembly of RP4 surface-specific
pili is reasonably well understood (for review see Zechner et al., 1999). In
addition, the transfer genes required for RP4-mediated matings between E. coli
and from E. coli to strains of yeast are known (Lessl et al., 1993; Haase et al.,
1995; Wilkins and Bates, 1997; Bates et al., 1998). However, interactions at the
cellular level between donor and recipient bacteria on surfaces have been
neglected and to date no Con mutants have been isolated. This is unfortunate
considering that most natural communities of bacteria are attached to surfaces
or grow as micro-colonies (Simonsen, 1990). Previous studies with ConF
mutants isolated from liquid matings were shown to display wild type
behaviour when mated with appropriate donors on surfaces, which suggests
that the interactions that occur during surface matings are different from those

that occur in liquid (Achtman et al., 1978b)

1.3.2 DNA processing reactions

The reactions required for transfer of a unique DNA strand of the
plasmid to the recipient cell during enterobacterial conjugation have been best
studied for plasmid F, IncP plasmid RP4 and some mobilisable plasmids from
the IncQ group. Transfer of the plasmid strand to the recipient cell during
conjugation is proposed to occur in number of stages (Lanka and Wilkins,
1995).

The first stage of plasmid transfer is initiated at the nic site within the
origin of transfer (oriT) by specific endonucleolytic cleavage of a single strand
of the plasmid DNA (Lanka and Wilkins, 1995). Cleavage is mediated by a
plasmid-encoded transfer gene product called relaxase. The relaxase enzyme
binds to the oriT in the presence of accessory proteins to form a complex
known as the relaxosome. This complex can be isolated and upon
denaturation with SDS releases an open circular plasmid that is an ideal
substrate for determining the nic site of the oriT by nucleotide sequencing

(Flirste et al., 1989; Furuya and Komano, 1991; Lanka and Wilkins, 1995).
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Cleavage of oriT breaks a specific phosphodiester bond between two
chemically different nucleotides present at the nic site. From studies with
plasmid F, RP4, Ré64, RSF1010 and ColE1, the 3’ terminus of nic has been
shown to carry an unmodified hydroxyl group that is susceptible to primer
extension by DNA polymerase I of E. coli and a 5 terminus that remains
covalently attached to the relaxase enzyme via the hydroxyl side of either a
seryl, threonyl or tyrosyl residue of the enzyme. The location of these active
centre amino acids in the relaxase vary and can be found within different
domains of the enzyme depending on which plasmid encodes them (Lanka
and Wilkins, 1995). The biochemistry of these reactions at the oriT is best
understood for RP4 relaxosomes (Pansegrau et al., 1990b).

Whether cleavage of the oriT is influenced by an unidentified signal
synthesised during cellular interactions between the donor and recipient cell is
still widely debated. From studies with plasmid F, the product of the traM
gene has been implicated in this signalling process. TraM is able to interact
with TraD of the mating bridge and the oriT-protein complex (section 1.3.1)
suggesting that the protein is involved in initiating the transfer process (Di
Laurenzio et al., 1991).

An alternative view to that described above is that cleavage of the oriT
is a reversible process that occurs in the absence of recipient cells. It is
envisaged that the relaxase enzyme covalently bound to the 5 terminus of the
plasmid strand is also able to mediate a cleaving-joining reaction involving
the hydroxyl free end of the 3’ terminus. Such a property of the relaxase
suggests that the enzyme is also involved in recircularisation of the transferred
plasmid strand in the recipient cell and consequently in termination of
conjugation (Wilkins and Lanka, 1993; Pansegrau et al., 1994b). Examination of
RP4 relaxosomes in non-conjugating cells revealed that Tral possesses
cleaving-joining activity, which resembles that of a type I topoisomerase
(Pansegrau et al., 1990; Pansegrau et al., 1994b). The model proposes that the

energy produced from the cleaved phosphodiester bond and the formation of
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the covalent Tral-oriT intermediate is conserved and utilised in the re-joining
reaction. The superhelical covalently closed circle (CCC) state of the plasmid,
which is believed to be required in the nicking reaction, is retained by the
relaxase forming a non-covalent clamp to the 3’ end at the nic site (Pansegrau
et al., 1990a; Matson and Morton, 1991). In addition, this CCC state may also be
required so that when the plasmid is unwound the energy is provided to drive
transfer of the plasmid strand to the recipient cell.

The oriT is the only cis-acting site required for DNA transfer. The
location of the oriT is usually at one end of the transfer complex of the plasmid
and can take up to 500 bp in length. The oriT can generally be divided into
four domains including, i) the nicking domain, which is also known as the nic
sequence, ii) an AT-rich region, which may facilitate strand separation in
negatively supercoiled DNA, iii) one promoter, responsible for outward
reading transcription of either the fra or mob genes and iv) a region with
patterns of direct and indirect repeats that may facilitate recognition and
binding of specific proteins associated with the oriT (Di Laurenzio et al., 1991).
One interesting feature of the oriT of plasmid F and RP4 is the requirement for
the formation of secondary structures that alter the topology of the associated
region and appear to enhance protein-oriT complex formation (Wilkins and
Lanka, 1993; Pansegrau et al., 1994b).

Extensive nucleotide sequence similarities are only found between the
oriT of closely related plasmids, although significant similarities are found
between the nic regions (~10 bp) of a more diverse set of conjugative plasmids
(Furuya and Komano, 1991; Fig. 1.2). There are four families of a particular
type of nic region that are identifiable, one of which includes the nic sequences
from mobilisable plasmids (Pansegrau and Lanka, 1991; Lanka and Wilkins,
1995; Zechner et al., 1999).

The sequence of the Collb oriT was unavailable at the start of this
research. However, nucleotide sequences of IncIl plasmid R64 suggests that the

I1-07iT bears more similarity to those of IncP plasmids RP4 and R751 than that
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of plasmid F. Both the I1 and P oriT have a 19-bp and 17-bp inverted repeat
sequence downstream of the nic site. In addition, the 12-bp nic region of R64
shares six conserved nucleotides with the nic region of RP4 and R751 (Komano
et al., 1988; Furuya and Komano, 1991; Fig. 1.2).

The relaxase of R64 is the product of the nikB gene, which together with
nikA is found directly adjacent to the o7iT as the oriT operon (Furuya et al.,
1991). NikB is responsible for cleavage possibly via the N-terminal domain of
the protein, although the entire protein is required for relaxation and
mobilisation of R64. NikA (15 kDa) is involved in recognition of oriT and
directing relaxosome assembly (Furuya et al., 1991; Furuya and Komano, 1991).
In agreement with the finding that the amino acid sequences of certain DNA
relaxases share striking similarities, both NikA and NikB have been shown to
resemble transfer counterparts of IncP plasmids RP4 and R751. NikA shares
30% similarity to TraJ and the N-terminal region of NikB shares 26% identity
in a 276 amino acid overlap with Tral, which is required for relaxation (Furuya
and Komano, 1991; Pansegrau and Lanka, 1991).

The formation of relaxosomes at the IncIl oriT is a poorly understood
process. However, through in vitro studies involving IncP plasmids the
relaxation of RP4 is proposed to occur in a sequential order, which is enhanced
by the formation of a bend upstream of the nic site involving TraK (Pansegrau
et al., 1990b; Wilkins and Lanka, 1993). RP4 TraJ binds to the cognate oriT by
recognising the right arm of the 19-bp inverted repeat sequence. RP4 Tral,
which is the relaxase, binds only to the TraJ-oriT complex and not to the oriT
alone (Pansegrau et al., 1990b). The whole structure is subsequently stabilised
by protein-protein interactions between RP4 TraH and the protein-oriT
complex. Mutations in the tral gene suggest that binding of Tral to the oriT
has an additional effect of reducing relaxase gene expression (Balzer et al.,
1994). For a more detailed review of RP4 and R751 relaxosome assembly see
Zechner et al. (1999). The similarities between NikA and NikB to their RP4

and R751 counterparts and between the IncIl oriT and IncP oriT suggests a
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Fig. 1.2. Similarities between the nic regions of conjugative plasmids.

Figure shows the alignment of several nic regions from the oriTs of various
conjugative plasmids. The nucleotide sequences of these nic regions generally
fall into one of three groups. The nic cleavage site is indicated (V). Identical
nucleotides are indicated by a black box, conserved nucleotides by a grey box.
The consensus sequence generated for each group is also shown. (Figure is

reproduced from Lanka and Wilkins, 1995)
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similar mechanism of relaxosome formation and cleavage reaction operating
for this group of plasmids. Recent studies with R64 NikA have shown that in
a similar way to RP4 Tra], NikA recognises and binds to a repeat sequence 17-
bp in length found 8-bp from the nic site. Such binding of NikA was also
shown to induce DNA bending within the oriT sequence (Furuya and
Komano, 1995; Furuya and Komano, 1997).

The next stage of DNA transfer involves the unwinding of the cleaved
plasmid DNA strand and transfer to the recipient cell in a unidirectional
manner (Howland and Wilkins, 1988; Lanka and Wilkins, 1995). Unwinding
is mediated by one or more DNA helicases, some of which may be encoded by
the plasmid. Studies with plasmid F have shown that the Tral protein has the
additional properties of a helicase, however, the function of F Tral as the
helicase responsible for unwinding the strand destined for transfer has yet to
be shown genetically (Wilkins and Bates, 1997). F Tral unwinds the DNA in a
5’-3" direction relative to the strand that is bound to the enzyme (Matson and
Morton, 1991; Wilkins and Lanka, 1993). From comparisons between the in
vitro rate of unwinding by DNA helicase I (1 kb per sec at 37°C) and the rate of
chromosomal DNA transfer from Hfr donor cells (0.75 kb per sec at 37°C), it is
proposed that unwinding may provide the motive force for DNA transfer as
long as the transfer complex is anchored to the cell envelope allowing
displacement of the unwound strand. Possible candidates for anchoring of
plasmid F Tral-DNA complex to the cell envelope are TraD and TraM
(Silverman, 1987).

It is generally believed that nicking at the oriT relaxes the plasmid
completely. However, examination of plasmid F after random nicking by
irradiation showed that domains of the plasmid retain negative supercoiling
(Wilkins and Lanka, 1993). If the DNA strand that is nicked by the relaxase is
restrainec from free rotation, DNA helicase activity would overwind the
duplex ahead of the enzyme and thus prevent further unwinding. This

problem could be overcome by a topoisomerase that prevents accumulation of
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positive torsional stress. One possible candidate is DNA gyrase, which is
required during bacterial conjugation as shown through a number of
experiments involving naladixic acid, an inhibitor of the A subunit of the
enzyme, and the use of temperature sensitive gyr mutants (Matson and
Morton, 1991; Wilkins and Lanka, 1993).

During transfer of plasmid F only one strand is transferred to the
recipient cell (Cohen et al., 1968; Vapnek and Rupp, 1971). Upon examination
of which A prophage strand is transferred during Hfr matings, it was found
that the plasmid F DNA strand is transmitted in the 5-3" orientation (Willetts
and Wilkins, 1984). The orientation of transfer for other plasmids has not yet
been demonstrated. However, the similarities between plasmid protein-oriT
interactions to those of plasmid F and the orientation of oriT and gene entry to
recipient cells suggests that most enterobacterial plasmids transfer in the same
orientation (Howland and Wilkins, 1988; Lanka and Wilkins, 1995).

The third stage in DNA transfer involves the recircularisation of the
plasmid strand and the regeneration of a replacement strand in the donor by a
rolling circle mode of replication and synthesis of a complementary strand in
the recipient (Traxler and Minkley, 1987; Waters and Guiney, 1993; Wilkins
and Lanka, 1993). Informative experiments involving manipulated
mobilisable plasmids were able to show that the 3" terminus created at the nic
site can be elongated continuously by a DNA polymerase present in the donor
cell (see Wilkins and Bates, 1997). The model further suggests that the plasmid
strand destined to be transferred is an intermediate of greater than unit length,
which upon exposure of the regenerated nic site to the relaxase molecule
linked covalently to the 5 terminus of the concatomer is cleaved (Wilkins and
Bates, 1997). Experiments involving Collb and plasmid F provide no evidence
that the plasmid is transferred to the recipient as a concatomer; since
sedimentation-rate studies indicate transferred DNA accumulates in the
recipient cell as unit length molecules (Falkow et al., 1971; Boulnois and
Wilkins, 1978).
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Generation of the complementary strand in the recipient is believed to
involve the product of the E. coli dnaE gene, DNA polymerase III holoenzyme
(Boulnois and Wilkins, 1978). However, due to the orientation of transfer of
the plasmid strand (5-3"), replication proceeds discontinuously and requires a
series of primers synthesised de novo (Willetts and Wilkins, 1984). A feature
found for Incll and IncP plasmids is that the transferred strand is escorted to
the recipient with multiple copies of plasmid-specific DNA primase molecules
generated by the plasmid-encoded primase genes sog and traC, respectively
(Boulnois and Wilkins, 1978; Lanka and Barth, 1981; Chatfield et al., 1982; Rees
and Wilkins, 1990). Both the Sog and TraC proteins can be transferred along
with the plasmid DNA from the donor to the recipient cell (Rees and Wilkins,
1989; Rees and Wilkins, 1990). Plasmid F relies on host-encoded replication
machinery for the generation of these primers (Merryweather et al., 1986;

Wilkins and Lanka, 1993).

1.3.3 Plasmid-encoded exclusion

Transmissible plasmids usually carry entry- or surface-exclusion genes,
the products of which reduce the ability of the host cell to receive plasmids of
the same or related type by conjugation. Exclusion should not be confused
with incompatibility, which is mediated from an entirely separate locus on the
plasmid and prevents the co-existence of two similar plasmids within the
same cell (Finlay and Paranchych, 1986). Stages of a plasmid’s conjugation
cycle that can be influenced by exclusion are mating-pair formation and/or
DNA transfer (Rashtchian et al., 1983).

One possible ecological role of exclusion may be similar to that of
plasmid fertility inhibition, as a means of reducing wasteful and energy
consuming conjugations. In addition, exclusion may also serve to reduce
entry of plasmids that are likely to displace the resident element by the process

of incompatibility (Zechner et al., 1999).
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The effects of exclusion were first noticed when the viability of F
recipient cells was greatly reduced in comparison to F* recipients when mated
with an excess of Hfr donors (Alfoldi et al., 1957; Skurray and Reeves, 1973).
The phenomenon requires the production of pili by the donor and close
physical contact between the donor and recipient cells (Skurray and Reeves,
1973). This recipient killing event was named lethal zygosis which is believed
to be the result of intense mating conditions and multiple conjugation events.
Lethal zygosis is associated with membrane damage and leakage of membrane
constituents and cytoplasmic components, which presumably kill the cell
(Zechner et al., 1999). The role of exclusion in preventing lethal zygosis is
highlighted by the fact that F recipient cells are not killed when mated with an
excess of F+ donor cells. This is due to a functional exclusion system encoded
by the F plasmid (Zechner et al., 1999).

The most extensively studied exclusion systems (sfx) belong to the F-like
plasmids. Two genes, traS and traT, have been shown to provide exclusion by
two independent mechanisms. Both traS and traT are located within the
major F transfer operon between traG and traD. TraS (TraSp) is a 16.9 kDa
protein associated with the inner membrane of the donor cell and functions by
blocking DNA entry either by affecting the entry system of the donor or by
interfering with the initiation signal generated following successful mating-
pair formation (Manning et al., 1981; Finlay and Paranchych, 1986; Frost et al.,
1994; Firth et al., 1996). TraT (TraTp) is a 26 kDa lipoprotein found in
abundance in the outer membrane of the donor cell, which serves to impair
the formation of stable mating aggregates, possibly by blocking access of the F-
pilus tip to its putative receptor or by interfering with the F products TraG
and/or TraN which are required to stabilise the mating-aggregates (Manning et
al., 1981; Minkley and Willetts, 1984; Dreiseikelmann, 1994; Frost et al., 1994;
Firth et al., 1996). TraT alone is not sufficient for full expression of the

exclusion system (Rashtchian et al., 1983).
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Extensive sequence homologies exist between the exclusion genes of
plasmid F and the functionally related genes of other F-like plasmids (Finlay
and Paranchych, 1986). The exclusion genes of R100 have been shown to have
their own strong promoters which are not subject to regulation by the
transcriptional activator TraJ (Rashtchian et al., 1983). Also, downstream of
traT a termination signal can be found. However, it is believed that these
genes are only transcribed from such promoters under certain conditions that
have yet to be characterised. Otherwise, they are transcribed from the main F
Tra operon promoter (Py) and are therefore subject to control by Tra] (Ham et
al., 1989; Frost et al., 1994; Firth et al., 1996).

The first exclusion determinant studied for an I-type plasmid was that of
plasmid R144. The exclusion (exc) locus was shown to consist of two
overlapping open reading frames that encode two polypeptides, 13 kDa and 19
kDa in size (Hartskeerl et al., 1986). However, it was later found that the
smaller polypeptide was the result of translation being reinitiated in the
reading frame of the larger polypeptide. Mutagenesis of the larger polypeptide
revealed that this protein is essential for exclusion (Hartskeerl et al., 1985).
These polypeptides are now referred to as ExcA (19 kDa) and ExcB (13 kDa) and
the exclusion locus as eex.

Comparisons between the physical and genetic maps of IncIl plasmids
R144, R64 and Collb indicate that the exclusion locus of each is located at a
similar corresponding position on the plasmid (Furuya and Komano, 1994;
Rees et al., 1987). The nucleotide sequences of the eex genes of R144 and Ré64
have been determined and extensive homology exists between them
(Hartskeerl et al., 1986; Furuya and Komano, 1994). The nucleotide sequence
for the exclusion genes of Collb only recently became available when the
complete sequence of the plasmid was determined. These genes are 100%
identical to those of plasmid R144 (EMBL: AB021078).

From cell fractionation experiments the larger polypeptide (ExcA)

encoded by R144 was found bound to the inner membrane of the donor on the
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periplasmic side but can also be found in a soluble form in the cytoplasm
(Hartskeerl et al., 1985a; Hartskeerl and Hoekstra, 1985). The second
polypeptide ExcB can be found in the inner membrane. The stage of
conjugation that is inhibited by I-type exclusion is unknown, although mating-
aggregate formation is unaffected (Hartskeerl and Hoekstra, 1984).
Measurements of the amount of radio-labelled DNA transferred from a donor
carrying an I-type plasmid to an R144 excluding recipient suggest that I-type
exclusion operates by inhibiting DNA transfer rather than mating-pair

formation (Hartskeerl and Hoekstra, 1985).

1.4 Barriers to Horizontal DNA Transfer of Plasmids

Productive plasmid exchange not only requires a mode of transfer but
also establishment of the DNA in the recipient cell. Such exchange is achieved
primarily by the process of conjugation and subsequent autonomous
replication in the new host. This section focuses on barriers that may be
encountered by plasmids transferring by the process of conjugation. A barrier
can be described as any biological process, active or passive, which can limit the
level of gene exchange between organisms (Matic et al., 1996).

One barrier is the physical boundary that exists between bacteria
separated in nature into different microhabitats. Another barrier, which
operates between different species of bacteria, is referred'to as maintenance- or
host-range (Matic et al., 1996). The replication-maintenance range of a plasmid
is subject to a number of factors, which will affect the process of establishment
of the plasmid and as a consequence influence whether the plasmid persists
within a given population of bacteria (Summers, 1996).

Some of these factors include, first, the ability of the autonomous
plasmid to replicate at a rate that matches the growth and division rate of its
host cell. If the plasmid replicétes too slowly then plasmid free cells will begin

to appear in the population. If the plasmid replicates too fast its copy number
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will rise and the metabolic load imposed on its host will have detrimental
affects. The plasmid generally overcomes this difficulty by encoding a copy
number control mechanism (Summers, 1996).

Second, if the plasmid has a low copy number the requirement for an
active partitioning system is essential to ensure even distribution of plasmids
to daughter cells upon cell division. Third, the range of host replication
enzymes that can be utilised by the plasmid will influence whether the
plasmid is maintained. It should be noted that most natural plasmids
commonly employ additional mechanisms that serve to maintain their
presence within the bacterial population. One such mechanism involves a
plasmid-encoded toxin, which is neutralised by a short lived plasmid-encoded
antidote. Typically, these toxins have a long half-life. If the cell continues to
divide following the loss of the plasmid the antidote becomes insufficient to
neutralise the lethal effects of the toxin and the cell becomes exposed
(Summers, 1996). Common examples include colicin production by colicin
producing plasmids (reviewed in Luria and Suit, 1987).

The transfer range of a plasmid is generally much broader than its host
range, as shown by either the recovery of plasmid-borne transposons in
recipient cells after a round of conjugation or the use of shuttle vectors as
reporters for the transfer range of a plasmid (Wilkins, 1995). Evidently, the
potential for exchange of genetic material among a different variety of bacterial
species is enormous.

Finally, another barrier to plasmid transfer is that imposed by bacterial
restriction-modification systems. These are ubiquitous in nature and are
therefore likely to be encountered frequently by transferring DNA. R-M
systems are centrally important to this thesis and will be discussed in more

detail below.
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1.5 Bacterial Restriction-Modification Systems

R-M systems are commonly detected in bacteria found in every
ecological niche and taxonomic group (Wilson and Murray, 1991). These
systems generally consist of two enzymes with opposing intracellular
activities, able to recognise and react with short specific sequences of DNA.
The target sequences of these enzymes vary in length, continuity, and
symmetry and whether they are unique or degenerate. The restriction
endonuclease recognises its target sequence and catalyses cleavage of DNA
either within the sequence or away from it. The cognate modification enzyme
recognises the same target sequence to its endonuclease counterpart and
catalyses the addition of a methyl group to either an adenosyl or cytosyl residue
in each strand of the sequence. Methylation renders DNA refractory to
cleavage by the restriction endonuclease (Wilson and Murray, 1991).

Both strands of the target sequence are methylated. However,
hemimethylation, where only one strand of the sequence is methylated, is
usually adequate to prevent cleavage. Such a property is especially important
during replication of the bacterial chromosome where the daughter strand of
the duplex will be unmethylated (Wilson and Murray, 1991).

The phenomenon of restriction and modification was first described 50
years ago when it was observed that certain strains of bacteria could restrict the
growth of infecting bacterial viruses. However, an explanation of events at the
molecular level was not available for another 10 years (Arber and Dussoix,
1962; Bickle and Kriiger, 1993). It was these early findings which led to the
view that the biological function and ecological role of R-M systems was to
protect the host cell from invasion by foreign DNA, namely viruses. Over
recent years, the ecological role of R-M systems has come under debate. The
discovery that many bacteriophages often escape the effects of restriction,
particularly if they posses few target sites or encode antirestriction systems, has
led to a number of conflicting views as to what the biological role of these
systems are (Matic et al, 1996; See section 1.5.6).
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The classic R-M systems can be classified into one of three distinct
groups based on co-factor requirement, subunit composition of enzymes,
structure of recognition sequence and the position of cleavage by the restriction
endonuclease enzyme (Yuan and Hamilton, 1984). However, it should be
noted that several R-M systems identified do not meet these criteria for
classification. One such example includes restriction enzymes that only
recognise and cleave modified DNA (Redaschi and Bickle, 1996). It is beyond
the scope of this thesis to discuss all types of R-M systems that exist, therefore,
the reader is directed to reviews by Wilson and Murray (1991), Bickle and
Kriger (1993) and Redaschi and Bickle (1996) for further details. The classic
type I and type II R-M systems are of relevance to this thesis and therefore the

following sections will focus on these two types only.

1.5.1 Typel R-M systems

Type I R-M systems are the most complex systems discovered so far
(Redaschi and Bickle, 1996). Three subunits, R (restriction), M (modification)
and S (specificity) encoded by the genes hsdR, hsdM and hsdS, form a
multifunctional enzyme that can catalyse both cleavage and methylation. In
addition, these enzymes have also been shown to have DNA topoisomerase
activity (Yuan and Hamilton, 1984; Redaschi and Bickle, 1996). Co-factors
required by type I enzymes for activity include S-adenosylmethionine
(AdoMet), Mg”** and ATP. Although the S subunit dictates the sequence
recognised in both the methylation and restriction reactions, an enzyme can be
isolated containing only S and M subunits. This product has been found to
function as a modification methylase. The R subunit, on the other hand,
cannot function independently of either of the other two subunits (Hadi et al.,
1975; Redaschi and Bickle, 1996).

Type I enzymes recognise asymmetric bipartite sequences that include
an internal non-specific spacer of six to eight bp (Yuan and Hamilton, 1984). In

addition, parts of the recognition sequence outside the internal spacer may also
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be degenerate. The nature of the ends of the restriction fragments created by
type I enzymes are elusive, although they are resistant to 5" end phosphate
labelling by polynucleotide kinase (Endlich and Linn, 1985b). Cleavage by type
I restriction enzymes usually occurs at variable distances of 400 to 7000 bp away
from the recognition sequence (Redaschi and Bickle, 1996). Due to the nature
of cleavage reactions, detection of type I R-M systems by in vitro digestion of
DNA using bacterial cell extract is difficult. Such systems are generally detected
in vivo by a series of molecular techniques often including restriction
sensitive bacteriophages (Wilson and Murray, 1991). Other criteria used to
characterise type I R-M systems include chromosomal location of hsd genes,
enzyme subunit structure, genetic organisation, co-factor requirement, reaction
mechanism and recognition sequence (Bickle and Kruger, 1993).

Type I R-M systems were classically associated with the
Enterobacteriaceae family of bacteria as most systems discovered were
identified in strains of E. coli and species of Citrobacter, Salmonella and
Klebsiella (Redaschi and Bickle, 1996). The discovery of type I systems in
Mycoplasma pulmonis (Dybvig and Yu, 1994) and Haemophilus influenzae Rd
(Fleischmann et al., 1995) suggests that these systems might be more prevalent
in nature than original findings imply (Barcus and Murray, 1995; Chilley and
Wilkins, 1995). Unfortunately, the complex characteristics of these systems
hinder their identification. Type I systems can be organised into one of four
genetically related families based on a series of molecular approaches
involving complementation tests, DNA hybridisations, immunological tests
and DNA sequence comparisons (Daniel et al., 1988; Cowan et al., 1989). These
families include IA (K); EcoBI, EcoKl, EcoDI, StySBI, StySPI, StySQI and StyS]Ib;
IB (A), EcoAl, EcoEl and CfrAl; the plasmid-encoded IC (R124) family including
EcoR124 and EcoDXXI and finally ID; StySBLI (Bickle and Kriiger, 1993;
Titheradge et al., 1996).

The hsd genes of each family have been characterised by DNA

sequencing and DNA hybridisation studies. Homologies only exist within

22



families between either the hsdM or hsdR gene. No homology exists between
the genes of different families apart from short sequence motifs common to
DNA adenine methylases and ATP-binding proteins (Bickle and Kriger, 1993;
Redaschi and Bickle, 1996). A shared feature of all these hsd genes is that they
are arranged into two continuous transcriptional units. The hsdM and hsdS
genes form an operon, which is transcribed from the Pmod promoter and
hsdR is transcribed from its own promoter, Pres. Systems belonging to the IA
and IB families have the same gene organisation with hsdR gene proceeding
hsdM and hsdS. These genes also have the same location within the bacterial
chromosome. Most of the type IC systems are encoded by plasmids where the
gene organisation is similar to that of the ID family, hsdM and hsd$S
proceeding hsdR (Redaschi and Bickle, 1996; Titheradge et al., 1996).

The S subunit of the type I enzyme can be divided into three functional
domains; the amino terminus, which recognises the trinucleotide half of the
bipartite recognition sequence; the central domain, which recognises and
determines the number of nucleotides within the non-specific spacer; and the
carboxy terminus, which recognises the other half of the recognition sequence.
A certain degree of homology exists between the hsdS genes from different
families, particularly the region thought to be responsible for S-mediated
protein-protein interactions with M and R subunits. The hsdS gene contains
two regions of non-homology, which are believed to be responsible for specific
sequence recognition. Homology is only ever detected in these regions if the
recognition sequences of the enzymes are the same (Cowan et al., 1989;
Redaschi and Bickle, 1996)

Rearrangement of parts of the hsdS genes by recombination has been
demonstrated in the laboratory and is believed to occur in nature.
Recombinations alter the three domains of the S subunit involved in sequence
recognition, which in turn results in new sequence specificities being formed.

Such a phenomenon is believed to put type I enzymes at an advantage over
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other R-M systems as they can randomly change their sequence specificity

(Bickle and Kriiger, 1993).

1.5.2 Type I enzyme activity

Most of the following information about type I enzyme activity comes
from studies with EcoKI and EcoBIl. The type I three-component enzyme
complex can function as either an endonuclease, a DNA methylase, an ATP
hydrolase coupled to restriction or a DNA helicase (Burckhardt ef al., 1981a).
The type I enzyme devoid of any co-factors has little affinity for DNA.
However in the presence of Ado-Met the enzyme becomes activated and will
bind DNA regardless of its sequence or if it is methylated. If the recognition
sequence is present, then the enzyme forms a more stable recognition complex
that can react to three different methylation states including fully modified,
fully unmodified or hemimethylated (heteroduplex). If the recognition
sequence is fully modified, the presence of ATP leads to the dissociation of the
enzyme from the DNA (Burckhardt et al., 1981b). In contrast, if the sequence
is unmethylated then the enzyme binds to the DNA as a tightly bound
complex, a process that requires the presence of ATP (Wilson and Murray,
1991). This tightly bound complex is different from that enzyme state which
binds any sequence of DNA suggesting that a further conformational change in
the enzyme has occurred (Bickle et al., 1978). In fact, this conformational
change is due to the enzyme losing bound Ado-Met in the presence of ATP.

One hypothesis to explain why these enzymes cleave away from their
recognition sequences is that once the enzyme is bound tightly to its
unmethylated recognition sequence it translocates DNA in both directions
simultaneously. The EcoBI enzyme has only ever been shown to translocate
DNA in one direction (Endlich and Linn, 1985a). During translocation, the
enzyme remains attached to its recognition sequence and DNA is looped past
in a process requiring ATP hydrolysis. In fact, ATP hydrolysis continues after

cleavage has gone to completion, which in circular molecules is believed to be
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associated with stalled translocating enzymes, due to the topological barriers
these enzymes face if two sites are far apart and the DNA molecule has not
been cleaved by other enzymes (Bickle et al., 1978). Cleavage occurs some
distance from the recognition sequence when two similar complexes collide
(Studier and Bandyopadhyay, 1988; Wilson and Murray, 1991). Further
evidence to support this hypothesis is that when cleavage reactions are
synchronised, the sizes of resulting restriction fragments correspond to
cleavage occurring midway between two adjacent recognition sequences
(Burckhardt et al., 1981a; Burckhardt et al., 1981b; Wilson and Murray, 1991;
Redaschi and Bickle, 1996).

Finally, if the sequence is hemimethylated then ATP induces the
formation of the methylase complex using free Ado-Met as a methyl donor to
methylate the other strand. In the case of type I enzymes, the base methylated
is always an adenosyl residue. Not only does Ado-Met function as an allosteric
effector but is also the methyl donor and only co-factor required in the
methylation reaction. Once methylation is completed, the enzyme dissociates
from DNA in a process that does not require ATP hydrolysis. Interestingly, the
methyltransferases of the EcoKI enzyme are the only prokaryotic enzymes to
show a strong preference for hemimethylated DNA. Such enzymes are often
referred to as maintenance methylases as their presence ensures methylation
following DNA replication. In contrast, the EcoAl methyltransferase

methylates DNA de novo (Kelleher et al., 1991).

1.5.3 Regulation of expression of type I R-M genes

There are circumstances when regulation of restriction and
modification activities within the bacterial cell is essential. These include
either during establishment of an R-M system in a new strain or during
changes in the physiology of the cell, which might lead to undermodification
of the host genome. The latter situation is known to arise during cell

starvation (Bickle and Kriiger, 1993; Redaschi and Bickle, 1996).
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As already mentioned, the genetic organisation of the type I hsd genes is
such that hsdM and hsdS form an operon and hsdR is expressed from a
separate promoter. However, examination of specific hsdy-lacZ }operon fusions
under conditions similar to those described above showed no altered
expression patterns at the transcriptional level for these genes when
transferred to a naive cell (Prakash-Cheng et al., 1993).

Despite there being no obvious control of these hsd genes at the
transcriptional level, transmission of novel type I R-M genes is surprisingly
efficient (Suri and Bickle, 1985; Redaschi and Bickle, 1996). Such findings
suggest that during transfer of the hsd genes, the modification
methyltransferase is functional in the recipient before the restriction
endonuclease. As early as 1965, Glover and Coulson described experiments
which showed that the restriction phenotype of the EcoKI R-M system is
delayed following conjugative transfer. These experiments involved the
conjugative transfer of the EcoKI R-M genes from an E. coli K-12 Hfr donor to
an E. coli B F recipient. In other experiments, the appearance of the restriction
phenotype was delayed in the recipient for 15 generations whilst modification
was observed immediately (Prakash-Cheng and Ryu, 1993). Since there is no
evidence for transcriptional control of expression of hsdy genes, these findings
suggest that control must be at the translational or post-translational level
(Prakash-Cheng et al., 1993).

A spontaneous mutant of E. coli C has been isolated, which is sensitive
to the receipt of hsdy genes. The mutant gene responsible, hsdC, must
somehow mediate control of type I R-M systems in E. coli K-I2 (Prakash-Cheng
et al., 1993). It was postulated that the HsdC peptide might be required to
influence assembly of the EcoKI enzyme (Dryden et al., 1997). Analyses of the
pathway responsible for the assembly of EcoKI suggests that at a particular stage
the HsdR subunit may become susceptible to proteases (Dryden et al., 1997). In
a screening of strains of E. coli K-12 that are deficient in proteases, Makovets et

al. (1998) identified two possible candidates ClpX and ClpP that make up the E.
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coli ClpXP protease. At least one of these products, ClpX or ClpP is required in
the recipient for the efficient transmission of EcoKI. These results imply that
the ClpXP protease is involved in modulating restriction activity and that
delayed restriction during conjugative transfer occurs at the post-translational
level (Makovets et al., 1998).

Over recent years much emphasis has been placed on understanding the
complexities of transcriptional and translational control in the regulation of
protein availability within the cell. The roles of certain proteases in the
regulation of gene expression in both prokaryotic and eukaryotic organisms is
becoming increasingly more evident. It has long been known that proteases,
present within all cells, degrade proteins that are unstable or abnormal.
However, during regulatory proteolysis, specific proteases have the ability to
adjust and regulate the amounts of available protein within the cell by
targeting specific proteins for degradation, in particular, regulatory proteins
and key metabolites. Therefore, in addition to control at the level of
transcription and translation, regulatory proteolysis plays an essential role in
allowing the cell to respond to external stresses and developmental signals.
Cleavage by the protease renders the protein biologically inactive and may also
result in exposing the protein to further degradation by other cellular
proteases. Cells that are mutants in such initiating proteases tend to
accumulate an abundance of the target protein (Gottesman and Maurizi, 1992;
Gottesman, 1996).

Proteins susceptible to degradation by proteases generally fall into three
classes. The first class includes those proteins that are either unstable,
damaged or abnormal due to mutations within the corresponding gene.
External stresses that lead to the induction of a particular stress response
within the cell often result in the accumulation of abnormal or damaged
proteins. Therefore, it is not surprising that a large proportion of genes
induced during such stress responses encode proteases. This finding is

particularly true for the heat shock response (Gottesman, 1996).
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The second class includes proteins that are required within the cell for
limited times and are quite often involved in complex regulatory pathways.
These proteins have often been referred to in the literature as 'timing proteins’
(Gottesman, 1996).

The final class includes proteins that form part of a multi-complex
structure, where under certain conditions rapid degradation of the
uncomplexed protein may occur (Gottesman, 1996). This is believed to be the
case during assembly of the type I restriction enzyme, EcoKI (Makovets et al.,
1998). It is envisaged that under normal conditions the HsdM subunit of the
type I restriction enzyme protects the HsdR subunit from attack by proteases.
However, one idea is that during transmission of type I R-M genes, the ClpXP
protease competes with the HsdM subunit for interaction with HsdR, which
delays the production of the active endonuclease complex (Makovets et al.,
1998). The effect of a cIlpX mutation on the transmission of the EcoKI hsd
genes by conjugation is more extreme than the effect of a c[pP mutation. Such
results imply that ClpX may be involved in initially targeting the HsdR
component, which in turn makes it a substrate for further degradation by the
ClpXP protease.

ClpP can associate with two components to form a protease. These
components include either ClpA or ClpX as molecular chaperones. Both ClpA
and ClpX form the ATPase subunit of the complex, which is essential, as most
proteolytic reactions require ATP hydrolysis. When complexed with the
protease, these ATPase components regulate protein degradation by binding,
unfolding and translocating substrates into the proteolytic chamber of ClpP.
Following proteolysis, the products of the degradation reaction diffuse out of
the ClpXP or ClpAP complex (Wickner and Maurizi, 1999). The genes
responsible for ClpX and ClpP lie within the same operon, which is regulated
by a heat shock promoter. In addition to recent findings that the ClpXP
protease is involved in degrading the HsdR component of EcoKI and EcoAl

restriction endonuclease enzymes, the protease is also responsible for

28



degradation of LO protein, P1 addiction protein, Mu repressors, and RpoS,
which is a sigma factor required for gene expression during stationary phase

(Gottesman, 1996).

1.5.4 Type II R-M systems

The type II R-M systems are the least complex and have been discovered
in virtually every class of bacteria over 150 of which were isolated in E. coli and
Salmonella strains (Roberts and Macelis, 1994; Redaschi and Bickle, 1996).

Type II systems typically comprise separate restriction and modification
enzymes that act independently of each other. The only co-factors required are
Mg”" ions by the endonucleases and Ado-Met by the methyltransferases. The
ability of these enzymes either to cleave or to methylate DNA at fixed positions
within their recognition sequences has led to their exploitation in many
branches of molecular biology and to the wide screening of bacteria for new
systems. Several thousand type II R-M systems have been discovered, but only
a few have been fully characterised. It should be noted that most new
specificities discovered are duplicates of other systems and are referred to as
isoschizomers.

The recognition sequences of type II enzymes generally consist of
between four to eight specific nucleotides, quite often the sequences are
symmetric and may be continuous or interrupted (Wilson and Murray, 1991).
Most endonucleases act as homodimers where each subunit interacts with one
half of the recognition sequence and cleavage of both DNA strands is co-
ordinated. In contrast, the methyltransferases normally act as monomers,
which transfer one methyl group to one strand per DNA binding event
(Newman et al., 1981). The EcoRI endonuclease is commonly isolated as a
homodimer. Examination of the EcoRI-DNA complex indicated that the
active sites of the enzyme are placed directly against the phosphodiester bonds
that are hydrolysed during the cleavage reaction (McClarin et al., 1986).

Methylation at these sites presumably prevents such a complex forming due to
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steric hindrance. Cleavage of DNA by type Il enzymes can produce either 5 or
3" overhangs or blunt ends.

Plasmids transferring by the process of enterobacterial conjugation do so
in single-stranded DNA form. Whether type II restriction enzymes are able to
cleave single-stranded DNA is still debatable. Evidence has been reported to
suggest that some type II restriction enzymes cleave single-stranded DNA,
although whether such enzymes act on single-stranded DNA or temporary
duplex structures that form in the DNA strand is unknown (Nishigaki et al.,
1985). In addition, it has been found that EcoRI is capable of cleaving ssDNA
that is immobilised on cellulose by ligation. However, the cleavage reaction is
less efficient than that which cleaves dsDNA (Bischofberger et al., 1987).

Many type II R-M systems have been cloned and the nucleotide
sequence of the structural genes determined. Surprisingly, no homologies
exist between the amino acid sequences of cognate restriction and modification
enzymes, which suggests that they must have evolved independently of each
other (Chandrasegaran and Smith, 1988; Wilson, 1991; Redaschi and Bickle,
1996). Furthermore, it is rare for any homology to exist between restriction
endonucleases and their isoschizomers, despite the two enzymes recognising
the same target sequences (Wilson and Murray, 1991; Bickle and Kriiger, 1993).
It is envisaged that the methyltransferase enzyme evolved first, methylating
the bacterial genome, upon which the restriction endonuclease could then
invade (Bickle and Kriiger, 1993).

The endonuclease and methyltransferase of a cognate type II system
possess separate target recognition domains (TRD) and as a consequence, each
enzyme employs a different strategy for recognition of their target sequences.
Base analogue substitution experiments were able to show that each enzyme
recognises a different base in the target sequence that is common to both
enzymes (Newman et al., 1981). Such a feature of type II R-M systems probably
limits these enzymes from developing new specificities during their evolution

(Wilson and Murray, 1991).
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A subclass, classified as type II systems due to co-factor requirement
consists of those restriction enzymes that recognise and cleave at a precise
distance one-20 base pairs from their recognition sequence. These are referred
to as type IIS systems, where the S stands for shifted cleavage (Szybalski et al.,

1991).

1.5.5 Regulation of type II R-M systems

For reasons described in section 1.5.3, expression of type II restriction and
modification activities need to be regulated. Type II R-M systems vary in their
genetic organisation and their gene expression patterns. Consequently, it is
difficult to generalise; therefore, the mechanisms described can only be used as
examples, which may apply to some known systems.

One way in which type II R-M reactions can be modulated is by a passive
mechanism that relies on the restriction enzyme functioning in a multimeric
form. Most type II restriction enzymes function as homodimers and cleavage
requires the accumulation of R subunits. In contrast, most of the
corresponding methyltransferases function as monomers. Consequently, there
is a lag between the two opposing enzyme activities. This mechanism of
control can be applied to the EcoRI system (Greene et al., 1981).

Evidence that the restriction genes of some type II R-M systems can be
cloned without the corresponding modification gene suggests that E. coli is
able to repair a certain amount of DNA damage created by these enzymes. The
restriction genes that have been successfully cloned include those of PaeR7I,
Tagl, Avall, Haell, Hinfl, Pstl and Xbal. However, colonies of strains differ
from others in that they appear translucent and are susceptible to high
frequency loss of the plasmid which carries the restriction gene. In addition,
synthesis of the restriction enzyme is greatly reduced compared to that in a
modified strain (Lunnen et al., 1988; Redaschi and Bickle, 1996).

Regulation of restriction and modification activities by some type II

systems involves the product of another tightly linked ORF (Tao et al., 1991).
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The predicted amino acid sequences of these C (controller) proteins have
potential DNA binding properties such that they may function as
transcriptional repressors or activators. Mutations in the C gene of the Poull
system results in a restriction-less phenotype, which in turn can be
complemented in trans by the wild-type gene. Disruption of the C gene of
BamHI results in decreased restriction and increased methylase activity (Bickle
and Kriiger, 1993). Nine R-M systems that have been sequenced have one of
these ORFs; five share sequence homology and are able to complement each
other in trans. Such findings suggest that these C genes may have evolved as a
family independently of RM genes as no homology is found between them

(Redaschi and Bickle, 1996).

1.5.6 Ecological roles of bacterial R-M systems

Early studies with R-M systems and the finding that they are widespread
led to the model that their main ecological role was to provide bacteria with
protection against infection by bacteriophages. Such a concept is now referred
to as the ‘cellular defence’ hypothesis. There are situations in nature where
the carriage of a novel R-M system is seen as advantageous to the host cell.
One of these situations is when bacteria specifying a R-M system invade
microhabitats containing phages that can infect the strain (Korona and Levin,
1993; Bickle and Kriiger, 1993; Korona et al., 1993).

A problem with the ‘cellular defence’ hypothesis is that restriction is
not an absolute barrier to transferring DNA and that a fraction will escape
destruction and acquire methylation. Hence the R-M barrier is only transient
and consequently, the “cellular defence’ is not the only role that can be assigned
to R-M systems (Korona and Levin, 1993). A further short coming in the
‘cellular defence” hypothesis is that it does not explain restriction enzymes that
have long recognition sequences of 8 bp, which are not likely to be present in
the genomes of many bacterial viruses (Naito et al., 1995). Also, the ‘cellular

defence” hypothesis does not explain the extreme diversity and specificity of
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sequence recognition (O'Neill et al., 1997). Hence, restriction-modification is
regarded as being able to slow the rate at which DNA transmission occurs
rather than stop it (Matic et al., 1996). Bacteria probably develop more long
term protection from phage infection by spontaneous mutation of genes
encoding phage receptor sites (Korona et al., 1993).

Another potential role assigned to bacterial R-M systems is that
restriction potentiates genetic recombination in natural populations of bacteria
by cleaving entrant DNA molecules into fragments that have recombinogenic
properties (Wilson and Murray, 1991; Korona and Levin, 1993). Most DNA
fragments generated by restriction enzyme cleavage in vivo will be subject to
degradation by the RecBCD nuclease [exonuclease V] (Dixon and Kowalczyski,
1993). However, recombination is possible if these fragments contain chi sites
(x), which are short specific 8-bp sequences able to stimulate the recombination
properties of the RecBCD enzyme. Furthermore, experiments have been
conducted to show that recombination of fragments generated by restriction
can take place in the absence of RecBCD, relying completely on the
recombination pathways of either Red of phage A or RecE of the cryptic
prophage rac. However, these results are not indicative of events in nature.

Recombination during interspecific DNA transmission is unlikely as
the extent and degree of sequence divergence that exists will not only delimit
the activity of enzymes that control the initial stage of recombination, strand
separation, but recombination will also be inhibited by the mismatch-repair
system (Matic et al., 1996). Nevertheless, 0.1-1% of natural populations of E.
coli carry mutations in their mismatch-repair systems. Evidence to suggest
that restriction-modification may influence recombination in E. coli is from
the mosaic patterns observed in the nucleotide sequences of trp operons of
naturally occurring strains of Escherichia coli (ECOR-collection) (Milkman,
1997; Matic et al., 1996).

A more recent role, originally assigned to type II R-M systems, is that

these paired R-M genes act as selfish symbionts, which serve to force their
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maintenance on the host cell. Plasmids carrying type II R-M systems have
increased stability in E. coli and attempts to displace the resident plasmid by
another that does not carry the same R-M or M genes results in host cell death
(Naito et al., 1995; Kulakauskas et al., 1995). Such data are consistent with the
‘toxin-antidote’ hypothesis, where the restriction enzyme acts as the toxin and
the methylase as the antidote. Any cells that continue to divide after losing
the plasmid are unable to protect themselves from attack by remaining
restriction enzyme (Kusano et al., 1995). It is envisaged that the ability of these
plasmid-borne type II R-M systems to act as selfish symbionts probably
contributed to their evolution as gene pairs (Naito et al., 1995).

Mutations in both hsdR and hsdM genes of type I R-M systems are easily
isolated without detrimental effects on the host cell. Such findings suggest
that the “toxin-antidote’ hypothesis applied to type II R-M systems cannot be
applied to type I systems. In addition, the ability of the host cell to modulate
restriction activity by type I enzymes also suggests that this particular type of R-

M system is not selfish in nature (O'Neill et al., 1997; section 1.5.3).

1.6 Collb Leading Region Genes and their Functions

As described in section 1.3.2, conjugative transfer of a plasmid starts at
oriT by specific cleavage of the nic site by the relaxase enzyme. A unique DNA
strand is released called the T-strand, which is transferred to the recipient cell
with a 5°-3” polarity (Wilkins and Lanka, 1993). The oriT is orientated such
that the transfer genes of the plasmid enter the recipient cell last (Howland and
Wilkins, 1988). Whether delayed transfer of the Tra genes to the recipient cell
reflects the need for their continued expression in the donor cell or their
delayed expression in the recipient is unknown. However, one possible
explanation is that their delayed transfer gives priority to entry of genes that
are expressed early in the recipient and promote establishment of the plasmid

in the newly infected cell. Such genes are located within the leading region of
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the plasmid, which can be defined as the first segment of the plasmid to enter
the recipient cell during conjugation. Leading region genes that have been
identified on Collb include ssb, psiB and ardA, the functions of which are
described in the following sections.

The leading regions of plasmid F and Collb are believed to be inessential
for conjugation as disruption of known genes within this sector result in only
a slight decrease in conjugation efficiency under laboratory conditions (Loh et
al., 1989; Jones et al., 1992). The length of the Collb leading region is
unknown. However, it is estimated to extend 15 kb from the nic site of the

plasmid, although these numbers are purely arbitrary (Rees et al., 1987).

1.6.1 Single-stranded DNA-binding protein (SSB)

Single-stranded DNA-binding protein (SSB) found in E. coli is known to
play an important role in DNA replication, recombination and repair, in
particular mismatch repair (Chase et al., 1983; Golub and Low, 1986). SSB
proteins have a high affinity for single-stranded DNA and bind predominantly
in a tetrameric form with no sequence specificity (Howland et al., 1989). In
vitro studies with SSB have shown that some of the roles of the protein
include i) preventing reassociation of unwound DNA, ii) protecting ssDNA
from nucleases, iii) enhancing the processivity of DNA polymerases, iv)
stabilisation and organisation of replication origins, and v) promoting binding
of DNA polymerase to template DNA (reviewed in Meyer and Laine, 1990).
Furthermore, in the presence of SSB, the helix-coil transition temperature of
dsDNA is lowered enabling the DNA molecule to melt more easily (Williams
et al., 1983).

Collb and a number of other enterobacterial plasmids including F,
encode SSB proteins which are very closely related in their amino acid
composition to the E. coli counterpart (Chase et al., 1983; Golub and Low, 1985;
Howland et al., 1989). 19 plasmids from 12 incompatibility groups are known

to carry ssb genes that can complement defects caused by an ssb-1 mutation in
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the corresponding E. coli gene (Golub and Low, 1985; Golub and Low, 1986). In
addition, the ssb genes of these plasmids were found to share extensive
sequence homology with the ssb gene of plasmid F. These ssb genes were
found to be co-ordinately regulated with the plasmids fertility genes (Golub
and Low, 1986). Such findings suggest that the role of SSB during conjugation
is possibly to prevent drainage of the cellular counterpart during replication of
the complementary plasmid strand. However, mutations in plasmid ssb genes
have very little effect on the ability of the plasmid to form transconjugants
(Golub and Low, 1986; Howland et al., 1989).

The Collb ssb gene maps in the leading region of the plasmid 11 kb from
the oriT (see Fig. 1.1). The gene was originally isolated by its ability to rescue
the temperature and UV sensitivity of E. coli chromosomal ssb-1 mutant. In
addition, the gene has been shown to be homologous to the F ssb gene by cross-
hybridisation studies and sequence comparisons. Both share 84% sequence
similarity at the nucleotide sequence level and 83% at the predicted amino acid
level. The amino acid sequence of Collb SSB contains two signature motifs
characteristic of single-stranded DNA binding proteins. One of these
signatures is the DNA binding motif that has been characterised for the E. coli

SSB protein, which is perfectly conserved in Collb SSB (Howland et al., 1989).

1.6.2 Plasmid SOS inhibition (PsiB)

The product of the Collb psiB gene acts during conjugation to prevent
induction of the bacterial E. coli SOS response in recipient cells as a function of
its intracellular concentration (Jones et al., 1992). The SOS response is triggered
by certain conditions that either cause damage to DNA or interfere with the
process of DNA replication. Long-lived regions of single-stranded DNA that
are created during such damage or those that exist near a stalled replication
fork result in activation of RecA. Activated RecA in the presence of co-factors

such as ATP cleaves the LexA transcriptional repressor and a number of phage
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repressors, which leads to the induction of a diverse set of specialised genes
known collectively as the SOS regulon (Walker, 1987).

One possibility is that the SOS response is induced by ssDNA
transferring in conjugation or short tracts of ssDNA that are exposed when the
second strand of the plasmid is generated in the recipient during
discontinuous lagging strand DNA synthesis (see section 1.3.2). Plasmid psiB
genes, therefore, may have evolved to permit conjugative transfer in single-
stranded form without the additional complication of inducing the SOS
response and host physiology (Jones et al., 1992). The PsiB protein of IncFII
plasmid Ré6-5 has been shown to prevent induction of the SOS response by
inhibiting activation of the RecA co-protease rather than preventing
expression of genes associated with the SOS regulon (Bailone et al., 1988).

The Collb psiB gene was identified through its cross-hybridisation to the
psiB gene detected on Ré6-5 (Bagdasarian et al., 1986; Jones et al., 1992). Collb
PsiB shares 85.4% and 84.6% identity to the corresponding proteins of F and
R6-5, respectively (Jones et al.,, 1992). Through cross-hybridisation studies
conducted by Chilley and Wilkins (1995) it was found that plasmids carrying
ssb genes more often than not also carry a psiB gene. Transposon mutagenesis
of plasmid ssb genes leads to the generation of a strong Psi” phenotype, which
is presumably the result of the polar effects on transcription caused by the
antibiotic resistance gene promoter present in the Tn insertion (Dutreix et al.,
1988; Jones et al., 1992). Such findings suggest that expression and location of
both ssb and psiB are linked and that no transcriptional terminator exists

between the two (Jones et al., 1992).

1.6.3 Alleviation of restriction of DNA (ArdA)

The product of the Collb ardA gene acts as an anti-restriction protein,
which is active in alleviating restriction by three families of type I restriction
enzymes (Kotova et al., 1988; Delver et al., 1991; Read et al., 1992). The ArdA

protein alleviates restriction mediated by type I restriction enzymes, possibly by
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interfering with the functional integrity of the R-M enzyme complex. The
ArdA protein of Collb is unable to alleviate the effects of restriction mediated
by type II and type IIl enzymes (Read et al., 1992; Belogurov and Delver, 1995).
The ardA gene like ssb and psiB is also known to have a counterpart in
the leading regions of plasmids belonging to other Inc groups. Homologues
have been identified in the leading region of enterobacterial plasmids
belonging to the IncFV group, the B-I1-K set of the I complex and the IncN
group. All ardA”™ plasmids identified so far are enterobacterial plasmids, which
may be significant as type I restriction enzymes are classically associated with
members of the Enterobacteriaceae (Chilley and Wilkins, 1995). Furthermore,
these ardA genes also have the same transcriptional orientation within their
respective leading regions (Delver et al., 1991; Read et al., 1992; Belogurov et
al., 1993; Chilley and Wilkins, 1995), although Collb does not contain the
equivalent ardB antirestriction gene or the ardK and ardR regulators that are
found in the leading region of IncN plasmid pKM101 (Belogurov et al., 1993).
The ArdA protein operates specifically during conjugation to protect the
immigrant plasmid from destruction by type I restriction enzymes that might
be present in the recipient cell. The function of ArdA and its interaction with

type I restriction enzymes will be discussed further in section 1.7.

1.6.4 Zygotic induction of leading region genes

Detectable levels of expression of both ssb and psiB is only observed
when such genes are carried by plasmids that are derepressed for transfer
functions or if the cell is exposed to SOS-inducing treatment (Golub and Low,
1986; Jones et al., 1992). Such findings suggest that these genes are under the
control of the plasmid’s fertility inhibition system (Howland et al., 1989).

When Collb is derepressed for transfer functions through mutation of
the Fin system, ssb and psiB are expressed at low levels in an established strain.
Transcriptional activity of the leading region of naturally derepressed plasmid

F was also only detected at low levels, which suggests that genes contained
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within this region are only fully expressed under unique conditions (Cram et
al., 1984). During the process of conjugation, the products of these Collb genes
accumulate in a transient burst in the conjugatively infected cell. Such
enhanced expression was originally demonstrated by a technique involving
the insertion of a promoterless lacZ operon fusion into psiB and ssb on
Collbdrd. Conjugation experiments were performed using the specially
constructed Collb::lacZ plasmids and ssb or psiB gene product was quantified by
measuring the level of B-galactosidase specific activity. Shortly after initiation
of conjugation a 10-20 fold burst of expression of both ssb and psiB was
observed. Rapid expression starts within 10 minutes and begins to plateau out
at 20-30 minutes (Jones et al., 1992).

To determine whether enhanced expression of ssb and psiB occurs in
the recipient or donor cell a selective phage lysis technique was used. During a
series of conjugation experiments using either T6 bacteriophage sensitive or
resistant donor or recipient cells, it was found that accumulation of B-
galactosidase could be found only in recipient cells. Such results clearly show
that both psiB and ssb genes are induced upon entry to the recipient cell during
conjugation. It was these findings which led to the application of the term
zygotic induction (Jones et al., 1992). However, it should be noted that the
term zygotic induction was originally used to describe the induction of A
prophage during Hfr mating experiments, which resulted in lysis of F
recipient cells (Hayes, 1968).

The ardA gene has not yet been shown to be zygotically induced during
conjugation. However, indications that ardA expression is also enhanced
during conjugation comes from the findings that optimal alleviation of type I
restriction occurs during the process of conjugative transfer of Collbdrd ArdA”

as opposed to transfer by transformation (Read et al., 1992).
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1.6.5 Hypotheses for zygotic induction

The potential roles of ssb, psiB and ardA in the establishment of Collb
shortly after conjugative transfer are understood. However, one intriguing
question that remains to be answered is how are these leading region genes
regulated so that they are expressed early and transiently in the recipient cell.
Several hypotheses have been generated, some of which have been examined
experimentally (Jones et al., 1992; Roscoe, 1996). The following two lists

(1.6.5.1, 1.6.5.2) summarise these hypotheses.

1.6.5.1 Possible modes of positive regulation
i) Activation is by transfer-associated plasmid topology changes.

Expression of genes from certain types of promoter can be initiated
during changes in localised topology of DNA, such that the angle of the —-35
and -10 sites of the promoter form an optimal alignment that is recognised by
RNA polymerase (Wang and Syvanen, 1992; Roongta, 1990). During the
process of conjugation, transfer of DNA to the recipient cell is associated with
significant changes in the topology of the plasmid. However, treatment of
Collb containing cells with an inhibitor of DNA gyrase, coumermycin-Al,
which reduces the negative supercoiling density of the plasmid does not result
in any significant enhancement of ssb::lacZ or psiB::lacZ expression (Roscoe,
1996).

ii) Activation occurs when genes are transferred in single-stranded form.

There is evidence that during enterobacterial conjugation the plasmid
DNA is transferred to the recipient cell in single-stranded form (see section
1.3.2). The usual action of RNA polymerase on single-stranded DNA is the
production of primers for DNA replication. However, it is envisaged that
transcription of leading region genes might be initiated on the transferring
single plasmid-strand during conjugation.

iii) Activation is by a plasmid- or chromosomal-encoded positive regulator.
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Leading region gene expression may be controlled by a regulator that is
induced only during the process of conjugation. Subjection of E. coli to any
stimuli that alter the physiological state of the cell often result in the induction
of a co-ordinated set of genes, known collectively as a stress-response. If
conjugation induces any such responses, the regulators or gene products could
act to control leading region gene expression. In E. coli the heat shock stress
response can be induced by stimuli other than heat. However, conjugative
transfer of Collb does not stimulate this stress response as shown by its
inability to induce a heat shock reporter construct in recipient cells during a 60

minute conjugation (Roscoe, 1996).

1.6.5.2 Possible modes of negative regulation
i) Transcription is regulated by a trans-acting repressor that accumulates in
the newly infected recipient cell.

It is proposed that such a repressor inhibits transcription of leading
region genes in the newly infected cell. This hypothesis was tested by
transferring a Collb plasmid that carries a promoterless lacZ operon fusion in
psiB to a recipient cell harbouring a Collb plasmid that is defective in encoding
a functional exclusion system. However, the hypothesis was ruled out because
under such conditions zygotic induction of psiB was still observed (Roscoe,

1996).

1.7 Restriction-Avoidance Strategies Employed by Plasmids

It is known that bacteriophages have evolved a number of strategies for
avoiding the effects of restriction during their life cycles. Examples of phage
anti-restriction mechanisms include i) inhibition of restriction enzymes, ii)
virus-coded DNA modifying enzymes, iii) stimulation of host modification
functions, iv) incorporation of unusual nucleotides into phage DNA, v)
coinjection of phage restriction inhibitory head proteins with DNA, vi)

destruction of restriction endonuclease co-factors and vii) counterselection
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against restriction sites in phage (reviewed in Kriiger and Bickle, 1983 and
Bickle and Kriiger, 1993).

Plasmids that have been found to encode restriction-avoidance
mechanisms include members of the Incl and IncF group of enterobacterial
plasmids. Restriction-avoidance is not a feature common to all transferring
plasmids. For example, the IncP plasmids are extremely sensitive to
restriction. The lack of a restriction-evasion mechanism may explain why IncP
replicons are deficient in restriction enzyme recognition sites. In a similar way
to some phages, these plasmids have presumably been exposed during their
evolution to strong selection for the elimination of restriction enzyme target
sequences by mutation and selection (Wilkins et al., 1996).

Plasmid Collb is remarkably resistant to destruction by type I and type II
restriction enzymes during its transfer by conjugation, even though the
plasmid carries multiple enzyme target sites (Read et al., 1992). The resistance
of Collb to type I restriction enzyme involves a specialised plasmid-encoded
antirestriction mechanism known as ArdA (see section 1.6.3). How ArdA
specifically acts to alleviate restriction by type I enzymes is not clear. However,
it seems unlikely that the protein interacts with the recognition sites of the
enzymes as the protein is highly acidic and therefore unlikely to bind to DNA
(Delver et al., 1991). It seems more likely that ArdA interferes with the type I
enzyme complex in a way that prevents restriction activity and not
methylation (Belogurov and Delver, 1995). The ArdA protein of Collb and a
number of other plasmids share a common amino acid sequence motif also
found in the T7 0.3 anti-restriction protein. The motif is only nine amino acid
residues in length and is believed to be the interaction site for anti-restriction
proteins and restriction endonucleases (Belogurov ef al., 1993). The motif also
shares similarity with a conserved sequence known as the Argos repeat, which
is found in the DNA sequence specificity (S) polypeptide of type I enzymes.

These motifs in anti-restriction proteins might allow the protein to compete
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with the S subunit, which plays a role in the assembly of the type I enzyme
complex (Belogurov and Delver, 1995).

Collb encodes another restriction-avoidance mechanism that acts
independently of ardA. The process becomes manifest after several minutes of
conjugation and alleviates restriction by both type I and type Il enzymes during
second or subsequent rounds of transfer (Read et al., 1992). The molecular

basis of this second evasion process has yet to be elucidated.

1.8 Aims and Direction of this Study

The initial aim of my studies was to further the understanding of the
restriction-avoidance mechanisms encoded by Collb which are active against
type I and type II restriction enzymes and operates independently of ardA. The
first hypothesis tested is that transfer of multiple copies of Collb during
conjugation overwhelms the restriction system in the recipient cell by
substrate saturation (Read et al., 1992). A second hypothesis is that multiple
transfers induce a change in the physiology of the recipient cell, which in turn
leads to a transient breakdown of the restriction barrier. A third possibility is
that Collb possesses a gene that encodes an anti-restriction function active
against both classes of restriction enzyme.

An experimental priority in the testing of these hypotheses was to
establish whether Collb could confer cross-protection on a restriction-sensitive
plasmid when co-transferred together. The first two hypotheses predict
alleviation of restriction by Collb in trans. Consequently, a restriction-
sensitive plasmid that is co-transferred with Collb should acquire some
protection from destruction by restriction. For this purpose a genetic system
was developed, which relied on measuring Collb-mediated rescue of plasmid
R751 (IncPB) from destruction by EcoKI and EcoRI. One outcome of these
experiments was the discovery of a cis-acting restriction protection

phenomenon.
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An important experimental tool was the construction of a specific
mutant of Collb that was deleted of 14 bp from the nic region. The resulting
plasmid was completely defective in self-transfer by conjugation, yet proficient
in forming mating-pairs and in expressing a full complement of plasmid
proteins.  This mutant has proved invaluable in various genetic
investigations.

Also examined was the classic ArdA system. The underlying question
was whether ardA is transiently overexpressed (zygotically induced) in the
recipient cell during conjugation like other leading region genes such as psiB
and ssb. This question was addressed using the R751 system and the Collb nic
mutant to measure ArdA-mediated alleviation of restriction during different
stages of conjugation. Data obtained suggested that ardA is subject to zygotic
induction. To investigate potential regulatory mechanisms governing
enhanced expression of leading region genes during conjugation, the
nucleotide sequence of 11.7 kb of the leading region was determined in a
collaboration with Dr. Steven Bates working in our laboratory. Such an
approach was invaluable in the generation of a model of zygotic induction and
the development of the concept that plasmids carry 'early genes' expressed by

transcription of the incoming single-stranded DNA.



Chapter Two

Materials and Methods

2.1 Plasmids and Bacterial Strains

The genotypes, sources and relevant restriction-modification
phenotypes of bacterial strains and plasmids used in this work are described in
Tables 2.1.1 and 2.1.2. Bacterial strains used were all Escherichia coli K-12
derivatives. Plasmids constructed during this work are described in Table 2.1.3.
For the purpose of publication, some recombinant plasmids were assigned
alternate names to those used in this thesis. Where this has occurred, the
alternative name has been indicated in Table 2.1.3. Plasmid pHP45Q contains
an omega (Q) intersposon; this 2.0 kb fragment contains a
streptomycin/spectomycin resistance gene flanked by inverted repeats carrying
transcription and translation termination signals and polylinkers (Prentki and
Krisch, 1984).

Spontaneous naladixic acid and rifampicin variants of strains GI65,
NM654 and NMS816 are designated with the suffix N or R. All were used in
conjugation experiments and are not shown in Table 2.1.1. These resistant
strains were isolated by plating 1.0 ml of overnight culture, concentrated to 0.1
ml, onto nutrient agar plates containing either naladixic acid or rifampicin at
25 pg ml™.

Plasmids R751 and pHP45Q and bacterial strain DL307 were gifts courtesy
of Peter Thorsted, Chris Thomas and David Leach, respectively. Bacterial
strains NM654, NM816 and NM840 were kindly provided by Noreen Murray.
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Table. 2.1.1 Escherichia coli Strains

Strain Description or genotype Source or reference
DH5a F f80ALacZAM15 recAl endAl Hanahan (1983)
gyrA96 thi-1 hsdR17
(rii’ my;") supE44 rel Al
deoR A(lacZY A-argF)
u1e9
DL307 C600 recD1009 TetR Stahl et al. (1986)
(FS1585)
GI65 (C600) thr-1 leu-6 thi-1 lacY1 fhuA21 Arber and
(rer” myr”) Dussoix (1962)
JO8 (BW103) dna” leu deoB rpsL cir recAl Merryweather

NM654

NM816
NM840

W3110

C6OOAhSdRM (I‘K]- mK{)

C6OOAhSdR (rKI- mK1+)
C600 gyrA96 AhsdRM (rx; mgy)

Prototrophic (rg; my;’)

et al. (1986)
Makovets et al.
(1998)

N. Murray
Makovets et al.
(1998)

Backman, (1972)




Table. 2.1.2 Plasmids

Plasmid

Description

Source or reference

IncIl plasmids
Collbdrd1l

pLG221
pLG272
pLG292

Other plasmids
pBR328

pCRS3
pCRS4
pHP45Q

pIC19H
pJH16

pLG290
NTP14
pRR2-1
pRR4

R751

pSBCP1

IncIl derepressed for transfer
Collbdrd1 cib::Tn5 Km"

Collb ¢ib::Tn5 Km~

Collbdrdl ardA::aphA-1 Km"®

4.9 kb Ap" Cm" T

pBR328Q(Collb oriT" Sall 15.9 kb)
ApR Cm"®

pBR328Q(Collb Sall 10.1 kb)
ApR Cm"®

4.3 kb Ap®Sm~ Sp"

2.7 kb Ap®
pACYC184Q(EcoRI mg;*) Cm"®

pUC19Q(Collb ardA™ Sall-Pst] 2.7 kb)
ApR
17 kb cea* rg{ mg; ApR

pRR1Q[Collbdrdl E1 (20.4 kb) + E16
(2kb)] Ap*

pBR328Q(Collb eex™ EcoRI 3.4 kb)
ApR CmR

56 kb IncPB, Tn402/5090, Tn4321Q
(RK2 terR, terA, BglIl ~3.8 kb)
TR Tp®

pIC19HQ(Collb ssb PstI-Clal 1.1 kb)
ApR

Laboratory stock
Howland et al.
(1989)

Howland et al.
(1989)

Read et al. (1992)

Soberon et al.
(1980)
Rees et al. (1987)

Rees (1986)

Prentkl and
Krisch (1984)
Marsh et al. (1984)
Heitman et al.
(1989)

Read et al. (1992)

Smith et al.
(1976)
Roscoe (1996)

Roscoe (1996)

Thorsted et al.
(1998)

Laboratory stock




pSBCP2 pIC19HQ(Collb Clal-Pst1 1.6 kb) Ap"  Laboratory stock

pSBSP2 pIC19HQ(Collb psiB Pstl-Sall 1.6 kb)  Laboratory stock
ApR
pUC19 2.7 kb Ap® Yanisch-Perron

et al. (1985)




Table. 2.1.3 Plasmids constructed during this work

Name Description Published as
pNA1/pNAla pUC19Q(Collb oriT" nic* PstI 1.6 kb) Ap®
pNA2 pIC19HQ(Collb oriT" nic* PstI-Clal 1.1kb) ~ pLG2059
ApR
pNA3 pIC19HQ(Collb oriT" nic* Sall-EcoRI 8.0 kb)
ApR
pNA4 pNA2Anic:Sphi-Kpnl Ap®
pNAS5 pNA2Anic:KpnI-Sphl Ap®
pNA6 pIC19HQ(Collb ardA™ BgIII-Sall 6.1 kb) Ap®
pNA7 pNA2Anic::EcoRI Ap® pLG2060
pNAS pPNA7Q(Anic::omega intersposon EcoRI pLG2061
2.0 kb) Ap~Sm® Sp~
pNA9 pIC19HQ(Collb BgII-Pstl 0.62 kb) Ap®
pNA10 pIC19HQ(Collb PstI 2.0 kb) Ap®
pNA11 pLG221Anic:Q Km"® Sm®Sp® pLG2062
pNA12 pLG292A nic:Q Km® Sm® Sp® pLG2063
pNA13 pIC19HQ(Collb PstI 0.76 kb) Ap®
pNA14 NTP14Q(Q intersposon Clal 2.0 kb) (rg; mg;")
Ap® Sm® sp®
pNA1S pIC19HQ(Q intersposon Clal 2.0 kb)
Ap® Sm®sp"®
pNA16 pBR328Q(NTP14 Sall-Clal 9.7 kb) (rg mgr)
ApR Cm®
pNA17 pBR328Q(NTP14 Sall-Clal 7.3 kb) (tr; mg;")
ApR Cm®

Plasmids pL.G2059, pLG2060, pLG2061, pLG2062, pLG2063 are also described in Althorpe et al. (1999).



Table 2.1.4 Oligonucleotide primers used during this work

Primer Sequence (5°-3”) Template Reference
M13/pUC Universal CCCAGTCACGACGTTGTAAAACG M13/pUC  GIBCOBRL
Forward (1994)
M13/pUC Universal AGCGGATAACAATTTCACACAGG “ “
Reverse
Primer B " CTGCATAAGACTATGATGC pNA2 Althorpe et al.,
(1999)
Primer C GCGTATTCCTTGTCACCG “ “
Primer 5 CGGAATTCCGTTTTCAGGCCATTATAGCC “ “
Primer 6 CGGAATTCCGGCAATTGTAATACCGTCCC “ “
Lead 1 CAGCCAGGAAAGATGGCATCG pNA9 Chapter 7
Lead 2 CATCAATTGTTGTTCATATCGATGC “ &
Lead 3 GGTACATCACCTTCCAGTAGCCG pLG290 “
Lead 33 CCTTCTGCCGTCCACTTCTTCG “ “
Lead 331 GACATCGGACCGTAGCGGCAGC “ “
Lead 332 GACCGTGCAATAAAGGTGAAGG “ “
Lead 333 GGCAGGCGGCGAAAAAGTCG “ “
Lead 334 GAGGGACCGGGTGACCGCAGC “ “
Lead 335 GATATCGCGGTCGTGCTCTGC “ “
Lead 4 GCGTAAATCCGTCGCACAGACG “ “
Lead 44 CTCCGCTTTTACCCGGCCATGC “ “
Lead 43 CCACTGAAAGCACTGAAGAGGTGC “ “
Lead 432 CGCTCTATTTTGACTATGAGG “ “
Lead 443 CATCGCCGAAGCCTGGTTTGACC “ “
Lead 433 GGACAGCTGCCCCGTGACGTGG “ “
Lead 431 CGACAGGCAGCTGCTGGCGCACC “ “
Lead 434 GTCTCTACCCTCCAACTCCC “ “
Lead 5 GGAACTGCATCTTCCTGCGG pNA13 “
Lead 55 CCGCTGGTTGATATCACTGTCG “ “
Lead 6 CGTATAAACATAACCATCTTCACCC “ “
Lead 66 CTTCTGCTCACTGCAGGTCGACG “ “
Lead 7 GCACAAATCTGTCAAGCTGACC pNA10 “
Lead 77 CGTGCCATGTTCTCTGTGTCACG “ “
Lead 771 GTAAGGCCACTGCGCCTGATGG “ “
Lead 772 CAATGTGATGAATCAGACTTTACC “ “
Lead 8 CGTATCCGTCATCAGGCGGACC “ “
Lead 88 GTTTTGTGGCTGGTACATCTCTCC “ “
Lead 881 CTTTTTCAAAGGTGTTTTATGACC “ “

Lead 882

GCATTTTGCCGGGCCTTTTGG

"




2.2 Media and Chemicals
221 Media

Unless otherwise stated, bacterial strains were routinely grown in
nutrient broth (NB) and on nutrient agar (NA) plates. Suspensions of bacterial
strains were made in phosphate buffer (PB). Bacteriophage A was always
resuspended and diluted in A buffer (AB). For long term storage of strains,
overnight cultures of bacteria were streaked onto NA plates supplemented
with the appropriate antibacterial agent and incubated at 37°C for 12 hours.
Frozen stocks were made by resuspending the bacteria in NB + 20% glycerol,
which were then stored in vials at —20°C. Frozen cultures made in this way
have a shelf-life of ~10 years. All media and chemicals were resuspended in

distilled water unless indicated otherwise.

Nutrient agar (NA)

Oxoid No.2 nutrient broth 25¢1"
Bio-gene agar 16gl’
Luria agar (LA)
Oxoid tryptone 10g1"
Oxoid yeast extract 5glt
NaCl 5¢1"
Bio-gene agar 15g1*
Phosphate buffer (PB)
KH,PO, 3g 1!
NaHPO, 7gl’
NaCl 4g1?
MgS0,.7H,0 01gl’
pH7.0
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A buffer (AB)

Tris-HC1 0.06 M
MgS0,.7H,0 25¢g1"
Gelatin 0.05g1"
pH7.2
Soft nutrient agar (SNA)
BBL trypticase 10g1"
NaCl 5¢gl"
Bio-gene agar 6.5g1"
Bottom layer agar (BLA)
BBL trypticase 10gl?
NaCl 5g1"
Bio-gene agar 10gl1?
Minimal media (MM)
Minimal salts* 100 ml 1
20% glucose 50 ml 1"
0.1% Thiamine HCI 1mll"
Ca-Mg salts** 10 m1 I
Bio-gene agar 162gl"

*Minimal salts:

Na,HPO, (anhydrous) 79 g 1", KH,PO, (anhydrous) 30 g I, NaCl 5 g I, NH,Cl

10g 1

** Ca-Mg salts:

CaCl,, 1.47 g I (0.01M), MgS0,.7H0 4.6 g 17 (0.1M).

Thiamine HCl was prepared in distilled water, filter sterilised and stored at 4°C.
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2.2.2 Antibacterial agents

Unless otherwise stated, antibacterial agents were added to media at the
following concentrations: ampicillin (Ap), 100 pug ml™; chloramphenicol (Cm),
25 ug ml?; kanamycin (Km), 25 pg ml'; naladixic acid (Nal), 25 pg ml”;
rifampicin (Rif), 25 pg ml’; streptomycin (Sm), 50 ug ml; spectomycin (Sp), 50
ug ml™ and tetracycline (Tc), 7.5 ug ml™.

Chemicals used for a-complementation tests (blue and white colony
selection) were added to LA Ap plates at the following concentrations; X-gal, 40
wg ml™ and IPTG, 0.1 mM ml™ (Sambrook et al., 1989). Stock solutions of X-gal

were always made up in dimethylformamide.

2.2.3 11.1 x PCR buffer

Tris-HCI pH 8.8 476 mM ml
(NH4)2504 121.9 mM ml™”
MgCl, 49 mM ml™”
2-mercaptoethanol (100%) 5ul ml™
EDTA pH 8.0 50 uM ml™”
dATP 11.1 mM ml”
dCTP 11.1 mM ml™
dGTP 11.1 mM ml™”
dTTP 11.1 mM ml™
BSA (DNAse free) 1.25 ug ml’

2.3 Phenotypic Characterisation of Bacterial Strains
2.3.1 Colicin production

Strains to be tested for colicin production were grown overnight in NB.
One ul of culture was spotted onto a NA plate which was incubated for a
further 12 hours at 37°C. The bacteria were then killed by exposure to
chloroform vapour for 10 minutes, allowing another 15 minutes for

evaporation of the vapour. The plate was overlaid with 3.5 ml of SNA
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containing 0.1 ml of a 1:20 dilution of an overnight culture of colicin sensitive
cells. After 5 hours incubation at 37°C, colicin-producing strains were indicated

by a clear zone of killing of the indicator strain around the test strain.

2.3.2 recA mutants

To test strains for the carriage of a recA mutation, the bacteria were
streaked onto NA plates and treated with a series of timed exposures to
shortwave UV light (0.5] sec’ m'z). The growth of the test strain that had been
irradiated for 0, 10, 15, 30 and 60 seconds was compared to that of a wild type
strain, GI65 and a recA strain, JO8. RecA mutants have increased sensitivity to

UV irradiation.

2.3.3 recD mutants

The RecD phenotype of DL307 was tested using the bacteriophage
AMM5885(y° Red” Gam’) and AMMS5659(y " Red” Gam’) supplied as gifts from
David Leach. The screen relies on the ability of both the x° and " phage to
form indistinguishable large plaques on recD strains whilst on rec” strains, the

x° phage form small plaques and the x* phage large plaques (Russel ef al., 1989)

2.3.4 Sensitivity to bacteriophage

Bacterial strains were routinely tested for their ability to restrict a
virulent strain of bacteriophage A. Overnight cultures of strains to be tested
were diluted in NB and 10 mM MgSOy to an A4y absorbance value of 0.05. The
bacteria were then grown at 37°C with vigorous shaking to an Ay of 0.5 (mid-
exponential phase). The bacteria were resuspended in 3 ml of SNA (~2 x 10°
cells) and used to overlay a BLA plate. Avir.0, propagated on NM654, Avir.K on
GI65 and Avir.RI on GI65(NTP14) were used, depending on the restriction
phenotype of the strain being tested. The phage were diluted in AB and 10 ul
spotted onto the top layer of the BLA plate. The phage suspension was allowed

to adsorb into the agar for 20 minutes and the plate then incubated at 37°C,
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overnight. Comparison of the efficiency of plating (e.o.p) of the phage on the
test strain to that of a control strain allowed the restriction phenotype to be

determined.

2.4 Strain Manipulations
2.4.1 Bacterial conjugation

Overnight cultures were diluted in NB to an Aggg of 0.05 using a Bausch
and Lomb 501 spectrophotometer and grown with vigorous shaking at 37°C to
an Agg of 0.5 (2 x 10® cells ml'l). Conjugation mixtures contained equal
volumes of donor and recipient bacteria. All interrupted filter matings
involved filtering 0.5 ml of mating mixture onto a 25 mm cellulose acetate
filter (Whatman®, pore size 0.45 um) for each time point, which was then
placed on the surface of a prewarmed nutrient agar plate for the conjugation
period. Bacteria were released from each filter by vigorous blending in 5 ml
phosphate buffer. The titre of the transconjugants were determined by serial
dilution and 100 pl samples spread onto nutrient agar plates containing the
appropriate antibacterial agent for selection. For liquid matings equal amounts
of donor and recipients were added to a 200 ml conical flask and incubated at
37°C in a water bath with gentle rotation (49 rpm). A 0.3 ml sample was
recovered and added to 2.7 ml of PB in a glass tube. The tube was agitated
violently in a blender for 10 seconds to terminate conjugation. Again, the
titres of transconjugants were determined in the same way as for filter

matings.

2.4.2 Transformation of bacterial strains

The method used to transform bacterial cells with DNA was by a
chemical method based on that of Cohen et al. (1972).

Competent cells were made by diluting overnight cultures of bacteria in
NB to an Agy of 0.05 and grown with vigorous shaking at 37°C to an Agoo value

of 0.5 (mid-exponential phase). The cells were pelleted at 4°C in an MSE
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Microcentaur and then washed twice by centrifugation in 5 ml of ice cold 0.1 M
CaCl,. The pellet was finally resuspended in 1 ml of 0.1 M CaCl, giving a
concentration of approximately 2 x 10° cells ml’. Competent cells made this
way can be stored for up to 24 hours at 4°C.

1-5 pg of DNA was added to 250 pl of competent cells in a sterile
Eppendorf tube. Incubation of the cells for 1 hour on ice was followed by a 4
minute heat-shock at 42°C. The cells were then returned to ice for a further 2
minutes before being transferred to 5 ml of prewarmed NB. After 1 hour
incubation at 37°C with vigorous shaking the cells were pelleted, resuspended
in PB, and diluted to give single colonies when samples were spread onto

selective NA plates.

2.4.3 Bacteriophage propagation

The bacteriophage to be propagated was plated on the appropriate
bacterial strain at a titre that formed a number of plaques after overnight
growth. The SNA overlay was scraped from the BLA plate and transferred to a
Sorvall centrifuge tube. Addition of 1.5 ml AB and 0.5 ml of chloroform to the
tube was followed by the mix being thoroughly mashed with a sterile spatula.
The tube was allowed to stand for 30 minutes at 37°C before being centrifuged
at 8000 g in a Sorvall S5-34 fixed angle rotor for 5 minutes. The supernatant
was removed to a sterile test-tube containing 0.1 ml of chloroform, vortexed,
then incubated for a further 15-20 minutes at 37°C. The aqueous layer was

removed to a screw cap tube and the phage suspension stored at 4°C.

244 Transposon insertion mutagenesis
Tn5 mutants were obtained in Escherichia coli strain W3110 (Winans

and Walker, 1983).
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2.5 DNA Manipulations
2.5.1 Small scale plasmid DNA isolation

For isolation of high quality DNA samples for use in sensitive
applications such as DNA sequencing, cloning or PCR, a QIAprep spin minikit
(Qiagen) was used according to the manufacturers instructions.

For standard small scale preparations of plasmid DNA an alkaline lysis
method based on that of Birmboim and Doly (1979) was used.

1.5 ml of an overnight culture of plasmid containing cells, grown with
appropriate antibiotic selection, were centrifuged at 13,000 g for 3 minutes in a
MSE Microcentaur. The pellet was resuspended in 100 ul of lysis buffer (25
mM Tris-HCl, pH 8.0; 10 mM EDTA, 50 mM sucrose) and incubated on ice for 5
minutes. Addition of 200 ul of alkaline SDS (0.2 M NaOH; 1 % Sodium
dodecyl sulphate) to the cells was followed by gentle mixing and 5 minutes
incubation on ice. 150 ul of 5 M potassium acetate (pH 4.8) was then added to
the tube, the contents mixed carefully before a final 5 minute incubation
period on ice.

The lysate was centrifuged for 10 minutes to remove the cell debris and
the supernatant transferred to a clean Eppendorf tube containing 400 pul of a
phenol/chloroform mixture [50% phenol, 48% chloroform, 2% isoamyl
alcohol] (Sambrook et al., 1989). After mixing, the tube was centrifuged for 3
minutes, the upper phase was removed and transferred to an equal volume of
iso-propanol. The mixture was incubated on ice for 15 minutes and then
centrifuged for 30 minutes to pellet the DNA. The supernatant was discarded
and 500 pl of 70 % ethanol was added to wash the pellet. The tube was
centrifuged for 5 minutes and the pellet air dried before being resuspended in
20 pl distilled water. The concentrations of DNA isolated by this method were
estimated by electrophoresis on an agarose gel along side a control DNA
sample of known concentration. RNA was removed from DNA samples by

incubating at 37°C for 1 hour in the presence of RNAseA (0.25 ug).
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2.5.2 Large scale plasmid DNA isolation
All large scale preparations of plasmid DNA were carried out using

Qiagen mini kits according to the instructions.

2.5.3 Analysis of the concentration and purity of DNA samples

DNA vyields and purity were determined from the Ajqy/ Ay values
measured in a Hitachi U-2000 spectrophotometer. DNA concentrations were
calculated where: ~50 pug ml” of double-stranded DNA, ~ 40 pg ml™ of single-
stranded DNA or RNA and ~20 pg ml” of single-stranded oligonucleotide
have an Ay value of 1. The purity of DNA samples was confirmed by the
Aqgo/ Aqgo values of the sample having a ratio of 1.8 to 2.0 (Sambrook et al.,

1989).

2.54 Restriction enzyme analysis of DNA

Restriction endonuclease enzymes, supplied by GIBCOBRL, were
routinely used to analyse DNA. Conditions and reaction buffers used in
digests were as recommended by the manufacturers. Reactions were generally
carried out in a total reaction volume of 20 ul consisting of restriction enzyme,
1 x reaction buffer, ~1 ug of DNA and if necessary 0.25 ug of RN AseA.

Samples, to be analysed by gel electrophoresis, were mixed with 2/10
loading dye (5 mM Tris-HCl (pH 7.5), 100 mg ml” glycerol, 0.01 mg ml™
bromophenol blue). Restriction fragments were separated on 0.6-1.0% (w/v)
Seakem HGT agarose (FMC Corp.) horizontal gels in TAE buffer (40 mM Tris-
acetate (pH 7.4), 1 mM EDTA) containing ethidium bromide (10 ug ml™?), at 20-
100 volts for 2-8 hours. DNA fragments were visualised on a short
wavelength UV transilluminator and photographed using either a Polaroid
MP4 land camera with 15 seconds exposure or a UV visual analyser (Sony

imagestore 5000, version 7.2). The sizes of the DNA fragments were
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determined by comparisons with AHind III molecular weight markers (23.13,

9.4, 6.56, 4.36,2.32,2.03,0.56 kb).

2.5.5 Isolation of DNA restriction fragments

All DNA bands were cut with a scalpel from a 0.8% Seakem HGT
agarose gel (FMC Corp.) and transferred to an Eppendorf tube. Purification of
the DNA fragments from the agarose was achieved using a QIAEX II Gel
extraction kit (Qiagen) according to the manufacturers instructions. The yield

and purity of DNA isolated was calculated as described in section 2.5.3.

2.5.6 Dephosphorylation of DNA fragments

To prevent re-ligation of single-stranded 5 protruding ends created by
some restriction enzymes, the 5° phosphate residues of the DNA were
removed by treatment with calf intestinal alkaline phosphatase (CIAP-
Pharmacia Biotech Ltd.) according to the manufacturers instructions.
Removal of the CIAP enzyme was by phenol : chloroform extraction and

isolation of the DNA was by ethanol precipitation.

2.5.7 Ligation of DNA fragments

Vector and plasmid DNA to be ligated were digested with the
appropriate restriction enzymes. The corresponding DNA fragments from the
digestion were isolated from an agarose gel after separation by gel
electrophoresis (section 2.5.5). Ligations were carried out in a total reaction
volume of 20 pl including 5 units of T4 DNA ligase and T4 ligation buffer
(GIBCOBRL). The concentration of vector: insert DNA was adjusted so that a
ratio of 1 to 3 was achieved. The ligation reaction was incubated overnight at
room temperature. For blunt-end ligations the same conditions were used
except the units of T4 DNA ligase enzyme was increased to 25 per reaction and

the vector: insert DNA ratio was changed to 1 to 8.
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2.5.8 Primers

Oligonucleotide primers were made by the PNACL facility, University of
Leicester, using an Applied Biosystems 394-8 synthesiser. Primers arrived in a
35% ammonia solution and were precipitated on ice for 2 hours in 1 volume
of 3 M NH,C,H30; (pH 7.0) and 3 volumes of ethanol. The primers were
pelleted by centrifugation in a MSE Microcentaur for 30 minutes and washed
in 70 % ethanol, dried and dissolved in distilled HyO. The concentrations of
single-stranded oligonucleotide were calculated as described in section 2.5.3.
The number of pico moles of primer were calculated and in general 20 pmol
ml™" of primer used in PCR reactions and 3.2 pmol ml?’ used in DNA

sequencing reactions.

2.5.9 DNA sequencing reactions

All DNA sequencing reactions were carried out using the ABI PRISM™
Dye Terminator cycle sequencing ready reaction kit according to the
manufacturers instructions. Samples were analysed by the PNACL facility,
Leicester University, on a PE-ABI 377 automated DNA sequencer. Sequence
data obtained was then analysed using the abi (Applied Biosystems Inc.)
sequence analysis program “FACTURA"”, version 1.2.

Further analysis of the sequence data was carried out using the Genetics
Computer Group (GCG) Wisconsin Package Suite of programs (version 9.1).
FASTA (Pearson and Lipman, 1988) and BLAST (Altschul et al., 1990) searches
were carried out through the European Bioinformatics Institute site on the

World Wide Web (http://www.ebi.ac.uk).

2.6 Standard and inverse PCR
Primers used for PCR reactions are as described in section 2.5.8. All PCR-

amplifications were carried out in a total reaction volume of 50 ul containing,
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5 ul of 11.1 x PCR buffer; 50 ng of template DNA; 20 pmol m1™ of each primer
and 5 units of Tag DNA polymerase (Advanced Biotechnologies Ltd.) or when
the PCR product was to be used in further applications, 5 units of the proof-
reading polymerase BIO X-Act™ (Bioline (UK) Ltd) was used. All reactions
were carried out in a hybaid omnigene PCR machine. Example programs
include: 959C-30 sec (Hot start), 1 cycle; 95°C-45 sec, 49-60°C-30 secs, 72°C -1 min
/ kb amplified, 20-35 cycles; 72°C — 1 min / 1 kb, 1 cycle.

2.6.1 Optimisation of the inverse-PCR protocol for amplification of template
pNA2 using primer 5 and primer 6

The first step involved establishing the optimal temperature at which
primer 5 and primer 6 anneal to template pNA2. Two sets of 25 cycle PCR-
amplifications were set up involving reactions with primer 5 and universal
forward (UF) and with primer 6 and universal reverse (UR). The annealing
sites for each of these primers are indicated on the genetic map of pNA2
presented in Fig. 4.3 (A). A range of annealing temperatures (49-56°C) were
tested and the resulting DNA fragments produced in each reaction examined
by agarose gel electrophoresis. High annealing temperatures reduce the
amount of non-specific binding of primers to their template which in turn
increases the amount of specific DNA product yielded (Saiki, 1989). Primer 5
and primer 6 were inferred to have an optimal annealing temperature of 53°C
as only the desired DNA product was detected in each reaction at this
temperature (Fig. 4.3, B lane numbers 3 and 4).

Further optimisation of the PCR protocol involved examining the time
required for both primer 5 and primer 6 to be fully extended by the Tag
polymerase enzyme and result in the amplification of the 3.8 kb pNA2
template. It is generally accepted that one minute is the maximum time
required for Tag polymerase to extend 1 kb of DNA (Saiki, 1989). Based on this
principle, a 35 cycle PCR-amplification of pNA2 was set up with primer 5 and
primer 6, allowing 4 minutes extension time. The extension product produced
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by this reaction was analysed by agarose gel electrophoresis, the result of which
is presented in Fig. 4.3 (B), lane number 5. These findings indicate that 4

minutes is adequate time for the amplification of 3.8 kb of DNA.

57



Chapter Three

Genetic Analysis of a Plasmid-Mediated Restriction Evasion

Mechanism

3.1 Introduction

This chapter describes a series of genetic experiments aimed at analysing
the mechanism employed by Collbdrd during conjugation, which enables the
plasmid to avoid destruction by two different classes of restriction enzyme.

Collbdrd is remarkably resistant to destruction by type I and type II
restriction enzymes during its transfer by conjugation, even though the
plasmid carries multiple restriction enzyme target sites [~7 EcoKI sites; 20 EcoRI
sites] (Read et al., 1992; Wilkins et al., 1996). Such resistance is not a feature
common to all transferring plasmids. For example, IncP plasmids are
extremely sensitive to these enzymes during their transfer, despite a distinct
lack of restriction enzyme recognition sites in the IncP replicon [R751: 12 EcoKI
sites; 5 EcoRI sites] (R751 EMBL accession number U67194). Collb’s resistance to
type I enzymes involves a specialised plasmid encoded anti-restriction
mechanism known as ArdA. This system is incapable of alleviating restriction
by type II enzymes (Delver et al., 1991; Read et al., 1992). Interestingly, after the
ardA gene has been insertionally inactivated, Collbdrd still displays marked
resistance to type I and type II restriction enzymes during its transfer (Read et
al., 1992). Evidence suggesting a second ardA-independent restriction evasion
process encoded by Collb has been provided by Read et al. (1992). This process
becomes manifest after several minutes of conjugation and alleviates
restriction of Collbdrd by type I and type II enzymes during second or
subsequent rounds of transfer. The molecular basis of this second evasion

process has yet to be elucidated.
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One hypothesis proposed by Read et al. (1992) to explain this second
restriction-avoidance system of Collbdrd is that transfer of multiple copies of
the plasmid may overwhelm the restriction enzymes in the recipient cell by
substrate saturation. A second hypothesis is that multiple transfers of Collbdrd
induce a change in the physiology of the recipient cell, which in turn leads to a
transient breakdown of the restriction barrier. Another possibility is that
Collbdrd possesses a gene(s) that encodes an anti-restriction function active
against both classes of restriction enzyme. In all cases, the expected phenotype
would be alleviation of restriction allowing the next round of plasmid transfer
to be successful.

Four independent yet related conjugation experiments are described in
this chapter, which are all based on examining whether plasmid Collbdrd can
confer cross-protection on IncPP plasmid R751 from destruction by type I and
type II restriction enzymes. To demonstrate the relative resistance of Collbdrd
to these enzymes during conjugation the first experiment involved a re-
examination of the effects of type I and type II restriction on the transmission
of plasmids R751 and Collbdrd. The second experiment analysed the effect of
co-transferring R751 with Collbdrd from the same donor strain to a restricting
recipient. Third, the effect of transferring unmodified R751 DNA to a
restricting recipient harbouring Collbdrd was explored. Finally, Collb wild type
and the cloned Collb exclusion genes (eex) were utilised to investigate whether
expression of the plasmids restriction-evasion mechanism is triggered by the

act of Collb transfer.

3.2 Results and Discussion
3.2.1 Effects of restriction on the conjugative transmission of plasmids R751
and Collbdrd

To demonstrate that Collbdrd encodes an ardA-independent restriction
evasion mechanism, the effects of restriction on the conjugative transmission

of unmodified R751 and Collbdrd were examined. The standard experiment
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involved an interrupted mating of a donor strain harbouring R751 or Collbdrd
and a restricting recipient strain. All conjugations were done on filters as
plasmid R751 specifies only a surface obligatory mating system. The effects of
restriction on the transmission of each plasmid was monitored by comparing
the number of R751 or Collbdrd transconjugants produced in the restricting
recipients to those produced in the non-restricting counterpart. To simplify
the genetic selections, a rifampicin-resistant (RifR) donor strain and a naladixic
acid-resistant (N alR) recipient strain were used. One advantage of using a Nal®
recipient strain is that naladixic acid inhibits conjugative DNA transfer by
sensitive donor cells. Therefore, any additional conjugations that might occur
on the surface of the NA plates are prevented by the addition of Nal.

The donors and recipients used in each mating experiment are described
within the figure legends. The R751 plasmid used carries two selectable
antibiotic resistance genes one of which confers resistance to tetracycline (TCR),
the other trimethoprin (TpR). Collbdrd plasmids used were pLG221 and
pLG292 both of which confer resistance to kanamycin (KmR) through the
carriage of a Tn5 insertion in the cib (colicin Ib) locus of pLG221 and a non-
transposable Tn903 aphA-1 insertion in the ardA gene of pLG292 (Rees et al.,
1987; Read et al., 1992).

The two R-M systems chosen for study were EcoKI and EcoRI as
examples of type I and type II systems, respectively. The type I system is
encoded by the E. coli K-12 chromosome and the type II system is encoded by
the natural ColEl-like plasmid NTP14 (Arber and Dussoix, 1962; Smith et al.,
1976). Both these R-M systems were originally isolated in strains of Escherichia
coli and are therefore presumed to be native to the Enterobacteriaceae family.
Therefore, any plasmid whose transfer range overlaps this family of bacteria is
likely to encounter these R-M systems frequently.

The results of the mating experiments are presented in Fig. 3.1 and Fig.
3.2. It is noted that data in Fig. 3.2 (A and B) were obtained by repeating part of
the work described by Read et al. (1992), with the exception that the
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Fig. 3.1. Kinetics of transmission of unmodified R751 to recipient cells
specifying EcoRI or EcoKI.

(A) R751 transconjugants from conjugations of GI65R(R751) donor cells and
either recipients GI65N (O, control) or EcoRI restricting recipients
GI65N(NTP14) (®). (B) R751 transconjugants from conjugations of
NM654R(R751) donor cells and either recipient cells NM816N (0, control) or
EcoKI restricting recipients GI65N (M). Transconjugants were selected on NA
plates containing Nal and Tec. Data are the mean values from three

experiments.



Fig. 3.1

EcoRI

! T
o <

Tw 12d syueSnfuoosuen 01807

20 30 40

Time (min)

10

EcoK1

T T
o <

[w 1ad sjue8nfuoosuen; 0180

20 30 40

Time (min)

10



Fig. 3.2. Kinetics of transmission of unmodified pLG221 (Ard*) and pLG292
(Ard") to recipient cells specifying EcoRI or EcoKI.

(A) pLG221 transconjugants from conjugations of GI65R(pLG221) donor cells
and either recipient cells GI65N (Q, control) or EcoRI restricting recipient
GI65N(NTP14) (@). (B) pLG221 transconjugants from NM654R(pLG221) donor
cells and either recipient cells NM816N (Q, control) or EcoKI restricting
recipient GI65N (®). pLG292 transconjugants from NM654R(pLG292) donor
cells and either recipient cells NM816N(O, control) or EcoKI restricting
recipieht GI65N (). Transconjugants were selected on NA plates containing

Nal and Km. Data are the mean values of three expermients
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conjugations were performed on the surface of filters rather than in liquid. In
addition, Wilkins et al. (1996) has described the effects of type II restriction
(EcoRI) on the transmission of R751. However, the data presented in Fig. 3.1
(A) are more comprehensive as they describe the effects of type II restriction on
R751 transmission at intervals over a 40 minute period.

Transmission of R751 was considerably more sensitive to restriction
than Collbdrd. After 40 minutes, transmission of R751 was reduced 10,000-fold
by EcoRI restricting recipients and 100-fold by EcoKI restricting recipients (Fig.
3.1 A and B). In contrast, productive transfer of pLG221 to the EcoRI restricting
recipient surged after an initial delay with only a 10-fold reduction in the
number of pLG221 transconjugants formed by 40 minutes (Fig. 3.2 A).
Interestingly, a similar result was achieved for the transmission of the
Collbdrd ardA mutant (pLG292) to the EcoKI restricting recipient (Fig. 3.2 B).
This phenomenon was originally reported by Read et al. (1992).

EcoKI restriction had very little effect on the transmission of pLG221
(Fig. 3.2 B), with transconjugant yields reaching the same value as those
produced in the non-restricting recipients after 40 minutes. This EcoKI
resistance of pLG221 can largely be attributed to the ardA gene present on the
plasmid (Read et al., 1992).

Results in Fig. 3.1 and Fig. 3.2 confirm the findings of Wilkins et al.
(1996) and Read et al. (1992), respectively. Taking into consideration the
number of restriction enzyme target sites that Collbdrd and R751 carry (section
3.1) and the effect that restriction has on each plasmids’ transmission, it is clear

that Collbdrd encodes an ardA-independent restriction evasion mechanism.

3.2.2 Effects of co-transferring R751 with Collbdrd to a restricting recipient

The events that lead to the alleviation of type I and type II restriction
after multiple transfers of Collbdrd are unknown. The three hypotheses
described in section 3.1 predict that restriction in the recipient will be alleviated

in trans. This notion was investigated by testing whether Collbdrd could
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Fig. 3.3. Co-transfer of plasmids R751 and pLG221 to recipient cells specifying
EcoRIL |

(A) Yield of NalR, TcR R751 transconjugants from conjugations of GI65R(R751)
donors and either recipients GI65N (O, control) or EcoRI restricting recipients
GI65N(NTP14) (@), GI65R(R751, pLG221) donors and recipients GI65N(NTP14)
(m). (B) Yield of NalR, KmR (pLG221) transconjugants from GI65R(R751,
pLG221) donors and either recipients GI65N (A, control) or GI6SN(NTP14) (A).
(C) Yield of NalR, TcR, KmR (R751, pLG221) transconjugants form GI65R(R751,
pLG221) donors and either recipients GI65N (V, control) or GI65N(NTP14) (V).
Transconjugants were selected on NA plates containing Nal, Tc, Km. Data are

the mean values of three experiments.



Logj( transconjugants per ml

R751 pLG221 R751 and pLG221
8
C
6 -
4 -
L 1 1 2 7 I |
0 10 20 30 40 0 10 20 30 40 0 10 20 30

Time (min)



Fig. 3.4. Co-transfer of R751 and pLG292 (Ard") to a recipient specifying EcoKI.

(A) Yield of NalR, TcR (R751) transconjugants from conjugations of
NM654R(R751) donors and either recipients NM816N (O, control) or EcoKI
restricting recipients GI65N (@), NM654R(R751, pLG292) donors and recipients
GI65N (m). (B) Yield of NalR, KmR (pLG292) transconjugants from
NM654R(R751, pLG292) donors and either recipients NM816N (A, control) or
GI65N (A). (C) Yield of NalR, TcR, KmR (R751, pLG292) transconjugants from
NM654R(R751, pLG292) donors and either recipients NM816N (V, control) or
GI65N (Y). Transconjugants were selected on NA plates containing Nal, Tc,

Km. Data are the mean value of three experiments.
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Fig. 3.5. Co-transfer of R751 and pLG221 (Ard*) to a recipient specifying EcoKI.

(A) Yield of NalR, TcR (R751) transconjugants from conjugations of
NM654R(R751) donors and either recipients NM816N (Q, control) or EcoKI
restricting recipients GI65N (@), NM654R(R751, pLG221) donors and recipients
GI65N (m). (B) Yield of NalR, KmR (pLG221) transconjugants from
NM654R(R751, pLG221) donors and either recipients NM816N (A, control) or
GI65N (A). (C) Yield of NalR, TcR, KmR (R751, pLG221) transconjugants from
NM654R(R751, pLG221) donors and either recipients NM816N (V, control) or
GI65N (V). Transconjugants were selected on NA plates containing Nal, Tc,

Km. Data are the mean values of three experiments.
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confer protection on restriction-sensitive plasmid R751 when the two plasmids
are co-transferred together to a restricting recipient.

The standard experiment involved mating a donor strain harbouring
both R751 and Collbdrd (pLG221 or pLG292) with either an EcoRI or EcoKI
restricting recipient. Restriction in the recipient strains was monitored
throughout each mating by examining the number of R751 transconjugants
formed. Any alleviation of restriction by transferring Collbdrd would be
indicated by an increase in the number of R751 transconjugants produced
compared to those formed when R751 is transferred independently of
Collbdrd. The numbers of Collbdrd transconjugants and R751/Collbdrd
transconjugants formed throughout the experiments were also measured.
Such results were indicative of the efficiency of the mating and the activity of
the Collbdrd-mediated restriction evasion mechanism.

The results of these experiments are presented in Figures 3.3, 3.4 and
3.5. Figure 3.3 (A) shows that when R751 is co-transferred with pLG221 to an
EcoRI restricting recipient the number of R751 transconjugants formed
increases only marginally. This finding provides no compelling evidence of a
trans-acting system operating to alleviate EcoRI restriction. However, Fig. 3.3
(A) does show a delay in the number of R751 transconjugants formed during
the first 6-10 minutes of mating, which is characteristic of that seen in Collbdrd
transconjugant production (Fig 3.3 B), suggesting that the protection conferred
on R751, although limited, is attributed to the Collb-mediated restriction
evasion process.

Figure 3.4 shows the data obtained when R751 is co-transferred with the
Collbdrd ardA mutant (pLG292) to an EcoKI restricting recipient. As was the
case for EcoRI restriction (Fig. 3.3), transferring Collbdrd (ArdA’) was only able
to marginally alleviate destruction of transferring R751 from EcoKI restriction.
This finding is indicated by the 10-fold increase in the number of R751
transconjugants formed in EcoKI restricting recipients when co-transferred
with Collbdrd (Fig. 3.4 A).

62



In contrast, Fig. 3.5 (A) shows that when R751 is co-transferred with the
ardA™ Collbdrd plasmid (pLG221) to an EcoKI restricting recipient, the yield of
R751 transconjugants formed in the restricting recipient was equal to those
formed in the non-restricting recipient. Comparisons with Fig. 3.4 (A) indicate
that such protection can be attributed to the functional ardA gene present on
pLG221. These results provide a good example of the effects of alleviating
restriction in the recipient in trans.

Overall, the yield of all three types of transconjugant formed (A, B and
C) in these matings involving donors carrying R751 and a Collbdrd plasmid
was reduced by ~5-fold, which may be a consequence of using a donor strain
supporting the transfer of two conjugative plasmids. The reduced yields
cannot be explained by killing of recipients, since the number of cells was
monitored during each mating experiment and found to increase slightly, as
expected for a growing culture (data not shown).

The data raise the important question of whether the relative time of
entry of R751 and Collbdrd into the restricting recipient cells is important.
Collb-mediated alleviation of restriction is delayed by 6-10 minutes and it may
be possible that R751 transfer is already completed by this time. This question

is addressed in the following sections.

3.2.3 Rescue of R751 from restriction by Collbdrd resident in the restricting
recipient

The previous section showed no significant protection of R751 from
EcoRI or EcoKI restriction when the donor also transmitted the ardA mutant
of Collbdrd. This section further explores the ardA-independent restriction
evasion mechanism by asking whether Collbdrd plasmid resident in the
recipient can protect transferring R751.

The experiments involved mating a donor strain harbouring R751 with
either a EcoKI or EcoRI restricting recipient strain that also harboured Collbdrd

plasmids pLG221 (ArdA’) or pLG292 (ArdA’) (Fig. 3.6). Samples of the mating
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Fig. 3.6. Transfer of plasmid R751 to a restricting recipient that harbours ColIb.

(A) R751 transconjugants from conjugations of GI65R(R751) donors and either
recipients GI65N (O, control), GI65N(NTP14) (e, control) or GI65N pLG221,
NTP14) (m). (B) R751 transconjugants from NM654R (R751) donors and
recipients NM816N (O, control), GI65N (@, control) and GI65N (pLG292) (m).
(C) R751 transconjugants from NM654R(R751) donors and recipients
NM816N (O, control), GI65N (@, control) and GI65N(pLG221) (m).
Transconjugants were selected on NA plates containing Nal and Tc. Data are

the mean value of three experiment.
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cells were removed at intervals and examined for the number of R751
transconjugants.

Figure 3.6 (A) shows the results of transferring R751 to an EcoRI
restricting recipient harbouring pLG221. In such a mating, the possibility of
transferring R751 entering a restricting recipient without Collb present was
eliminated. Therefore, the issue of timing of plasmid transfer is not a factor.
At 40 minutes, the yield of R751 transconjugants is 1,000-fold higher than the
number produced when the mating system lacked pLG221. Such results
suggest that Collbdrd resident in the recipient does alleviate restriction by type
II restriction enzymes in trans. The results are very different from those
obtained when R751 co-transfers with pLG221, where no significant levels of
EcoRI protection were observed (Fig. 3.3 A). In addition, these results rule out
the hypothesis that the evasion mechanism operates by overwhelming the
EcoRI restriction enzymes by substrate saturation, since such a phenomenon
would require multiple rounds of transfers of Collbdrd to the restricting
recipient.

Figure 3.6 (B and C) also shows that both pLG292 and pL.G221 conferred
limited protection on incoming R751 from EcoKI. It is noted that pLG221
conferred more protection than pLG292, particularly during early stages. This
presumably reflects the constitutive level of ArdA activity in an established
Collbdrd containing strain.

Figure 3.6 (B) shows that a resident pLG292 plasmid in the recipient
conferred only modest protection on a transferring R751 plasmid. The 10-fold
level of protection is similar to that observed when the two plasmids are co-
transferred from the same donor strain. Therefore, expression of the ardA-
independent restriction evasion mechanism appears to be unaffected by
transfer of the plasmid. Such a finding suggests that the mechanism is
expressed constitutively by Collbdrd and is not dependent on transfer of the

plasmid.
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The modest protection conferred on R751 by pLG221 when resident in
the EcoKI restricting recipient (Fig. 3.6 C) compared to the complete protection
conferred when R751 and pLG221 are co-transferred (Fig. 3.5 A), suggests that
the ArdA system operates optimally when specified by a transferring plasmid.
Such findings are indicative that the ardA gene of Collb is subject to zygotic

induction (Chapter One, section 1.6.4).

3.24 Is conjugative transfer of Collbdrd a prerequisite for alleviation of
restriction?

A potential problem in the R751 protection experiments (section 3.2.3) is
that Collbdrd transfers from the EcoRI restricting recipients to the R751 donor.
Experiments summarised in this section aimed to establish whether such
transfers are a prerequisite for alleviation of type II restriction. Two strategies
were adopted. The first involved a mating experiment where unmodified
R751 was transferred to a restricting recipient harbouring wild type Collb
(pLG272). Wild type Collb is naturally repressed for transfer functions and
therefore transfer of the plasmid is a rare event. The transfer efficiency of
pLG272 is 40,000-fold lower than that of pLG221. The second strategy involved
the exploitation of the phenomenon of plasmid-encoded entry exclusion.

The matings described in section 3.2.3 were repeated substituting pLG221
for pLG272. Like pLG221, pLG272 also carries a Tnb insertion that confers
resistance to kanamycin although the plasmid does not carry a drd mutation
(Howland et al., 1989). Appropriate recipients were made by transferring
pLG272 DNA into each strain by transformation. Strains were identified by
their resistance to kanamycin. Filter mating experiments were then set up
between a donor strain harbouring R751 and the restricting recipient strain
harbouring pLG272. The numbers of R751 transconjugants were monitored
throughout the experiment (Fig. 3.7).

Figure 3.7 (A) shows that when R751 is transferred to an EcoRI restricting

recipient harbouring pLG272, transconjugant production was negligible,
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Fig. 3.7. Transfer of R751 to a restricting recipient harbouring wild type Collb.

(A) R751 transconjugants from conjugations of GI65R(R751) donors and either
recipients GI65N (0O, control), GI65N(NTP14) (e, control) or GI65N(NTP14,
pLG272) (m). (B) R751 transconjugants from NM654R(R751) donors and
recipients NM816N (O, control), GI65N (@, control) and GI65N(pLG272) (m).
Transconjugants were selected on NA plates containing Nal and Tc. Data are

the mean values of three expermients.
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amounting to 107 per cell at 40 minutes. Clearly, pLG272 does not confer
protection on R751, demonstrating that the restriction-evasion mechanism
active against type II enzymes is determined only by a Collbdrd plasmid.

Figure 3.7 (B) shows the result of transferring R751 to an EcoKI restricting
recipient harbouring pLG272. A small amount of protection was conferred on
R751 by pLG272, since at 40 minutes the number of R751 transconjugants was
8-fold higher than those formed in restricting strains lacking pLG272.
Interestingly, protection is initiated early, as found when pLG221 (ArdA™) was
resident in the recipient cell (Fig. 3.6 C). These findings suggest that ardA is
not under the complete control of the Collb Fin system and is expressed at a
low level. Read et al. (1992), also described similar findings where unmodified
A.0 plated with a greater efficiency on an EcoKI restricting strain harbouring
pLG272 (e.0.p of 3.7 x 107) compared to a restricting strain lacking a Collb
plasmid (e.o.p of 1.4 x 107%).

Although use of pLG272 confirmed that conjugative transfer of Collbdrd
is a prerequisite for alleviation by type II restriction, the data does not reveal
the stage of Collb’s conjugation cycle when alleviation occurs. Possibilities are
mating pair formation; DNA transfer and expression of the plasmid’s transfer
genes. To explore this question further, the phenomenon of plasmid-encoded
entry exclusion was exploited. The strategy here involved using the cloned
Collb exclusion genes (eex) in the donor to prevent transfer of pLG221 from the
restricting recipient to the R751 donor. The exclusion genes of Collb have been
cloned giving recombinant plasmid pRR4 (Roscoe, 1996). The level of
exclusion conferred by pRR4 on pLG221 is shown in Table 3.2.1. This displays
the results of a 40-minute mating experiment where pLG221 was transferred to
a recipient strain harbouring pRR4. The yield of pLG221 transconjugants was
reduced 1,090-fold relative to the non-excluding control. However, quite
surprisingly, when the recipient strain also harboured plasmid R751 as well as

pRR4, the level of exclusion conferred on pLG221 was only 12-fold.
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Table 3.2.1. Exclusion of pL.G221 by the cloned Collb exclusion (eex) genes in pRR4

. pLG221 .
Donor Recipient transconjugants/ Level of
ml exclusion
GI65N(pLG221) GI65R 1.2 x 107 0
GI65N(pLG221) GI65R(pRR4) 1.1x 10% 1090-fold
GI65N(pLG221) GI65R(pRR4, R751) 1.0 x 100 12-fold

Equal numbers of donor and recipient cells were mixed together to give a
concentration of 108 cells of each strain per ml. A 40 minute filter mating was
performed at 37°C. The numbers of pLG221 transconjugants were determined
by plating the mating mixture on NA plates containing Km (25 pg ml-t) and Rif
(25 pg ml?). Plasmid pRR4 is a recombinant plasmid carrying the cloned Collb
exclusion (eex) genes. *The level of exclusion conferred on transferring plasmid
pLG221 by pRR4 was determined by comparing the number of pLG221
transconjugants produced in the recipient harbouring pRR4 to those produced in
non-excluding strain GI65R .



Fig. 3.8. Transfer of R751 from a donor harbouring the cloned Collb exclusion
genes to a restricting recipient harbouring Collbdrd.

(A) R751 transconjugants from conjugations of GI65R(R751) donors and
either recipients GI65N (O, control), GI6SN(NTP14) (@, control), GI65SN(NTP14,
pLG221) (m), and GI65R(R751, pRR4) donors and GI65N(NTP14, pLG221) (A)
recipients. (B) R751 transconjugants from NM654R(R751) donors and
recipients NM816N (0, control), GI65N (@, control) and GI65N(pLG292) (M) and
NM654R(R751, pRR4) donors and recipient GI65N(pL.G292) (4). (C) R751
transconjugants from NM654R(R751) donors and recipients NM816N (O,
control), GI65N (e, control) and GI65N(pLG221) (m), and donors
NM654R(R751, pRR4) and recipient GI65N(pLG221) (A). Transconjugants were
selected on NA plates containing Nal and Tc. Data are the mean value of

three experiment.
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This effect of pLG221 partially overcoming its own exclusion barrier is
not due to plasmid R751 displacing pRR4 from the recipient cell. Throughout
the mating, the fraction of recipient cells harbouring both R751 and pRR4 was
measured by plating some of the mating mixture on NA plates containing Rif,
Tc and Ap. The number increased slightly by 3-fold as expected for a growing
culture. One possible explanation is that Collbdrd is able to gain entry to the
defined recipient via the mating apparatus of R751. Another is that the
presence of R751 in the pRR4 recipient interferes with the Collb exclusion
system.

Figure 3.8 (B and C) shows the effects of transferring R751 from a donor
strain expressing the Collb exclusion system to an EcoKI restricting recipient
harbouring pLG292 (Drd”, ArdA") (B) or pLG221 (Drd*, ArdA") (C). In both
cases, the exclusion system in the donor had no striking effect on the
protection conferred on R751. Such findings indicate that conjugative transfer
of Collb is not required for the ardA-independent function that alleviates type I
restriction. The same conclusion was drawn by the data in Fig. 3.6 (B) as
discussed previously.

In contrast, when R751 transferred from the donor to an EcoRI
restricting recipient harbouring pLG221, the level of R751 protection is reduced
by ~10-fold (Fig. 3.8 A). In the same experiment, pLG221 transconjugant
production in the R751 donor was also reduced by 10-fold. Such results
support the findings that alleviation of type II restriction requires conjugative
transfer of Collb.

Whether the Collb exclusion system works by preventing mating-pair
formation or DNA transfer is not known (Chapter One, section 1.3.3).
Consequently, experiments involving the Collb exclusion genes could not be
used to identify the stage of the conjugation cycle at which the plasmid-
mediated restriction evasion mechanism is expressed. However, the
experiments were useful in indicating that the anti-type II mechanism is not

co-ordinately expressed with the transfer genes.
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3.3 Summary

Four important conclusions can be drawn from the data in this chapter.
First, the data are consistent with Read et al. (1992) in that transfer of multiple
copies of Collbdrd does alleviate restriction by type I and type II enzymes (Fig.
3.2). However, alleviation is apparently not due to the restriction enzymes
being overwhelmed by substrate saturation (Read et al., 1992), since, Collbdrd
alleviated restriction by both type I and type II enzymes when resident in the
restricting recipient (Fig. 3.6).

Second, the ardA-independent anti-type I system is apparently different
from that which alleviates type II restriction. This conclusion was drawn from
the observation that type II restriction alleviation by Collbdrd only occurs
during conjugative transfer of the plasmid. In contrast, alleviation of type I
restriction occurred independently of Collbdrd transfer (Fig. 3.7).

Third, the Collb ardA gene appears to be subject to zygotic induction.
ArdA-mediated restriction alleviation was observed to be optimal when
encoded by a transferring Collbdrd plasmid rather than an equivalent plasmid
resident in the restricting recipient (Fig. 3.5; Fig. 3.6 C). Such data suggest that
ardA expression is enhanced in conjugation but do not distinguish the cell in
which gene expression is amplified. This dilemma is addressed in Chapter
Five.

Fourth, Collb partially overcomes its own exclusion barrier when IncPf
plasmid R751 is resident in the excluding recipient strain. One hypothesis that
may explain this phenomenon is that Collb utilises the mating apparatus of
R751 to gain entry to the excluding recipient. Such a scenario would indicate
that the Collb exclusion mechanism operates by preventing mating-pair
formation between two cells harbouring the same plasmid. However, such a
hypothesis is inconsistent with the work of Hartskeerl and Hoekstra (1985).
They found evidence to suggest that the Collb exclusion system works by

inhibiting DNA transfer between two donor cells (Chapter One, section 1.3.3).
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Due to time constraints, this concept of interactions between conjugation
systems was not pursued further. One way of testing the hypothesis would be
to construct a specific mutant of R751 unable to express conjugative pili. Such
a mutant would be expected to no longer provide the route of entry for the
Collb plasmid to the excluding recipient cell.

These summary points are followed up in subsequent chapters and

general discussion.
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Chapter Four

Construction of an oriT Mutant of Collbdrd and its Conjugative

Properties

4.1 Introduction

Data presented in the previous chapter suggests that Collbdrd encodes a
restriction-alleviation function, which is active against type II restriction
enzymes and is expressed during conjugative transfer of the plasmid. There
are three main stages of Collb’s conjugation cycle when such a function could
be expressed: during mating-pair formation, DNA transfer or throughout the
cycle. To distinguish between these three stages, it was necessary to construct a
mutant of Collb defective in self-transfer by conjugation, yet proficient in
forming mating pairs and in expressing the full complement of plasmid
proteins. The purpose of this chapter is to describe the strategy employed in
creating such a mutant.

As described in chapter one, the origin of transfer (oriT) of a plasmid is a
cis-acting element required for DNA transfer by conjugation. Transfer is
initiated at the nic site within the o7iT by specific endonucleolytic cleavage of a
single strand of the plasmid (Lanka and Wilkins, 1995). The main strategy for
creating a mutant of Collbdrd, defective in self-transfer, was to delete the nic
region from the oriT of the plasmid. Collbdrd is ~93 kb in size and specific
alterations of sequences stretching only a few base pairs in length, internal of
such a sizeable DNA genome, are not practical without using intermediate
small recombinant plasmids. Therefore, before any alterations to the sequence
of the Collbdrd oriT could be made, the locus had to be cloned and its nic
sequence determined. The latter was achieved by DNA sequencing.

The nic sequence was deleted from the cloned oriT by a procedure
involving PCR-amplification. A selectable marker gene was then inserted into
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the sequence and the disrupted oriT transferred back to the Collbdrd plasmid
by homologous recombination. The method used to replace the oriT of
Collbdrd with a selectable mutation was based on a gene replacement strategy
described by Russell et al. (1989). The recombinant plasmid, carrying the
disrupted oriT and selectable marker, was first linearised by restriction
endonuclease digestion. This DNA was then introduced by transformation
into an E. coli recD strain harbouring Collbdrd. Under normal circumstances,
linear DNA is subject to degradation by intracellular nucleases. However, the
advantage of using an E. coli recD mutant is that the exonuclease activities of
the RecBCD enzyme are abolished without affecting the enzymes ability to act
as a DNA helicase in initiating RecA-mediated homologous recombination.
The disrupted oriT, within the recombinant plasmid is integrated by a double
crossover event spanning the selectable marker. The remainder of the
recombinant plasmid is eventually destroyed. The minimum amount of
homology that is required for efficient recombination is 44-90 nucleotides for
RecBC and RecF dependent pathways (Shen and Huang, 1986).

Other experiments described in this chapter include examining the

conjugative properties of the CollbdrdAnic plasmids.

4.2 Results
4.2.1 Cloning and determination of the nucleotide sequence of the Collb oriT
locus

The Collb oriT is located adjacent to the leading region of the plasmid
on a 1.6 kb PstI fragment [Chapter One, Fig 1.1] (Rees et al., 1987). This
fragment has already been cloned in this laboratory and inserted into cloning
vector pUC19 (Roscoe, 1996). The resulting recombinant plasmid (pCL2) was
used initially as a template for determining the nucleotide sequence of Collb
oriT. Sequence reactions were performed as described in Chapter Two using
M13/pUC universal forward and reverse primers. However, the initial

sequence data obtained were very ambiguous. Consequently, the integrity of
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the pCL2 template was re-examined, firstly by restriction enzyme analysis and
secondly by PCR-amplification.

A series of 20-cycle PCR reactions was set up using universal forward
and reverse primers with template pCL2. The temperature at which the
primers were annealed to the pCL2 template was varied from 49-60°C. The
resulting extension products produced in each reaction were examined by gel
electrophoresis and in all cases unpredictable DNA bands of varying sizes were
observed (data not shown). Such results are indicative of either non-specific
annealing of primers or of a mixed population of template. However,
restriction data for pCL2 were not indicative of the latter possibility.

To overcome the problem, the 1.6 kb PstI insert was removed from pCL2
by restriction enzyme digestion and the fragment isolated from a 0.8% agarose
gel after separation from pUC19 by electrophoresis. The fragment was purified
from the agarose using the QIAEX II gel extraction kit (Qiagen) and ligated back
into the Pstl site of a separate batch of pUC19 molecules forming recombinant
pNA1l. Isolation of pNAI was achieved by transferring the ligated DNA by
transformation into the E. coli Lac” strain, DH50. Transformant colonies
containing pNA1l were distinguished from those that had gained re-ligated
pUC19 vector by their white appearance on LA plates containing X-gal, IPTG
and Ap (Sambrook et al, 1989; see Chapter Two).

In order to establish the orientation of the 1.6 kb PstI insert of pNA1l
within the pUC19 vector, the recombinant plasmids were examined by
restriction enzyme digestion. All four of the recombinant plasmids isolated
were digested with Clal and EcoRI, where the Clal site is internal to the 1.6 kb
insert and the EcoRI site adjacent to one of the Pstl sites. Three of the four
recombinants tested had the orientation shown in Fig. 4.1 A, and one the
opposite orientation. The latter plasmid was subsequently designated pNAla.

Recombinant plasmids pNA1l and pNAla were both tested for their
ability to be mobilised by Collbdrd plasmid pLG221 from a recA donor. A recA

donor strain was used in all mobilisation experiments summarised in Table
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Fig. 4.1. Schematic diagram of the construction of pNA2

(A) Cleavage of pNAl with PstI and Clal to remove the 1.15 kb of DNA
containing Collb oriT. The remaining 3.1 kb PstI-Clal fragment is discarded.
(B) Cleavage of cloning vector pIC19H at its PstI and Clal sites to obtain the 2.6
kb linearised vector. The small PstI-Clal fragment from the polylinker is lost
through purification of the larger fragment. (C) Insertion of the 1.15 kb PstI-
Clal fragment from pNA1 into 2.6 kb pIC19H vector to give pNA2. (=)
represents the orientation (5’ - 3’) and annealing site for M13/pUC universal

forward (UF) and reverse (UR) primers.
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Table 4.2.1. Mobilisation of recombinant plasmids carrying the Collb oriT locus

- *Mobilisation

Transconjugants / ml Frequency of

Donor Stain Recombinant Helper Plasmid Recombinant
JO8(pLG221, pNAT) 2.0 x 100 3.0 x 100 0.66
JO8(pLG221, pNATa) 1.1x 100 2.0 x 10° 0.55
JO8(pLG221, pNA2) 8.0 x 100 1.1x107 0.73
JOB(pLG221, pNA3) 4.0 x 100 1.4x 107 0.28
JO8(pLG221, pNA7) <10 7.0 x 107 <104
JOB(pLG221, pNAS) <10 1.3x 107 <104
JO8(pNA11, pNA2) 1.9 x 107 <10 1.0
JO8(pNA12, pNA2) 1.1x 107 <10 1.0

The frequency of transfer of each plasmid was determined after a 40 minute filter mating at 379C, using
JO8 as the donor host strain and GI65N as the recipient. Recombinant plasmids pNA1, pNA1la, pNA2,
pNA3, pNA7 and pNAS all confer resistance to ampicillin. Helper plasmids pLG221, pNA11 and pNA12 all
confer resistance to kanamycin. Plasmids pNA11 and pNA12 both carry a cis-acting lesion within the oriT
which prevents their self-transfer. However, both plasmids still specify all other transfer functions. Transfer
of recombinant plasmids were measured by plating the mating mixture on NA plates containing Ap (100 pg

ml!) and Nal (25 pg ml-1) and transfer of the helper plasmid measured by plating on NA plates containing

Km (25 pg ml!) and Nal (25 ug ml!). *Mobilisation frequency is the number of mobilisable plasmids
transferred per conjugative plasmid.



4.2.1, to prevent co-integrate formation between Collb plasmids and
recombinants carrying the Collb oriT sequence. Test strains were made by
transferring the recombinant plasmids by transformation to JO8(pLG221)
competent cells. Donor strains JO8(pLG221, pNA1) and JO8(pLG221, pNA1la)
were mated with NalR recipient strain, GI65N for 40 minutes on filters. The
results of these transfers are presented in Table 4.2.1. Both pNA1 and pNAla
- were found to be mobilised with an efficiency of 0.66 and 0.55, respectively,
relative to the transfer of pLG221. Such results confirm that both recombinant
plasmids contain the Collb oriT and that its activity as a cis-acting site for the
initiation of DNA transfer is unaffected by orientation.

To reduce the number of reactions required to determine the complete
nucleotide sequence of the 1.6 kb Pstl insert within pNAI, the Collb oriT was
subcloned further. The 1.15 kb PstI-Clal fragment found within pNA1 was
isolated and ligated into cloning vector pIC19H, forming pNA2 (Fig. 4.1).
Cloning vector pIC19H is identical to pUC19 except it has a different set of
cloning sites available within the polylinker (Marsh et al., 1984).

Mobilisation of pNA2 from a recA host (JO8) with a frequency of 0.73
relative to the transfer of pLG221 confirmed that the plasmid was oriT* (Table
4.2.1). The suitability of pNA2 as a template for DNA sequencing was further
confirmed by PCR-amplification and restriction enzyme analysis.

Initial sequence reactions were set up using universal forward and
reverse primers. However, to obtain sequence data for both DNA strands, two
new primers were designed (primer B and primer C; see Chapter Two). The
sequence data obtained from pNA2 using universal forward and reverse
primer and primer B and primer C, are presented in Fig. 4.2.

The location of the nic site in Incll plasmid R64 is known, as is the
nucleotide sequence of the surrounding region (Furuya and Komano, 1991).
Alignment of nucleotide sequences of a number of plasmids shows that R64
nic region belongs to a family with a consensus sequence of 5’-YATCCTGVY-3,
where V¥ indicates the specific cleavage site (Lanka and Wilkins, 1995). The
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Fig. 4.2. 1,151-bp DNA sequence containing the Collb oriT and part of the oriT
operon

Features shown include the nic region 55N, where A represents the site of
cleavage by the relaxase enzyme; the two start codons of nikA and nikB
and their associated ribosome binding sites (rbs) which are underlined; and the
stop codon of nikA. Amino acid sequences deduced from the DNA
sequence of the nikA and nikB reading frames are presented, where the start

of each translated amino acid is in uppercase. Relevant restriction sites are

indicated. Inverted repeat sequences are shown ( s < ).
Inverted repeats A and B represent the site at which the nikA polypeptide

binds to the DNA. Putative promoter sequences (-35 and -10 regions) are boxed

Nucleotides 1-437, presented in lower case, represent the leading
region strand that is transferred to the recipient cell first during conjugation.

All features shown, except the nic sequence, were identified by sequence
comparisons to the published oriT sequence of the IncIl plasmid R64 (Furuya
and Komano, 1991; EMBL database accession number D90273). The nic
sequence was determined by comparing the sequence data to the consensus 5'-

YATCCTGY Y-3' (Lanka and Wilkins, 1995; Fig. 1.2).
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nucleotide sequence determined for the 1.15 kb PstI-Clal fragment of pNA2 was
found to have 97% identity over about 924 bp with the corresponding region
surrounding oriT of R64 (EMBL database accession number D90273). The nic
region of Collb was identified by alignment of the sequence with the consensus
sequence described by Lanka and Wilkins (1995). In fact, the 12-bp nic region
identified for Collb is identical to the nic region of plasmid R64. Other features
identified within the sequence of the 1.15 kb PstI-Clal fragment of pNA2 were

also identified within the published sequence of R64 (Fig. 4.2).

4.2.2 Strategy employed to delete the nic sequence from the cloned Collb o7iT

Once the sequence of the Collb nic site had been determined, a strategy
involving PCR-amplification was employed to delete it from the cloned oriT
(pPNA2) as summarised in Fig. 4.3.

First, two inverse oligonucleotide primers were designed which were
homologous to the regions of DNA flanking the nic region (primer 5 and
primer 6, Fig. 4.3, A). A unique EcoRI restriction enzyme target sequence was
added onto the 5 terminus of each primer. Hence, during amplification of the
template by an inverse PCR reaction, 14 bp overlapping the nic region are lost
and the target sequence for the EcoRI restriction enzyme is incorporated. In
addition, these primers were also designed to avoid disruption of the oriT
operon promoter found 12-bp upstream of the nic site (Fig. 4.3, A).

Before any amplification of the pNA2 template was carried out the PCR
protocol was optimised as described in Chapter Two, section 2.6.1. The results
of this optimisation process are presented in Fig. 4.3 (B). Specific comments
were primer 5 and primer 6 have an optimal annealing temperature of 53°C
(lane 3 and 4) and that 4 minutes is required for the whole of the pNA2
template to be amplified by Tag polymerase (lane 5).

The final PCR-amplification of pNA2 and the subsequent removal of
the Collb nic region from the plasmid was achieved using 50 ng of pNA2
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Fig. 4.3. Schematic diagram of the key stages in the construction of a Collb oriT
sequence deleted of the nic region

(A) Relationship between primers used for inverse PCR-amplification of
pNA2 and the nic region. Y indicates the nic site; the boxed sequence is the
-35 region of the putative promoter of the relaxase operon. Primer 5 extends
into the leading region. Primer nucleotides shown in lower case are non-
homologous to the Collb region and contain the EcoRI target hexanucleotide
(5’-gaattc-3’). (=) represents the direction (5" - 3’) and annealing sites of
primers 5 and 6 and the M13/pUC universal forward (UF) and reverse (UR)
primers.

(B) Gel electrophoresis of PCR-products of pNA2. Molecular weight markers
(A xHind III) are in lanes 1 and 6. Primers used (2) UF and UR; (3) 6 and UR; (4)
5 and UF; (5) 5 and 6. The size of each extension product is indicated in kb.

(C) Cleavage of the linear PCR product with EcoRI and ligation gave pNA7
deleted of the nic region. The omega () intersposon was ligated into the

unique EcoRI site, forming pNAS.
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template; 20 pmol of both primer 5 and 6; 1 unit of proof-reading Tagq
polymerase (BIO-X-ACT, Bioline UK Ltd); 5 ul of 11.1 x PCR buffer; 40 ul of H,0
and the following PCR program: 95°C - 3 minutes (1 cycle); 95°C - 45 seconds,
53°C - 30 seconds, 72°C - 4 minutes (35 cycles) and 72°C - 4 minutes (1 cycle).

The resulting 3.8 kb extension product was isolated and purified from a
0.8% agarose gel using the QIAEX II gel extraction kit (Qiagen). The next stage
in isolating a recombinant plasmid containing the oriT deletion mutant was to
re-ligate the linear PCR product. One option was to digest and re-ligate the
EcoRI restriction target sites that were incorporated on to the ends of the PCR-
product. However, restriction target sites at the ends of PCR-products are
difficult to digest. To avoid this complication another approach was used. One
key feature of using a polymerase enzyme with 5’-3" proofreading exonuclease
activity is that a large population of the linear product have flush ends. By
exploiting this property, the PCR-product was re-circularised by blunt-end
ligation. The DNA was then transferred by transformation to DH5a. Colonies
that had gained a circularised plasmid were detected by their resistance to
ampicillin. The deletion of the nic sequence from the resulting recombinant
plasmid, pNA7, was confirmed by the inability of the plasmid to be mobilised
by plasmid pLG221 (Table 4.2.1).

4.2.3 Construction of pNAS containing the omega (Q2) intersposon

The next step involved the insertion of a selectable antibiotic resistance
gene carried by the omega (Q) intersposon into pNA7. The 2.0 kb fragment
carries a streptomycin-spectomycin resistance gene flanked by inverted repeats
with transcription and translation termination signals (Prentki and Krisch,
1984). The Q fragment was released from pHP45Q by EcoRI digestion and
ligated into the EcoRI site of plasmid pNA7 to give pNAS8 (Fig. 4.3, C). Like
pNA7, pNAS is also non-mobilisable by pLG221 (Table 4.2.1). Finally, further
to confirm the structure of the mutant oriT locus, pPNA7 and pNAS8 were
examined by restriction enzyme analysis (Fig. 4.4).
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Fig. 4.4. Gel electrophoresis of restriction fragments of
pPNA7 and pNAS.
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(A) Samples in lanes are (1) X x Hzndffi; (2) pNA7 x Pstl/Clal; (3) pNA7 x

Pstl/Clal/EcoRI; (4) pNA7 x EcoRI; (5) pNAS8 x Pstl/Clal/; (6) pNAS x
Pstl/Clal/EcoRL; (7) pNA8 x EcoRI; (8) Xx Hindlll. Fragments sizes are

presented in kb.

(B) Physical map of pNA7 and the 2.0 kb @ fragment, which on ligation
into the EcoRI site forms pNAS.



4.2.4 Construction of a Collbdrd mutant lacking the nic region

The oriTAnic::Q2 mutation was transferred by recombination from pNAS8
to the Collbdrd plasmids pLG221 (ArdA™) and pLG292 (ArdA’). The 3.1 kb PstI-
Clal fragment was released from pNAS by restriction enzyme cleavage and the
DNA transferred by transformation into E. coli recD competent cells,
DL307(pLG221) and DL307(pLG292). Transformant colonies that were KmR,
SmR, SpR and ApS were inferred only to contain Collbdrd plasmids that had
acquired the oriTAnic::Q mutation from pNAS8 and were chosen for further
characterisation. The rest of pNAS8 including the region that encodes
ampicillin resistance was presumably degraded intracellularly.

Recombinant Collb plasmids pNA1l (pLG221Anic::Q) and pNA12
(pLG292Anic::Q) were isolated by their resistance to Km, Sm and Sp. The
nature of the oriT within each plasmid was characterised by PCR-
amplification. Primers B and C were used to amplify the oriT regions of
plasmids pNA11l, pNA12, pLG221, pNA2 and pNAS8 (Fig. 4.5). Any insertions
within this region were detected during PCR-reactions by an increase in the
size of the amplification product. Results presented in Fig. 4.5 (B) show that
pNA11l, pNA12 and pNAS all have an additional 2.0 kb of DNA in the oriT
locus, which is not present in pLG221 and pNA2 which carry the wild type oriT
locus.

Alternatively, the nature of the oriT locus within these recombinant
plasmids could have been confirmed by a Southern blot hybridisation
expe1:iment. However, due to the time constraints of this project, this

additional work was not undertaken.

4.2.5 Conjugative properties of pNA1l and pNA12
Recombinant plasmids pNA1l and pNA12 were tested for self-transfer
by conjugation. Test strains were made by transferring pNA11 and pNA12 by

transformation into GI65N competent cells and selecting for KmR, SmR and
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Fig. 4.5. Analysis of the nature of the ori7 within pN All and
pNA12 by PCR-amplification

Ec°m SmR/SpR EcoR1
Clal 'J p Psfl
i nic p

(not to scale)

(A) Relationship between primers B and C used for PCR-amplification of the Collb
oriT locus. (-») represents the direction (5-3') and annealing sites of primer B and C.
Plasmid pNA2 and pLG221 carry an undisrupted ori7. Plasmids pN All, pNA12 and
pNAS are deleted of the nic region and contain the 2.0 kb @ insertion. Also shown is
the oriT operon promoter (p) and nikA and nikB. The region between the annealing
sites of primer B and C is 0.4 kb.

(B) PCR reactions were performed using primer B and primer C with plasmids
pNAIL pNAI12, pLG221, pNA2 and pNAS8. Gel electrophoresis of the resulting
extension products and their sizes in kb are presented. Lanesl and 7 contain X

X HindUl molecular weight markers. Templates used were (2) pNAIll; (3) pNA12; (4)
pLG221; (5) pNA2; (6) pNAS8. Faintbands at the ends of lane 2,3 and 6 are unused
primer.



SpR. Conjugation experiments were then set up on filters using a RifR recipient
strain (GI65R). After 40 minutes, the numbers of recipients that had acquired
pNAI1 or pNA12 were scored by plating on NA plates containing Rif and Km.
No transconjugants were detected (< 2 x 10 relative to the transfer efficiency
of pLG221). Hence, both pNA1l and pNA12 were found to be completely
defective in self-transfer by conjugation.

To confirm that pNAll and pNA12 specify all trans-acting transfer
functions test conjugations were set up to examine whether each plasmid
could mobilise the small recombinant plasmid carrying Collb oriT* (pNA2).
Donor strains (JO8) were made that harboured recombinant plasmid pNA2
and either pNA1l or pNA12. These donors were then mated with a RifR
recipient strain for 40 minutes on filters. After such time, the numbers of
pNA2 transconjugants were examined by plating on NA plates containing Rif
and Ap. Both pNA1ll and pNA12 were able to mobilise pNA2 with an
efficiency of 1.0 from a recA host relative to pLG221 directed mobilisation
(Table 4.2.1). In summary pNA1l and pNAI12 are inferred to specify all of the
trans-acting proteins required for conjugation but to contain a cis-acting lesion
preventing self-transfer. These results also confirm that each plasmid has
retained its Drd ™" phenotype.

Finally, the ArdA phenotypes of pNA1l and pNA12 were examined.
The test involved infecting an EcoKI restricting E. coli strain (GI65N) with a A,
vir lacking EcoKI modification (A vir.0) and examining the number of plaques
formed. In strains harbouring pNAI1l1, the number of plaque forming units
prodﬁced by A vir.0 was 3.8 x 10° m1" compared to 1.7 x 10° ml" formed on
GI65N alone. In contrast, the number of plaque forming units produced on
strains harbouring pNA12 was 8.0 x 10" ml" (Appendix I). These results
confirm that pNA11 has an ArdA™ and pNA12 an ArdA” phenotype.
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4.3 Discussion

Results in this chapter detail the successful construction of a specific
mutation within the oriT of Collbdrd. The resulting mutants, pNA11l (Drd",
ArdA”) and pNA12 (Drd", ArdA’), were completely defective in self-transfer by
conjugation. However, the ability of pNA1l and pNA12 to specify all other
transfer functions was confirmed by the mobilisation of an oriT" recombinant
plasmid with a maximal efficiency (Table 4.2.1). In summary, pNA1l and
pNA12 specify all the trans-acting proteins required for conjugation, yet,
contain a cis-acting lesion within the oriT preventing self-transfer.

Several notable observations were made during the construction of
these mutants and they are described below.

Nucleotide sequence similarities are only found between the oriT
structures of closely related plasmids (Furuya and Komano, 1991). This is
confirmed as the nucleotide sequence of the oriT of Collb only shares
significant sequence similarities with the published o7iT sequence of closely
related IncIl plasmid R64 (section 4.2.2). Significant sequence similarities exist
between the nic regions of different conjugative plasmids (Lanka and Wilkins,
1995). These similarities have been organised into three groups presented in
Chapter One, Fig. 1.2. These findings are further supported here, as the nic
region of Collb bears 100% identity with the corresponding region of Ré4,
which in turn belongs to a family of nic regions harbouring the consensus 5'-
YATCCTGYY-3. Other members of this group include plasmids from the
incompatibility group P and sequences from the Ti plasmid of Agrobacterium
tumef;zcz'ens (Lanka and Wilkins, 1995).

The location and sequence of the Collb oriT nic site was confirmed by an
approach alternative to more conventional methods described by Furuya and
Komano (1991) (see Chapter One, section 1.3.2). First, the location of the
putative Collb nic region was identified by alignment of the oriT sequence data
with the consensus sequence 5-YATCCTGYY-3". Secondly, the legitimacy of
the predicted nic sequence was confirmed by the inability of recombinant
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plasmids, which had been relieved of their nic sequence, to be mobilised by
Collbdrd (Table 4.2.1). This whole approach was enabled by the extensive
database on oriT regions.

It has been proposed that the IncIl conjugation system may have
evolved following fusion of two distinct types of conjugative plasmid (Rees et
al., 1987). Such a concept arose from the findings that IncIl plasmids and
plasmid F carry genes which have almost identical functions. These genes
include psiB and ssb, which are found within the leading regions of both
plasmid F and Collb (Chapter One, sections 1.6.1 and 1.6.2). In addition, the
nucleotide sequences of these Collb genes share significant similarity to those
of plasmid F, which indicates a common ancestry. In contrast, the oriT of Incll
plasmids Collb and R64 share similar properties to the oriT of IncP plasmids
RP4 and R751 (Lanka and Wilkins, 1995). The oriT of both Collb and R64 can
be found situated adjacent to the leading region of each plasmid. If the hybrid
hypothesis is correct then there must be a point within the leading region of
these two Incll plasmids where sequence similarities with plasmid F diverge.
Unfortunately, the lack of sequence data available for the leading region of
plasmid F has prevented this point from being determined. However, work is
currently underway to determine the complete nucleotide sequence of F.

Plasmid Collbdrd only specifies one particular species of oriT. Removal
of 14 bp from around the nic site eliminated the plasmid’s ability to self-
transfer by conjugation. These results rule out the possibility of another oriT
structure being present on Collb other than that determined by Rees et al.
(1987j. If a second oriT were present on Collbdrd, then transfer of the plasmid
by conjugation would not be eliminated by a lesion in the orthodox oriT locus,
unless the second oriT operates under alternative conditions to those induced

during intraspecific conjugations between E. coli.
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Chapter Five

Analysis of the Alleviation of Type I and Type II Restriction Using
Non-Transferable Mutants pNA11 and pNA12

5.1 Introduction

Conjugative transfer of Collbdrd is an essential requirement for
expression of the plasmid's anti-type II restriction alleviation function. The
purpose of this chapter is to determine the stage during conjugation when
restriction-alleviation occurs; is it mating-pair formation, DNA transfer or
throughout the cycle? To test this, the Collbdrd oriT mutant described in
Chapter Four was examined for its ability to confer protection on transferring
R751.

Other experiments described include examining whether the Collbdrd
oriT mutants immobilised in donor strains could protect transferring R751

from EcoKI and EcoRI restriction.

5.2 Results
5.2.1 Rescue of R751 from EcoRI restriction by Collbdrd oriT mutant pNA11
This section is aimed at determining the stage in the Collb conjugation
cycle when EcoRI restriction is alleviated. An interrupted mating experiment
was performed on filters using a donor strain harbouring R751 and an EcoRI
restricting recipient harbouring pNA11l. The numbers of R751 transconjugants
formea in the restricting recipients were measured throughout the experiment
and the results are presented in Fig. 5.1 (A). Over a 40-minute period the yield
of R751 transconjugants produced in recipients harbouring pNA1l was very
similar to that produced in a recipients harbouring pLG221. Such results rule
out the possibility that the alleviation function is expressed during the act of

DNA transfer.
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Fig. 5.1. Transfer of R751 to an EcoRI restricting recipient harbouring pNA11.

(A) R751 transconjugants from conjugations of GI65R(R751) donors and either
recipients GI65N (O, control), GI65N(NTP14) (e, control), GI65N(NTP14,
pLG221) (m, control) or GI6SN(NTP14, pNA1l) (). (B) R751 transconjugants
from conjugations of GI65R(R751) donors and recipients GI65N (O, control) or
GI65N(NTP14) (e, control) and GI65R(R751, pNA1l) donors and recipient
GI65N(NTP14) (m). Transconjugants were selected on NA plates containing

Nal and Tc. Data are the mean values of three experiments.
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To explore the potential role of mating-pair formation in the alleviation
of EcoRI restriction, it was examined whether pNA11 could confer the same
degree of protection on transferring R751 when present in the donor rather
than the recipient. The prediction is that R751 should be protected if
restriction is alleviated by the act of forming mating pairs. To this end, a donor
strain harbouring R751 and pNAIll was mated with an EcoRI restricting
recipient. Plasmid pNA11 is transfer defective and will not be able to transfer
itself. However, the plasmid encodes all other transfer functions including the
ability to form mating pairs. The yields of R751 transconjugants formed
during such experiments are presented in Fig. 5.1 (B). These results show quite
clearly that no protection is conferred on R751 by pNA1ll in the donor,
suggesting that restriction-alleviation is not a product of the act of mating-pair
formation. In addition, this result shows that alleviation of restriction
requires the presence of the Collbdrd plasmid in the restricting strain.
Therefore, the potential for the genetic pathways involved in mating-pair
formation being implicated in restriction-alleviation cannot be ruled out.

One important discovery, which was made during these experiments,
was that the EcoRI producing plasmid NTP14 was mobilised to the R751 donor
strain by the Collbdrd plasmid in the restricting recipient. This issue is

examined further in the following section.

5.2.2 Mobilisation of the EcoRI producing plasmid NTP14 by Collbdrd

It was observed during experiments described in section 5.2.1 that
plasmid NTP14, which encodes the type II R-M system EcoRI, was mobilised
from a strain also harbouring a Collbdrd plasmid. To test this further, an
interrupted mating experiment was set up on filters between a donor strain
harbouring both NTP14 and Collbdrd and a Rif® recipient strain. The numbers
of NTP14 transconjugants produced were measured by selecting for Rif* and
Ap~ cells (Fig. 5.2). It is clear from these data that Collbdrd plasmids pLG221
and pNALll are able to mobilise plasmid NTP14 efficiently. Although plasmid

81



Fig. 5.2. Mobilisation of NTP14 by CollIb.

NTP14 transconjugants from conjugations of GI65N(NTP14, pLG221) (O) or
GI65N(NTP14, pNAll) (0) and GI65N(NTP14, pLG272) (A) donors and
recipient GI65R. Transconjugants were selected on NA plates containing Rif

and Ap. Data are the mean values of two experiments.
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pNA1l cannot transfer itself, it still specifies all functions required in trans for
transfer. At 40 minutes, pNA11 mobilised NTP14 with an efficiency of 1.0
relative to pL.G221 directed mobilisation (Fig. 5.2). In contrast, the number of
NTP14 transconjugants was reduced by 141-fold when the mobilising plasmid
was Collb wild type. This reduction can be attributed to the repression of the
Collb conjugation system.

The potential implications of these findings is that during experiments
described in section 5.2.1 Collbdrd directed mobilisation of NTP14 to R751
donors may result in R751 being modified at its EcoRI target sites before entry
to the EcoRI restricting recipients. Therefore, the R751 plasmid would acquire

EcoRI protection before entry. This notion is examined further in Chapter Six.

5.2.3 A non-transferable Collbdrd confers no EcoKI protection on R751

In Chapter Three, the genetic procedure involving plasmid R751 was
used to show that the ArdA system of Collb operates optimally when specified
by a transferring plasmid (Fig. 3.5 A and Fig. 3.6 C). However, from such
results it was impossible to determine in which strain enhanced production of
the ArdA protein occurred. It might occur in the donor strain if the ArdA
protein is transferred to the recipient during conjugation, as is the Collb Sog
protein (Rees and Wilkins, 1989). To test this idea, an interrupted mating
experiment was performed on filters using a donor strain harbouring both
R751 and pNAll(ArdA+) with an EcoKI restricting recipient. Samples of the
mating mix were removed and examined for the number of R751
transconjugants (Fig. 5.3 A). Results clearly show that pNA11 is unable to
confer any protection on transferring R751 DNA from destruction by EcoKI.
Such a finding rules out the possibility that the ArdA protein is transmissible
by conjugation.

A similar mating experiment was carried out using an R751 donor
strain harbouring pNA12(ArdA’) (Fig. 5.3 B). Again, no significant increase in

the number of R751 transconjugants was observed. Like ArdA, the second
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Fig. 5.3. Transfer of R751 from a donor harbouring pNA11(ArdA+) or
pNA12(ArdA-) to an EcoKI restricting recipient.

(A) R751 transconjugants from conjugations of NM654R(R751) donors and
either recipients NMS816N (0O, control) or GI65N (@, control) and
NM654R(R751, pNA1l) donors and recipient GI65N (). (B) R751
transconjugants from conjugations of NM654R(R751) donors and either
recipients NM816N (0O, control) or GI65N (e, control) and NM654R(R751,
pNA12) donors and recipient GI65N (m). Transconjugants were selected on
NA plates containing Nal and Tc. Data are the mean values of three

experiments.
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EcoKI alleviation function encoded by Collb is not transmissible through the
donor. Instead, the alleviation process requires the presence of Collb in the

restricting strain.

5.24 Collbdrd transfer does not mediate retrotransfer of NTP14

Data presented in section 5.2.2 clearly shows that Collbdrd is able to
efficiently mobilise plasmid NTP14. It is proposed that Collbdrd might itself
evade destruction by EcoRI during conjugation by mediating retrotransfer of
NTP14 from the recipient cell to the donor cell; such that transmission of
NTP14 to the donor cell results in the immediate expression of the gene
encoding the EcoRI methylase enzyme which in turn modifies all 20 EcoRI
target sites present on the backbone of Collbdrd before the plasmid enters the
restricting recipient by conjugation. The phenomenon of retrotransfer has
been described as the transmission of chromosomal or plasmid DNA from the
recipient cell to the donor cells supporting conjugation (Sia et al., 1996). If this
is how Collb evades type II restriction then it might explain the 6-10 minute
delay in Collbdrd transconjugant formation in an EcoRI restricting recipient
harbouring NTP14 (Fig. 3.2 A). The delay being attributed to the time taken for
transmission of NTP14 to the donor and methylation of the 20 EcoRI target
sites present on Collb. Also, the requirement for multiple rounds of transfer of
Collbdrd to the restricting recipient could be explained in that this is required
to initiate retrotransfer of NTP14.

. To test this idea an interrupted filter mating experiment was performed
between a donor strain harbouring Collbdrd plasmid pLG221 and a recipient
strain harbouring NTP14. The number of pLG221 transconjugants produced
and the number of donor cells that acquired NTP14 were measured
throughout the mating (Table 5.2.1). No donor cells that acquired plasmid
NTP14 were detected throughout the 40-minute duration of the mating
experiment despite successful transmission of pLG221 to the EcoRI restricting

recipient. These results suggest that transfer of Collbdrd cannot potentiate the
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Table 5.2.1. Analysis of Collb-mediated retrotransfer of mobilisable plasmid NTP14

pLG221 NTP14
Donor Recipient Transconjugants mi1 Transconjugants ml!
GI65R(pL.G221) GI65N 2.6 x 107 —
GI65R(pLG221) GI65N(NTP14) 1.0 x 107 <10
GI65N(pLG221, NTP14) GI65R 2.0 x 107 1.1x 107

Equal numbers of donors and recipients cells were mixed together to give a concentration of 108 cells of
each strain per ml: A 40 minute filter mating was performed at 37°C. The numbers of pLG221 (KmR)
and NTP14 (ApR) transconjugants were determined by plating the mating mix on NA plates containing
the appropriate antibiotic selection. Plasmid NTP14 is mobilised with a frequency of 0.55 relative to the
transfer of pLG221, where mobilisation frequency is the number of mobilised plasmids transferred per
conjugative plasmid.



retrotransfer of NTP14. This is therefore not how Collbdrd evades destruction

by type II restriction enzyme, EcoRI.

5.3 Discussion

Three important conclusions can be drawn from data in this chapter.
First, the Collb ArdA protein is not transmissible from the donor. Evidence is
that a Collbdrd (pNA11) plasmid immobilised in a donor strain could confer
no protection on transferring R751 from EcoKI restriction in the recipient (Fig.
5.3 A). In contrast, Collbdrd (pLG221) itself confers complete protection of R751
(Chapter 3, Fig. 3.5 A). These experiments indicate that enhanced expression of
the ardA gene occurs in the recipient cell shortly after entry of the Collbdrd
plasmid.

Second, like ArdA, the components making up the unidentified ardA-
independent anti-type I system are not transmissible by conjugation (Fig. 5.3 B).
In summary, alleviation of EcoKI restriction by Collb(ArdA”) can only occur
within the cell that contains the plasmid. The mechanism by which restriction
is alleviated is expressed constitutively by a drd” and drd Collb plasmid (see
Chapter Three).

Third, Collbdrd-mediated alleviation of EcoRI restriction appeared to
occur during the formation of mating-pairs (Fig. 5.1 A). Further experiments
indicated that the mechanism has to be expressed in the strain encoding the
restriction system (Fig. 5.1 B). These experiments led to the finding that
Collbdrd is able to mobilise efficiently the EcoRI producing plasmid NTP14
(Fig. 5.2). It may be possible that mobilisation of NTP14 to the R751 donor
results in the modification of R751 EcoRI target sites before the plasmid is
transferred to the restricting recipient. If such a hypothesis were correct, then it
would explain a number of observations made during experiments described
in Chapter Three. These include the initial lag in R751 transconjugant
production in restricting recipients harbouring Collbdrd (Fig. 3.6 A). The lag

reflects the time taken for NTP14 to be mobilised to R751 donors and for
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complete methylation of the R751 replicon. This issue will be addressed
further in Chapter Six.

Another outcome of this finding was that it provided a possible
explanation as to how Collbdrd itself might avoid destruction by EcoRI during
conjugation. The idea being that Collbdrd mediates retrotransfer of NTP14
from the recipient to the Collbdrd donor resulting in modification of the EcoRI
target sites of the plasmid. However, results in Table 5.2.1 clearly show this not
to be the case.

The possibility that ardA-independent alleviation of EcoKI by Collb is
mediated by mobilisation of the EcoKI R-M genes can be ruled out by the fact
that these genes are located on the E. coli chromosome.

One other dilemma that needs to be addressed is that mobilisation of the
EcoRI R-M genes should result in some killing of recipient cells. All these

issues involving the mobilisation of NTP14 are addressed in Chapter Six.
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Chapter Six

Construction of a mob Mutant of Plasmid NTP14

6.1 Introduction

Data in Chapter Five clearly showed that Collbdrd is able to mobilise
efficiently the EcoRI producing plasmid NTP14 when resident in the same
strain (Fig. 5.2). The aim of this chapter is to establish whether the protection
conferred on transferring R751 (Fig. 3.6 A) from EcoRI restriction is Collbdrd-
mediated or the consequence of NTP14 mobilised to the R751 donor. To
address this dilemma it was necessary to construct a mutant of NTP14, which
was unable to be mobilised by a conjugative plasmid.

Details concerning the nature and organisation of NTP14 are limited.
The only published data available is in Smith et al. (1976), who reported that
NTP14 was isolated as a recombinant plasmid present in a strain of E. coli after
an unidentified fi* R-factor encoding the EcoRI R-M system and a number of
antibiotic resistance determinants was mobilised by F-like plasmid R1-19K".
NTP14 is 17 kb in size and has a copy number of ~14 per chromosome. The
plasmid encodes the type II R-M system EcoRI, resistance to ampicillin and
colicin E1. From DNA-DNA re-association experiments, the composition of
NTP14 was determined to be made up of 33% NTP1, 33% ColE1l and 34% R1-
19k™ (Smith et al., 1976).

- The experimental design for creating and isolating a mob mutant of
NTP14 was made difficult due to the limited data available for the plasmid.
Consequently, several attempts were made to isolate a mutant. The first was
based on the fact that NTP14 shares 33% of its genome with ColE1l. The mob
region of ColE1 consists of a nic site also known as bom (basis of mobility) and
four related mob genes, mbeA, mbeB, mbeC and mbeD (Boyd et al., 1989). Like
NTP14, ColE1 also possess a unique Clal cleavage site, which in ColE1 is located
in the largest mob gene, mbeA (Boyd et al., 1989). Based on the fact that each
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plasmid contains a unique Clal cleavage site, it was assumed that NTP14 had
inherited its mob region from ColE1l. The Clal site of NTP14 was utilised for
the insertion of an antibiotic resistance marker gene with the aim of disrupting
the putative mob region. However, none of the recombinant plasmids
isolated, typified by pNA14, demonstrated a Mob™ phenotype.

The second attempt to isolate a Mob  mutant of NTP14 involved
random transposon mutagenesis of the plasmid using Tn5. Several
NTP14::Tnd insertions were isolated; yet, again none determined a Mob’
phenotype. The failure of these two attempts may be the consequence of the
plasmid’s copy number such that the recombinant plasmids may be part of a
mixed population where the original NTP14 plasmids are able to provide the
missing function. This prevents the Mob™ phenotype from being expressed.

The final attempt to isolate a. mutant involved cloning restriction
fragments of NTP14 into a non-mobilisable cloning vector with the aim of
isolating a recombinant plasmid with an Rg;’, Mob™ phenotype. The choice of
cloning vector for these experiments was critical. It was important to choose a
vector that could not be mobilised by Collbdrd yet had a similar copy number
to that of NTP14. Cloning vector pBR322 has a copy number of ~22 per
chromosome but was unsuitable for these experiments as it carries the ColE1l
bom region and can therefore be mobilised by a number of conjugative
plasmids (Finnegan and Sherratt, 1982). Instead, cloning vector pBR328 was
chosen, which is a derivative of pBR322 but does not carry the ColEl bom
sequence (Soberon et al., 1980; Sambrook et al., 1989).

To this end, experiments described in this chapter include; first,
restriction enzyme analyses of plasmid NTP14; Second, the details of the
cloning of restriction fragments of NTP14 into pBR328 as well as the tests used
to determine which recombinants were Rg;", Mob’; Third, the transmission
kinetics of R751 and Collbdrd to a recipient cell harbouring the Rg;", Mob
recombinant are described to confirm the restriction phenotype, and finally the

conjugation experiments are described, which determine whether the
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protection conferred on transferring R751 from EcoRI restriction is mediated by
Collbdrd in the recipient or the consequence of NTP14 being mobilised to the
R751 donor.

Additional experiments described in this chapter include examining the
viability of unmodified recipient cells that acquired the transmitted EcoRI R-M

genes by conjugation.

6.2 Results
6.2.1 Restriction analysis of plasmid NTP14

As a prerequisite to the cloning of restriction fragments of NTP14 a
physical map of the plasmid had to be generated. Construction of the map
involved restriction enzyme analysis of NTP14 using enzymes that cleave the
plasmid no more than twice. These enzymes included Hindlll, Clal, Sall, BgIII
and BamHI. To generate useful data for mapping the cleavage sites on NTP14,
single, double and triple digests were performed. The combinations used and
the resulting restriction data obtained are presented in Table 6.2.1. The
restriction map of NTP14 is presented in Fig. 6.1 A.

The location of the EcoRI R-M genes on NTP14 is unknown. However,
the location of these genes is known for E. coli plasmid R113. The EcoRI
restriction endonuclease and methylase genes are found within close
proximity of each other and span 2.2 kb of R113. The nucleotide sequence of
these genes and surrounding regions has been determined and contains an
internal 1.8-kb HindIIl fragment 1.4-kb upstream of a Sall site (Greene et al.,
1981; EMBL: JO1675). Interestingly, NTP14 also has a 1.8 kb HindIIl fragment
located 1.4-kb from a unique Sall site (Fig. 6.1 A). From these similarities it is
proposed that the EcoRI R-M genes of NTP14 lie in the vicinity of the 1.8 kb
HindIll fragment. Consequently, the strategy for cloning fragments of NTP14

with the aim of isolating recombinants that are Rg;” was based around this

observation.
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Table 6.2.1 Restriction data for NTP14 (17 kb)

Gel No. Lane No. Digest Fragment sizes (kb)
1 2 HindUI 152 1.8
3 Bglll 17
4 Clal 17
5 Sail 17
6 Hindll/BglU 152 1.6 02
7 HindUl/Clal 1.1 41 1.8
8 HindUl/Clal/ 111 41 16 0.2
Bglll
9 Clal/Bglll 11.3 5.7
10 Sail/Clal 9.7 73
11 Sail/HindUI 138 1.8 14
12 Sail/HindUl/ 97 41 18 14
Clal
2 2 BamH! 17
3 BamHI/HindlU 95 57 18
4 BamHI/Sail 89 81
5 BamHI/HindUl/ 8.1 57 1.8 14
Sail
Gell Gel 2
. 12 3456789101112 1 23 45

Restriction fragments of NTP14 were separated on 0.8% agarose gels by
electrophoresis. Xx HindUI molecular weight markers were run in lane 1 of
each gel. The size of each restriction fragment of NTP14 was calculated and
is shown in kb next to each gel and in the above table. Faint bands running
at 3.8 kb in gel 1, lanes 2-5 and 10-11 and gel 2, lanes 2-5 are uncut NTP14.



Fig. 6.1. Diagram depicting the construction of recombinant plasmids pNA16
and pNA17.

(A) Physical map of 17 kb plasmid NTP14 showing the target sites for
restriction enzymes HindlIll, BgIII, Clal, BamHI and Sall. Co-ordinates in bp
run from the unique Clal site. Also shown is the suspected location of the
EcoRI R-M genes (=) as found on plasmid R113 on a 2.2 kb fragment
overlapping the 1.8 kb HindlIII fragment (Greene et al., 1981; EMBL database acc.
no. J01675). Map was compiled using the restriction data in Table 6.2.1.

(B) NTP14 was digested with Sall and Clal yielding two fragments of 7.3 kb and
9.7 kb in size. These two fragments were ligated into the 4.2 kb Sall-Clal
fragment of cloning vector pBR328 (thin line), forming pNA16 and pNA17,
respectively. pNA17 carries the EcoRI system; pNA1l6 does not. Both

recombinants are non-mobilisable.
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6.2.2 Construction of pNA16 and pNA17

It is proposed that the EcoRI R-M genes of NTP14 overlap the 1.8 kb
HindlIll fragment of the plasmid. To isolate recombinant plasmids that carry
these genes and not the mob region of NTP14, a strategy was employed, which
involved cloning fragments of NTP14 avoiding disrupting the 1.8 kb HindIII
fragment and surrounding region. To this end, the 7.3- and 9.7-kb Clal-Sall
fragments of NTP14 were removed by restriction enzyme digestion and
isolated from a 0.8% agarose gel after separation by electrophoresis. Both the
7.3- and 9.7-kb fragments were purified from the agarose using the QIAEX II gel
extraction kit (Qiagen) and ligated into the 4.2 kb Clal-Sall portion of pBR328
forming recombinants pNA17 and pNA16, respectively (Fig. 6.1 B). Isolation
of these recombinant plasmids was achieved by transferring the ligated DNA
by transformation to DH50 competent cells. Transformant colonies that were
Ap", Cm® and Tc® were inferred to carry the vector and a cloned insert at the Tc

gene. Constructs were confirmed initially by restriction enzyme analysis.

6.2.3 Characterisation of pNA16 and pNA17

Characterisation of recombinants pNAl6 and pNA1l7 involved
examining the mobilisation and restriction phenotypes of each plasmid. The
Rg; phenotypes of pNA16 and pNA17 were examined by infecting their E. coli
host strain (GI65N) with a A vir lacking EcoRI modification and examining the
number of plaques formed. The e.o.p of A vir.K was 1.0 in GI65N(pNA16)
relative to its plasmid free host and 0.001 in GI65SN(NTP14). In contrast, the
e.o.p of A virK on strains harbouring pNA17 was 0.001 (Appendix I). These
results confirm that pNA17 has a Rgr;" phenotype and pNA1l6 an Rgs
phenotype, as predicted from restriction enzyme cleavage comparisons of
NTP14 with R113 (Fig. 6.1 A). It was assumed that pNA17 must also carry the

EcoRI methylase gene to prevent the host strain from attack by the EcoRI

endonuclease component.
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Table 6.2.2. Mobilisation of recombinant plasmids pNA16 and pNA17 by Collbdrd

Transconjugants per ml

Donor Recipient pLG221 Recombinant plasmid *Mobilisation
frequency
GI65N(pLG221, NTP14)  GI65R 2.7 x 107 24 x 107 0.88
GI6SN(pLG221, pBR328) " 43 x 107 <10 <2.3x107
GI65N(pLG221, pNA16) " 3.1x 107 <10 <32x107
GI65N(pLG221, pNA17) " 1.5 x 107 <10 <6.7x107

The frequency of transfer of each plasmid was determined after a 40 minute filter mating at 37°C, using
GI65N as the donor host strain and GI65R as the recipient. Plasmids pNA16, pNA17, pBR328 and
NTP14 all confer resistance to ampicillin. Helper plasmid pLG221 confers resistance to kanamycin.
Transfer of pNA16, pNA17, pBR328 and NTP14 was measured by plating the mating mixture on NA
plates containing Ap (100 pg ml1) and Rif (25 pg ml1) and transfer of the helper plasmid measured by
plating on NA plates containing Km (25 pg ml1) and Rif (25 pg ml1). *Mobilisation frequency is the
number of mobilisable plasmids transferred per conjugative plasmid.



Recombinants pNA16 and pNA17 were then tested for their ability to be
mobilised by Collbdrd. Test strains were made by transferring pNA16 and
pNA17 DNA by transformation to GI65N(pLG221) and selecting for Km~, Ap®
and Cm". Conjugation experiments were set up on filters using donors
described in Table 6.2.2 and a recipient strain (GI65R). At 40 minutes, the
numbers of recipients that had acquired either pNA16 or pNA17 were scored
by plating on NA plates containing Rif and Ap (Table 6.2.2). Despite efficient
transfer of pLG221, neither pNA16 nor pNA17 was detected in recipient cells.
These results confirm that the cloning strategy described in section 6.2.2 was
successful in isolating a recombinant plasmid that was Mob". In addition, these
results also suggest that the mob region of NTP14 must overlap either the Clal
site or the Sall site where NTP14 was cleaved as a prelude to making
constructs.

To examine further the restriction properties of pNA17, the
transmission kinetics of pLG221 and R751 to a recipient harbouring the
recombinant were measured. Two separate conjugation experiments were set
up on filters using either GI65R(pLG221) or GI65R(R751) as donors and a Nal®
recipient harbouring pNA17. The yields of pLG221 and R751 transconjugants
are shown in Fig. 6.2 A and B, respectively. EcoRI restriction still has the same
effect on the transmission of pLG221 and R751 if it is encoded by NTP14 or
pNA17. These results confirm that pNA17 is a suitable non-mobile source of
the EcoRI R-M genes. _

- Finally, the colicin E1 producing phenotypes of pNA16 and pNA17 were
examined. Experiments were performed as described in Chapter Two, section
2.3.1. Test strains GI65N, GI65N(pNA16), GI6SN(pNA17) and GI65N(NTP14)
were examined for colicin production using GI65N as an indicator strain. Only
strain GI65N(NTP14) was found to be colicin producing (data not shown),
suggesting that the colicin E1 gene, cea, of NTP14 overlaps either the Clal or
Sall cleavage site of the plasmid. Additionally, pNA16 and pNA17 were also

examined for their ability to confer immunity against the lethal effects of
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Fig. 6.2. Transfer of pLG221 and R751 to a recipient strain harbouring
recombinant plasmid pNA17.

(A) pLG221 transconjugants from conjugations of GI65R(pLG221) donors and
recipients GI65N (O, control), GI65N(NTP14) (e, control) and GI65N(pNA17)
(m). (B) R751 transconjugants from conjugations of GI65R(R751) donors and
either recipients GI65N (0O, control); GI65N(NTP14) (e, control) or
GI65N(pNA17) (M). Transconjugants were selected on NA plates containing

either Nal/Km or Nal/Tc.
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colicin E1 on their host strain. GI65N(NTP14) was used as the test strain and
GI6SN, GI65N(pNA16), GI65N(pNA17) and GI65N(NTP14) as the indicator
strains. Only pNA16 and NTP14 were able to confer any protection on their
hosts strains indicating that the colicin E1 immunity gene, imm, of NTP14 can
be found located somewhere within the 9.7 kb Clal-Sall fragment of the
plasmid (Fig. 6.1 A).

6.2.4 Collb cannot alleviate EcoRI restriction in trans

To determine whether the protection conferred on transferring R751
against EcoRI restriction (Fig. 3.6 A) is Collb-mediated or due to mobilisation of
NTP14 to the R751 donor, a conjugation experiment was carried out using
pNA17. Mating experiments were set up on filters between a donor
harbouring R751 and a recipient harbouring pLG221 and pNA17. Samples of
the mating cells were removed at intervals and examined for the numbers of
R751 transconjugants produced. Figure 6.3 clearly shows that no EcoRI
protection is conferred on transferring R751 by Collbdrd when the R-M genes
cannot be mobilised to the R751 donor. These results confirm that the
protection originally conferred on R751 from EcoRI restriction, as shown in
Fig. 3.6 A, is not Collb-mediated. Such protection must be due to mobilisation
of NTP14 to the R751 donor strain and subsequent methylation of R751 before
transfer.

Therefore, it seems likely that any evasion of EcoRI restriction observed
during transfer of Collbdrd (Fig. 3.2 A) must be due to a mechanism that can
only operate on Collbdrd rather than a trans-acting mechanism as suggested in
Chapter Three (section 3.2.3). Such findings explain why no significant EcoRI

protection is conferred on R751 by Collbdrd when the two plasmids are co-

transferred together (Fig. 3.3 A).
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Fig. 6.3. Transfer of R751 to a recipient harbouring both Collbdrd and
recombinant plasmid pNA17 (R-M grr*).

R751 transconjugants from conjugations of GI65R(R751) donors and either
recipients GI65N (O, control); GI65SN(pNA17) (@); GI65N(pLG221, pNA17) (m)
or GI65N(pNA11, pNA17) (A). Transconjugants were selected on NA plates

containing Nal and Tc.
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6.2.5 Conjugative transfer of the EcoRI R-M genes causes some killing of
recipient cells

Type II R-M genes are considered to be selfish as they tend to impose
selective pressure for the maintenance of the plasmid that encodes them
(Naito et al., 1995; O’Neill et al., 1997). However, this is not necessarily true for
type I R-M systems. As described in Chapter One, section 1.5.3, the restriction
activity of the EcoKI enzyme in a new E. coli host strain is modulated by the
ClpXP protease enzyme leaving its modification activity in tact. The result of
EcoKI restriction activity being modulated is very little cell death after
transmission of the R-M genes to a new unmodified host (Makovets et al.,
1998).

It has been shown in experiments described in this thesis that plasmid
NTP14, which encodes the type II R-M system EcoRI, is mobilisable by Collbdrd
(Fig. 5.2). This observation raises the question of how recipients of the plasmid
survive the acquisition of the new R-M genes. This section is aimed at
examining the consequences for an unmodified E. coli strain of receiving the
EcoRI R-M genes by transfer of the plasmid NTP14.

The experiment involved mating donors harbouring pNA11 and NTP14
and an unmodified recipient strain. The conjugations were set up on filters
and the numbers of NTP14 transconjugants produced were determined at
intervals during the mating. The yield of NTP14 transconjugants were then
compared to the input number of recipient cells in order to evaluate the
viability of the recipients after the acquisition of the EcoRI R-M genes. As a
useful control, a similar experiment was performed using a recipient
harbouring pJH16. This is a recombinant plasmid that carries the EcoRI
methylase gene (Heitman et al., 1989). The results of these experiments are
presented in Table 6.2.3. It is clear from the percentage of NTP14
transconjugants produced in an unmodified host compared to those produced
in a host carrying pJH16 that conjugative transfer of the EcoRI R-M genes on a

plasmid must have resulted in some recipient cell death, although the effect is
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Table 6.2.3. Analysis of the viability of an unmodified E. coli strain during the acquisition of the EcoRI R-M genes by
conjugation

Time NTP14
Donor Recipient (min) Recipients per ml *% transconjugants  transconjugants per ml
GI65N(pNA11, NTP14) GI65R 0 7.5 x 107 0 ND )
5 7.3 x 107 5.3 4.0x10
10 4.5x 107 20 1.5x 107
30 3.4 x 107 20 1.5 x 107
40 2.4 x 107 16 1.2 x 107
GI65N(pNA11, NTP14) GI65R(pJH16) 0 6.5 x 106 0 <10
5.2 x 106 15 1.0 x 100
10 4.6 x 100 30 2.0 x 106
30 9.0 x 106 46 3.0 x 106
40 8.0 x 106 81 5.3 x 106

Equal numbers of donors and recipient cells were mixed together and a filter mating was performed at 37°C for 40 minutes. Samples
of the mating cells were removed at intervals and examined for the number of NTP14 transconjugants by plating on NA plates
containing Rif (25 pg ml!) and Ap (100 pg ml1). Throughout the experiment the number of recipient cells were monitoured by plating
samples of the mating mix on Rif plates. Helper plasmid pNA11 carries a cis-acting lesion within the oriT which prevents its self-
transfer. However, the plasmid still specifies all other transfer functions in trans. Plasmid pJH16 is a recombinant plasmid carrying the
EcoRI methylase gene. * % transconjugants were calculated by comparing the input number of recipient cells/ml to the number of
NTP14 transconjugants/m] produced. Numbers are the mean value of three experiments.



minimal. These results suggest that, like other type II plasmid-encoded R-M
systems tested (Naito et al., 1995), the EcoRI genes also display selfish
behaviour. The fact that not every recipient cell is killed by EcoRI could be due
to either the activity of repair systems employed by the E. coli host strain to
mend DNA cleavages or production of the methylase prior to synthesis of the

endonuclease.

6.3 Discussion

Results in this chapter detail the successful isolation of a recombinant
plasmid with an Rg;", Mob™ phenotype. The plasmid, pNA17, was isolated by
cloning the 7.3 kb Clal-Sall fragment of NTP14 into vector pBR328. In
addition, pNA17 was inferred to specify a similar Rg;" phenotype to NTP14 as
determined during experiments examining the transmission kinetics of both
R751 and Collbdrd to a recipient harbouring either NTP14 or pNA17 (Fig. 6.2).

During the construction of recombinant pNA17, several other notable
observations were made which further characterise NTP14. These
observations are described below.

The cloning of the two Clal-Sall fragments of NTP14 resulted in the
generation of two recombinant plasmids, pNA16 and pNA17, neither of which
were mobilisable by Collbdrd (Table 6.2.2). These findings indicate that the
mob region of NTP14 must overlap either the Clal or Sall site of the plasmid.
If the mob region of NTP14 is homologous to that of plasmid ColEl, then
comparisons between the restriction data for the two plasmids would suggest
that disruption is due to cleavage by Clal (Section 6.1).

Such cloning experiments were also useful in indicating that the colicin
El gene (cea) of NTP14, which must have been inherited from ColE1l, can be
found overlapping either the Clal or Sall cleavage sites of the plasmid (section
6.2.3). However, examination of the nucleotide sequence of ColEl revealed
that there are no Clal or Sall cleavage sites present within cea. It seems more

likely that the cea gene of NTP14 is not overlapping one of these two
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restriction sites and that some other explanation is necessary. Furthermore, it
was shown by Smith et al. (1976) that about 1/3 portion of NTP14 (~ 5.6 kb)
consists of ColE1 DNA. For both the mob region and cea gene of NTP14 to be
inherited from ColE1 and be disrupted by Clal and Sall is impossible as these
two sites are 7.3- and 9.7 kb apart (Fig. 6.2). One possibility is that the ColE1
derived DNA in NTP14 carries an insertion or is interspersed throughout the
NTP14 genome. Despite these complications, the colicin E1 immunity gene
imm was found located within the 9.7 kb Clal-Sall fragment of NTP14 (Fig. 6.1).
Further work is required to locate the exact locations of these three loci on
NTP14.

Despite the interesting observations that were made during the course of
the work described in this chapter, only one important conclusion could be
drawn, which is relevant to the main body of this thesis. That is, that Collbdrd
does not alleviate EcoRI restriction in trans during its conjugative transfer
(section 6.2.4, Fig. 6.3). It appears that Collb itself evades EcoRI restriction by a
cis-acting anti-restriction function rather than a trans-acting one as previously
suggested (Chapter Three, section 3.2.3). Such findings explain why no
significant protection is conferred on R751 by Collbdrd against EcoRI restriction
when the two plasmids are co-transferred together (Fig. 3.3 A). In addition, the
hypotheses that conjugative transfer of Collbdrd alleviates EcoRI restriction
either by altering the physiological state of the recipient cell or by substrate
saturation of the restriction enzymes can now be ruled out as both would have
a trans-acting effect. However, the possibility that Collb carries another anti-
restriction gene cannot be ruled out, although the product of this gene would
have to act in-cis. These assumptions will be discussed further in Chapter
Eight.

One other observation made during this work was that transfer of the
EcoRI R-M genes by conjugation decreases, only slightly, the viability of
recipient cells. Presumably, any killing is due to the detrimental effects of the

endonucleolytic activity of the EcoRI restriction enzyme on the unmodified
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host genome of the recipient cell. Construction of a restriction mutant of
NTP14 for use in a control experiment would have been useful in confirming
that killing of recipient cells is due to the EcoRI restriction enzyme and no
other plasmid-encoded function. The results of transferring this mutant
plasmid to unmodified recipient cells could have been used to compare with
the results obtained using wild type NTP14 (Table 6.2.3). Unfortunately, due to
the time constraints of the project this useful NTP14 mutant was not made.
As an alternative control, a strain harbouring recombinant plasmid pJH16 was
used as a source of a recipient with a modified genome. However, to what
extent the strains genome is methylated as a result of harbouring such a
plasmid is not known. Despite this, results in Table 6.2.3 suggest that the slight
decrease in viability of recipient cells acquiring plasmid NTP14 is due to the
acquisition of genes encoding the EcoRI restriction endonuclease. These

results will not be discussed further in this thesis.
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Chapter Seven

Determination and Analysis of the Nucleotide Sequence
Of the Collb Leading Region

7.1 Introduction

This chapter is concerned with the determination and analysis of the
nucleotide sequence of the Collb leading region. Although peripheral to the
main body of this thesis, such an investigation was useful in providing an
interesting insight into a relatively uncharacterised region of a conjugative
plasmid.

The leading region is defined as the first segment of a conjugative
plasmid to enter the recipient cell during bacterial conjugation. To date, only
three genes have been identified within this region of Collb, which are ssb,
psiB and ardA. Although not essential for conjugation, the products of these
genes have been shown to play an important ancillary role in plasmid DNA
metabolism (Loh et al., 1989; Jones et al., 1992; Read et al., 1992; see Chapter
One, section 1.6). Each gene is expressed early in a transient burst in the newly
infected transconjugant cell promoting establishment of the immigrant
plasmid (Howland et al., 1989; Jones et al., 1992; Althorpe et al., 1999). How the
expression of these genes is enhanced during conjugation is unknown.
However, a number of hypotheses exist (Chapter One, section 1.6.5).

" The aim of this chapter is to use the sequence data for a number of
purposes including determining the genetic organisation of the region,
identifying more potential protein coding regions and, through sequence
comparisons, determining their possible function or evolutionary ancestry. It
was also hoped that indications of the possible mechanism for enhanced
expression of these genes during conjugation might be revealed.

The work described in this chapter is the result of a joint effort with Dr
S. Bates, a post-doctoral researcher in this laboratory. The recombinant
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plasmids constructed by myself and S. Bates for sequencing the Collb leading
region are described in Fig. 7.1. Of the 11.7 kb of sequence data generated, 6.4 kb
was obtained during this work and the other 5.3 kb by S. Bates. Analysis of the
sequence data was a joint effort. With the permission of Dr S. Bates, all data
obtained during the collaboration is presented within this chapter.
Experiments described include the strategy used to clone and sequence 11.7 kb
of the Collb leading region and the computer-based analyses employed to
identify interesting features within the resulting sequence data.

No attempts were made to identify promoters within the leading region
by examining the sequence data for the classical —-10 and -35 RNA polymerase
binding and recognition consensus sequences. Studies of numerous
collections of promoters identified in E. coli has led to a divergence from the
original consensus sequences proposed by Pribnow (-10) and Maniatis (-35)
where a base substitution at each position is possible. Such degeneracy has led
to the conclusion that a promoter can be found every 200 bp of sequence. Use
of the consensus sequences to identify promoters has to be treated with caution
and any candidates must be considered arbitrary until functional data are

obtained (Hénaut and Danchin, 1996).

7.2 Results and Discussion
7.2.1 Strategy for determining the nucleotide sequence of the Collb leading
region

- The leading region of Collb is found located adjacent to the oriT within
the largest EcoRI (E1) fragment of the plasmid (Fig. 7.1 A). The length of the
leading region is estimated to be ~ 17 kb from oriT to the genes encoding UV
protection functions (imp). To generate a library of subclones suitable for DNA
sequencing, smaller restriction fragments of the region were isolated from
either pCRS4 or pCRS3 (Rees, 1986; Rees et al., 1987) and ligated into the

appropriate cleavage sites of cloning vector pIC19H (Fig. 7.1 C). Recombinants
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Fig. 7.1. Scheme showing the construction of a small library of subclones used
to generate the 11.7 kb nucleotide sequence of the Collb leading region.

(A) Physical map of the large EcoRI (E1) fragment of Collb, which encompasses
the leading region and part of the transfer region including oriT and the oriT
operon. Restriction enzyme cleavage sites are indicated by B (BgIII), C (Clal), E
(EcoRI), P (Pstl) and S (Sall). Also indicated are the positions of ssb, psiB, ard A
and the nic site within oriT.

(B) Schematic diagram showing the strategy devised to determine the
nucleotide sequence of both DNA strands of the Collb leading region. One
arrow (5'—#3') may represent more than one sequencing reaction to generate
data for one strand of the corresponding subclone. Primers used in these
sequencing reactions are in Chapter Two, Table 2.1.4.

(C) Library of subclones constructed to generate sequence data for the Collb
leading region. Restriction enzyme cleavage sites are indicated. Subclones
generated from pCRS4 (Rees, 1986) and the resulting sequence data were by S.
Bates. Subclones generated from recombinant pNA3 and resulting sequence
data was part of this work with the exception of pLG290 (Read et al., 1992). The
source of the insert for pPNA3 was pCRS3 (Rees et al., 1987). Subclones pRR2-1
(Roscoe, 1996) pNA6 and pCRS4 were used to generate sequence data over
restriction enzyme cleavage sites. The ArdA phenotypes of pNA6 and pLG290

were examined and the results are shown in Appendix L
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pLG290 (Read et al., 1992) and pNA2 (Althorpe et al., 1999; Chapter Four,
section 4.2.1) were isolated during other studies.

Attempts were made by S. Bates to subclone the region upstream of ssb.
However, all recombinants isolated resulted in rearrangements of the Sall-PstI
insert. Such a phenomenon has also been described by Howland et al. (1989)
during the cloning of 54, which is a Sall fragment internal of the E1 fragment
of Collb (Fig. 7.1 A). Unfortunately, due to time constraints this problem was
not resolved and consequently no sequence data are available beyond 400 bp
upstream of ssb.

Sequence reactions were performed as described in Chapter Two using
either M13/pUC universal forward or reverse primers or a specially designed
primer as described in Table 2.1.4. Each subclone was sequenced completely on
both strands according to the strategy shown in Fig. 7.1 B. Generation of
sequence data over restriction enzyme cleavage sites was achieved using
specifically designed primers and one of the larger subclones, pCRS4, pNA6 or
pRR2-1.

The sequence data generated from these reactions, combined with the
data generated for the oriT region (Chapter Four, Fig. 4.2) were compiled using
the GEL set of programs from the GCG package to give a contig of 11,712 bp in
length. The raw sequence data was then annotated and is shown in Fig. 7.3. In
addition, this data can also be found in the EMBL database accession number

AJ238399. Much of this work is also published in Bates et al. (1999).

7.2.2 Identification of putative protein coding regions (orfs) in the Collb
leading region

To identify putative protein coding regions within the leading region of
Collb the sequence data generated was analysed using the GCG program
CODONPREFERENCE and the E. coli codon usage table of highly expressed
genes (Gribskow et al., 1984; Hénaut and Danchin, 1996). Furthermore, the

translation table was altered so that as well as ATG, GTG start codons were
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Fig. 7.2. Protein coding regions encoded by Collb leading region.

Putative protein coding regions (orfs) and previously identifed genes (ssb, psiB
and ardA) were identified by analysis of the Collb leading region sequence data
using the GCG program CODONPREFERENCE (window 25 bp) and the E. coli
codon usage table of highly expressed genes. Only orfs with ATG or GTG start
codons were searched for.

Panel A shows the analysis running from ssb towards the nic site of the oriT.
Panel B shows the analysis running in the opposite orientation from the nic
site to ssb. Note that the potential orfs identified, and ssb, psiB and ardA are all

transcribed towards oriT.
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incorporated into the analyses. Both orientations of the 11.7 kb sequence were
analysed and the CODONPREFERENCE statistical plots and orfs identified are
shown in Fig. 7.2. In total, ten orfs (Fig. 7.2 and Table 7.2.1) were identified,
three of which include previously identified genes ssb, psiB and ardA. The
most common start codon was ATG found for eight of the ten orfs, where the
GTG start codon was found for orf2 and orf3. TGA was the only stop codon
found.

Adding to the authenticity of these potential orfs, good matches to the
Shine-Dalgarno consensus sequence (3-AUUCCUCCACUGCAU-5") (Mathews
and van Holde, 1990) for ribosome binding were located for each orf between 4-
8 bp upstream of each start codon. These ribosome-binding sites (rbs) are
indicated in Fig. 7.3.

The most striking feature of these newly identified orfs is that like ssb,
psiB and ardA, they are all orientated in the same direction towards oriT. Such
a finding raises the possibility that these genes might be transcribed as part of
an operon rather than as single separate units. In addition, the biological
significance of this organisation of the leading region may be that the DNA
strand destined for transfer (T-strand) forms the template strand for mRNA
synthesis. This may be important to ensure that each gene is expressed soon
after infection of the recipient cell by the immigrant plasmid.

The coding regions of all the orfs identified were translated using the
computer program ‘Gene Jockey II" (BIOSOFT). Both the nucleotide and amino
acid sequences of these coding regions were compared to other sequences
present in the databases EMBL, GenBank and SwissProt, available via the

World Wide Web (Chapter Two).

7.2.3 Similarities between DNA and protein sequences found in the leading
region to those present in the databases
Attempts were made to determine the potential function and

evolutionary history of the orfs identified within the leading region of Collb.
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Analyses involved comparing specific regions of either the nucleotide or
predicted amino acid sequences of the leading region to those available within
the databases EMBL, GenBank and SwissProt. The GCG programs used for
these comparisons were FASTA, BLAST and TFASTA (Pearson and Lipman,
1988; Altschul et al., 1990; Hénaut and Danchin, 1996). However, once
potential homologues had been identified, the GCG program BESTFIT was
often used to determine the amount of similarity and identity between the two
sequences. Potential secondary structures within protein sequences were
identified using the GCG program MOTIF.

In the first place, sequence comparisons involved the previously
identified genes ssb, psiB and ardA to establish if any new homologues could
be found within the databases to those found when the genes were first
sequenced (Howland et al., 1989; Jones et al., 1992; Delver et al., 1991).

No new homologues were found for both ssb and psiB, despite the fact
that a number of plasmids are known to carry ssb- and psiB-like sequences
(Golub et al., 1988). However, a number of errors were found in the original
sequence of psiB, which on correction resulted in both the nucleotide and
predicted amino acid sequence forming a better alignment with the two other
sequenced psiB genes of plasmid F and R6-5 (Dutreix et al., 1988). F and R6-5
PsiB proteins are the same size as Collb PsiB (144 residues) and display 85.4%
and 84.6% identity to the Collb protein respectively. Such alignments suggest
that a stronger relationship exists between the genes of Collb, F and R6-5 than
previously suggested by Jones et al. (1992).

Through cross-hybridisation studies homologues of the Collb ardA gene
have been found on a number of enterobacterial plasmids including members
of the I complex (I1-B-K), IncN and IncFV plasmids (Chilley and Wilkins,
1995). Sequence similarities have also been demonstrated between Collb-Ard A
and those of plasmids R16 (IncB), pKM101 (IncN) and FOlac (IncFV), displaying
"94.0%, 60.5% and 56.4% identity, respectively. During our analyses we found

two new homologues of Collb ArdA, which were Orf79 of plasmid pMT1 of
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Yersinia pestis (causative agent of bubonic plaque) and Orf18 of the conjugative
transposon Tn916. The predicted amino acid sequences of these ArdA-
homologues share 55% and 25% identity with that of Collb ArdA, respectively
(Hu et al., 1998; EMBL accession number AF053947; Clewell et al., 1995).

Analysis of the orf found within the sequence at base positions 8002-7283
(Fig. 7.3) revealed a similarity to the psiA genes of plasmid F and R6-5 (Loh et
al., 1989). Like psiA of F and Ré6-5, Collb psiA also overlaps the TGA stop
codon of the psiB gene, which suggests that these two orfs are co-ordinately
expressed from the same transcript. The Collb PsiA protein, which is predicted
to be 239 amino acid residues in length, shares 63.4% identity to the
corresponding proteins of F and R6-5 with the majority of amino acid changes
located in the C-terminal region of the peptide. The function of PsiA of
plasmid F and R6-5 is unknown although unlike PsiB it is not believed to be
involved in SOS inhibition as PsiB confers the major Psi phenotype (Bailone
et al., 1988).

The largest orf identified within the sequence was orf6, which can be
found located between ssb and psiB at base positions 10527-8488 (Fig. 7.3). The
predicted amino acid sequence of Orf6 is 679 amino acid residues with a
molecular weight of 74 kDa (Table 7.2.1). Comparisons of the sequence of Orf6
with those found in the databases identified only one full-length homologue,
Orf81 of Yersinia pestis plasmid pMT1 (53% identity). The function of Orf81 is
unknown (Hu et al., 1998). Other homologues identified included members of
the SpoOJ family of proteins, whose functions include DNA. partitioning, and
the KorB transcriptional repressor of IncP plasmid RP4. These proteins share
20-30% identity with Orfé6 over 200 amino acids residues. From these
comparisons, it is predicted that Orf6 might be a DNA binding protein,
although the protein exhibits an overall net negative charge (Table 7.2.1).
However, further evidence to support this notion is that the amino acid
" sequence of Orf6 contains a potential Helix-Turn-Helix (HTH; residues 186-205)

of the AraC family type. Furthermore, a potential P-loop structure is identified
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Table 7.2.1. Orfs identified in the Collb leading region.

ORF  Co-ordinates  Amino acid Mr Net charge Motifs § Notes
from nic Residues (kDa) T
ssb 11316-10789 175 19.2 3 ssDNA binding ssDNA-binding protein
orf6 10529-8490 679 74.3 -18 P-loop HTH motif  DNA binding?
coiled coil

psiB 8435-8001 144 159 -8 - Inhibitor of SOS induction
psiA 8004-7285 239 27.7 3 - Unknown
orfb 7155-5980 391 43.9 40 - Possible transposase
ardA 5531-5030 166 192 25 ) | Antirestriction protein
orfd  4301-3867 144 16.5 2 - Unknown
orf3 3775-3590 88 10.5 6 - Unknown
orf2  3444-2503 313 35.8 9 i yadD homologue
orfl  1409-561 282 32.2 3 i Unknown/methylase?

t Mr was predicted using the PEPTIDESORT program from the GCG package version 9.2 (Genetics computer group, 1997)
§ Motifs were detected using the GCG program MOTIFS searching against the PROSITE database. Predicted helix turn helix (HTH)
using the GCG programs HTHSCAN and COILSCAN respectively. Table is taken from Bates et al., (1999).



at residues 178-185, which is indicative of an ATP/GTP biding site motif. Both
these regions of Orf6 have a net positive charge (Table 7.2.1).

There is suggestive evidence that expression of orf6 is enhanced during
conjugative transfer of Collb, since a protein of similar size (82-kDa) to the
predicted Orf6 was found to increase in relative concentration during bacterial
conjugation (Jones et al., 1992).

The orf5 locus can be found at base position 7153-5978 in the sequence
(Fig. 7.3). The predicted amino acid sequence of Orf5 is 391 residues with a
high net positive charge (Table 7.2.1). Comparisons of the sequence of Orf5
with other proteins present in the databases revealed extensive homologies to
the protein-coding regions found within a number of unusual insertion
elements (IS) all related to IS891. In fact, similarities were detected over the
full length of Orf5 to the probable transposases of IS elements IS1253 of
Dichelobacter nodosus (41% identity, 52% similarity; Billington et al., 1996;
EMBL: U34772); 1S1341 of thermophillic bacterium PS3 (39% identity, 51%
similarity, Murai et al., 1995); 1S605 (tnpB) of Heliochacter pylori cag
pathogenicity island (34% identity, 45% similarity, Censini et al., 1996; EMBL:
U95957) and IS891 of Cyanobacterium Anabaena sp. (39% identity, 44%
similarity; Bancroft and Wolk, 1989; EMBL: M24855). Hence, the product of
orf5 appears to be a transposase (Table 7.2.1). Our analysis also revealed that
like the IS elements mentioned above, the N-terminal 120 amino acids of Orf5
have a high degree of homology to VirE (81% identity) and VsdF (79%
identity), which are encoded by virulence-associated plasmids from
Salmonella typhimurium and Salmonella dublin, respectively (Gulig et al.,
1992; Krause et al., 1991).

No inverted repeat sequences that are classically associated with the
ends of IS elements could be found surrounding orf5. However, as found for
IS1253, an imperfect direct repeat sequence with internal dyad symmetry,
‘possibly directing transposase recognition, was found flanking orf5 (Fig. 7.3).

Interestingly, the location of orf5 corresponded to a region of the sequence that
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Fig. 7.3. 11.7 kb DNA sequence of the Collb leading region.

Features shown include the / start and stop codons of ssb,
psiB, psiA, ardA, orfl, orf2, orf3, orf4, orf5, and orf6. The associated ribosome
binding site (rbs) of each orf is underlined. Amino acid sequences deduced
from the DNA sequences of all orfs are presented where the start of each
translated amino acid is in uppercase. All orfs are transcribed in the rightwards
direction (5'-—#=3'). Restriction enzyme cleavage sites are BgIII, Clal, PstI and
Sall.

The ssi sites (indicated by single lines) are putative promoters for rightwards
transcription of the transferring DNA strand. These ssi sites were identified by
their similarity in sequence to Frpo, which functions as a single-stranded
promoter in plasmid F (Masai and Arai, 1997; EMBL: D90178).

The nic site is indicated (A) and the direction of transfer of the plasmid to the
recipient during conjugation from this site is from right to left (5'-3).
Imperfect direct repeats flanking orf5 in the T-strand are indicated
(L—— — ) and are:

5945 5' —TGCTCCCCGCCCTG TCGGGCGAGGCTTCCC 3' 5974

..............

7233 5'- TCCTCCCCACCCGCATTGGGCGAGGGTTCTC 3' 7263



Fig. 7.3.

TC .
- ssi3

11712 AGACAGCGCGGCACTGGACGCGAGGGACGTGTGGACTGCCACACACTCCTTTGACGCGGA 11655

11654

11594

11534

11474

11414

11354

11294

11234

11174

11054

CTACCGCGTCGTCAGAAGGGAGGACGGCGGTGGAGACGCCGGACAAAGGGCGACACCTGA 11595

AAGGCCCCCCGTCTGCATTGGGGGAGGGCAAGGTAGACAGGTCCCACTCTACGTGGCCGG 11535

TGTTTTAAAAATCGGTACTTGGGCCGTTT ITTAAAACGCAGGCGGGGGCCTGTCGACAGG 11475

GCACTCCGCCATTTGCCCGGGGGTAGCCTTTCCAGGTGACGCCCCTCTTTGGGGACACTT 11415

AAGGGGCACATGAACGTCCCGTCTCCGGT
-------- +-=------—+---------+ 11355
CACCTGCCGTCCTCCTCGAAAGCGAGGAGACTTCCCCGTGTACTTGCAGGGCAGAGGCCA

rbs ssb —
ATCCGGTTTATCTCACATCTTTCAGTCAGGAGGTTCTTRTGAGTGCACGTGGTATCAACA
————————— e e e e e e — g mm e m——— -~ ] 1295
TAGGCCAAATAGAGTGTAGAAAGTCAGTCCTCCAAGAATACTCACGTGCACCATAGTTGT
MetSerAlaArgGlyIleAsnLys
AGGTCATCCTCGTCGGGCGTCTGGGCAATGATCCGGAGGTCCGTTACATCCCCAACGGTG
————————— e e i e e L S B DR 1Y
TCCAGTAGGAGCAGCCCGCAGACCCGTTACTAGGCCTCCAGGCAATGTAGGGGTTGCCAC

ValIleLeuValGlyAr%LeuGlyAsnAspProGluValArgTyrIleProAsnGlyGly
Pﬁ

GCGCAGTGGCAAACETGCA§GTGGCCACGTCAGAAAGCTGGCGCGACAAACAGACCGGGG

OO TOAC T TOOACO TOOACC O TOCAGT T I TCOACCECCTOTTTOTCTaR e
AlaValalaAsnLeuGlnValAlaThrSerGluSerTrpArgAspLysGlnThrGlyGlu

AGATGCGGGAGCAGACGGAATGGCACCGTGTTGTGCTGTTCGGCAAGCTCGCGGAAGTGG

TCTACGCCCTCGTCTGCCTTACCGTGGCACAACACGACAAGCCGTTCGAGCGCCTTCACC
MetArgGluGluThrGluTrpHisArgValVallLeuPheGlyLysLeuAlaGluValAala

CAGGTGAATATCTGCGCAAGGGCGCGCAGGTCTACATCGAGGGGCAACTCCGTACCCGTA

GTCCACTTATAGACGCGTTCCCGCGCGTCCAGATGTAGCTCCCCGTTGAGGCATGGGCAT
GlyGluTyrLeuArglysGlyAlaGlnValTyrIleGluGlyGlnLeuArgThrArgSer

GCTGGGACGACAACGGCATCACCCGCTACATCACTGAAATTCTTGTTAAGACCACGGGCA

CGACCCTGCTGTTGCCGTAGTGGGCGATGTAGTGACTTTAAGAACAATTCTGGTCCCGT
TrpAspAspAsnGlyIleThrArgTyrIleThrGlulleleuvValLysThrThrGlyThr

CCATGCAGATGCTGGGGAGTGCACCACAGCAGAACGCTCAGGCGCAACCGAAGCCTCAGC
GGTACGTCTACGACCCCTCACGTGGTGTCGTCTTGCGAGTCCGCGTTGGCTTCGGAGTCG

MetGlnMetLeuGlySerAlaProGlnGlnAsnAlaGlnAlaGlnProLysProGlnGln



10934

10874

10814

10754

10694

10634

10574

10514

10454

10394

10334

10274

- 10214

10154

AGAATGGGCAGCCACAGAGTGCTGACGCGACGAAAAAAGGTGGCGCGAAAACGAAAGGCC
TCTTACCCGTCGGTGTCTCACGACTGCGCTGCTTTTTTCCACCGCGCTTTTGCTTTCCGG
AsnGlyGlnProGlnSerAlaAspAlaThrLysLysGlyGlyAlaLysThrLysGlyArg
GTGGACGTAAGGCCGCGCAGCCCGAGCCTCAGCCGCARACGCCGGAGGGGGAGGATTACG
CACCTGCATTCCGGCGCGTCGGGCTCGGAGTCGGCGTTTGCGGCCTCCCCCTCCTAATGC
GlyArgLysAlaAlaGlnProGluProGlnProGlnThrProGluGlyGluAspTyrGly
GGTTTTCAGACGACATCCCGTTCE:;hCGGGCTGACTGTGACAACCGCCCCGCCCTGTGC
————————— e e e e et S R 0 A%
CCAAAAGTCTGCTGTAGGGCAAGACTAGCCCGACTGACACTGTTGGCGGGGCGGGACALCG
PheSerAspAsplleProPhe*
GGGGCATCACCGGAGATATGAGGATGAGCGAATATTTCAGAATACTTCAGGGACTGCCGG

————————— e e e e e m e m e e ————— =~ 10695
CCCCGTAGTGGCCTCTATACTCCTACTCGCTTATAAAGTCTTATGAAGTCCCTGACGGCC

ACGGCTCCTTTACCCGCGAACAGGCGGAAGCCGTTGCCGCACAGTACCGGAACGTCTTTA
————————— e e e m e — e mmpm———— == ——4 10635
TGCCGAGGAAATGGGCGCTTGTCCGCCTTCGGCAACGGCGTGTCATGGCCTTGCAGAAAT

TCGAGGATGACCACGGAGAACATTTTCGCCTGGTTGTCCGTAATAACGGAACAATGGTCT
————————— o m e e e e e e m e ———————4 10575
AGCTCCTACTGGTGCCTCTTGTAAAAGCGGACCAACAGGCATTATTGCCTTGTTACCAGA

tbs ~ orf 6—
GGCGTACCTGGAATTTTGAGGACGGTGCCGGGTACTGGATGAACHATGE CATCCGTGATT
————————— e e e e e e m g m e e~ —m—— e = —————¢ 10515
CCGCATGGACCTTAAAACTCCTGCCACGGCCCATGACCTACTTGGTACGGTAGGCACTAA

MetProSerValIle
TCGGGATTCTTAAGTAAGAGAGGTGCCGGACGCGCGAACGTCCGGCAGGACATAAGCAAT
————————— e m e T e e m e e ——m—m—mp - - ——————4 10455
AGCCCTAAGAATTCATTCTCTCCACGGCCTGCGCGCTTGCAGGCCGTCCTGTATTCGTTA
SerGlyPheLeuSerLysArgGlyAlaGlyArgAlaAsnValArgGlnAsplleSerAsn
TATAAGGGGATGATTATGCCTGTAACGAAGTGTGAACCAGAAACCACCCGCAAAGCAAGC
————————— e e e e e m e e — g m————————4 10395
ATATTCCCCTACTAATACGGACATTGCTTCACACTTGGTCTTTGGTGGGCGTTTCGTTCG
TyrLysGlyMetIleMetProvValThrLysCysGluProGluThrThrArgLysAlaSer
CGTAAATCTGCAAAAACGCAGGAAACTGCCCTGTCTGCCCTGCTGGCGCAGACGGAGGAR
————————— o m e e e — e m e m— o m— o — - ---—— -4 ------—-—-4 10335
GCATTTAGACGTTTTTGCGTCCTTTGACGGGACAGACGGGACGACCGCGTCTGCCTCCTT
ArgLysSerAlalysThrGlnGluThrAlaLeuSerAlaLeulLeuAlaGlnThrGluGlu
GTGAGCGTGCCGCTGGCCTCACTGATTAAATCACCGCTGAATGTGCGCACGGTGCCGTAT
————————— o m e e e e e — e — e — - -4 20275
CACTCGCACGGCGACCGGAGTGACTAATTTAGTGGCGACTTACACGCGTGCCACGGCATA

ValServValProLeuAlaSerLeulleLysSerProLeuAsnValArgThrValProTyr
TCTGTGGAGTCCGTCAGCGAACTGGCTGGGTCCATTAAGGGCGTTGGCCTGTTGCAGAAT

————————— Bt e e e ¢ N 0 D2 )
AGACACCTCAGGCAGTCGCTTGACCGACCCAGGTAATTCCCGCAACCGGACAACGTCTTA
ServValGluSerValSerGluleuAlaGlySerIleLysGlyValGlyLeuLeuGlnAsn
CTGGTCGTGCATACCCTGCCTGGTGACCGTTACGGTGTCGCCGCAGGCGGTCGCCGACTG
GACCAGCACGTATGGGACGGACCACTGGCAATGCCACAGCGGCGTCCGCCAGCGGCTGAC
LeuValValHisThrLeuProGlyAspArgTyrGlyValAlaAlaGlyGlyArgArgLeu

GCAGCACTCAACATGCTGGCAGAGCGCAACATCCTTCCGGCTGACTGGCCTGTCCGCGTG

CGTCGTGAGTTGTACGACCGTCTCGCGTTGTAGGAAGGCCGACTGACCGGACAGGCGCAC



10094

10034

9974

9914

9854

9794

9734

9674

9614

9554

9494

9434

AlaAlaLeuAsnMetLeuAlaGluArgAsnIleLeuProAlaAspTrpProvalArgval
Clal

I
AAAATTATTCCGCAGGCACTGGCGACGGCTGCETCGA?FACCGAGAACGGTCATCGTCGG

————————— e e e e S - - - - —----410035

TTTTAATAAGGCGTCCGTGACCGCTGCCGACGTAGCTACTGGCTCTTGCCAGTAGCAGCC
LysIleIleProGlnAlaLeuAlaThralaAlaSerMetThrGluAsnGlyHisArgArg
GATATGCACCCAGCCGAACAGATTGCCGGATTCCGCGCAATGGCGCAGGAAGGCAAAACA
CTATACGTGGGTCGGCTTGTCTAACGGCCTAAGGCGCGTTACCGCGTCCTTCCGTTTTGT
AspMetHisProAlaGluGlnIleAlaGlyPheArgAlaMetAlaGlnGluGlyLysThr
CCTGCGCAGACTGGCGACCTGCTGGGCTATTCACCCCGCCACGTCCAGCGAATGCTGARAA
GGACGCGTCTGACCGCTGGACGACCCGATAAGTGGGGCGGTGCAGGTCGCTTACGACTTT
ProAlaGlnThrGlyAsplLeuLeuGlyTyrSerProArgHisValGlnArgMetLeulys
CTGGCAGACCTTGCACCCGTCATCCTTGATGCGCTGGCAGAAGACCGCATCACCACCGAA
GACCGTCTGGAACGTGGGCAGTAGGAACTACGCGACCGTCTTCTGGCGTAGTGGTGGCTT
LeuAlaAspLeuAlaProValIleLeuAspAlaleuAlaGluAspArgIleThrThrGlu
CACTGTCAGGCGCTGGCGCTGGAGAACGACACCGCGCGTCAGGTGCAGGTGTTTGAAGCC
GTGACAGTCCGCGACCGCGACCTCTTGCTGTGGCGCGCAGTCCACGTCCACAAACTTCGG
HisCysGlnAlaLeuAlaLeuGluAsnAspThrAlaargGlnvalGlnvalPheGluala
GCCTGCCAGTCAGGATGGGGCGGTAAACCGGATGTGCGGGTTATCCGCAACCTGATTACC
CGGACGGTCAGTCCTACCOCGCCATTTOCCTACACGCCCAATAGECOTTGRACTAATGE
AlaCysGlnSerGlyTrpGlyGlyLysProAspValaArgValIleArgasnLeulleThr
GAAAGTGAAGTGGCGGTGGCGGGGAACAGTAAATTCCGCTTCGTGGGGGCTGATGCCTTC
CTTTCACTTCACCGOCACCGOCCCTTGTCATT TAAGGCGAAGCACCCCCGACTACGGARG
GluSerGluvValAlavalAlaGlyAsnSerLysPheArgPhevValGlyAlaAspAlaPhe
TCGCCAGACGAACTGCGCACCGATTTGTTCAGCGACGACGAGGGTGGCTATGTGGACTGC

AGCGGTCTGCTTGACGCGTGGCTAAACAAGTCGCTGCTGCTCCCACCGATACACCTGACG

SerProAspGluLeuArgThrAspLeuPheSerAspAspGluGlyGly TyrValAspCys

GTGGCGCTCGATGCCGCCCTGCTGGAAAAACTCCAGGCTGTCGCTGAACACCTTCGGGAA
CACCGCGAGCTACGGCGGGACGACCTTTTTGAGGTCCGACAGCGACTTGTGGAAGCCCTT
ValAlalLeuAspAlaAlaLeuLeuGluLysLeuGlnAlavValAlaGluHisLeuArgGlu
GCCGAAGGCTGGGAATGGTGCGCCGGGCGCATGGAGCCTGTCGGTGAGTGCCGTGAGGAT
CGGCTTCCGACCCTTACCACGCGGCCCGCGTACCTCGGACAGCCACTCACGGCACTCCTA
AlaGluGlyTrpGluTrpCysAlaGlyArgMetGluProValGlyGluCysArgGluAsp
GCCGGAACATACCGCTGTCTGCCGGAGCCGGAAGCGGTGCTGACGGAGGCAGAAGAAGAA
CGGCCTTGTATGGCGACAGACGGCCTCGGCCTTCGCCACGACTGCCTCCGTCTTCTTCTT
AlaGlyThrTyrArgCysLeuProGluProGluAlavalLeuThrGluAlaGluGluGlu
CGCCTGAACGAACTGATGACGCGTTACGACGCGCTGGAAAACCAGTGTGAGGAATCCGAC
GCGGACTTGCTTGACTACTGCGCAATGCTGCGCGACCTTTTGGTCACACTCCTTAGGCTG

ArgLeuAsnGluLeuMetThrArgTyrAspAlaLeuGluAsnGlnCysGluGluSerAsp
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9374

9314

9254

9194

9134

9074

9014

8954

8894

8834

8774

8714

8654

CTGCTGGAAGCAGAAATGAAGCTGATGCGCTGCATGGCGAAGGTCAGAGCGTGGACGCCG
GACGACCTTCGTCTTTACTTCGACTACGCGACGTACCGCTTCCAGTCTCGCACCTGCGGC
LeulLeuGluAlaGluMetLysLeuMetArgCysMetAlalysValArgAlaTrpThrPro
GAGATGCGTACCGGAAGCGGTGTGGTGGTGTCCTGGCGTTACGGTAATGTGTGTGTCCAG
CTCTACGCATGGCCTTCGCCACACCACCACAGGACCGCAATGCCATTACACACACAGGTC
GluMetArgThrGlySerGlyvalValvValSerTrpArgTyrGlyAsnvalCysValGln
CGTGGTGTGCAGTTGCGCAGTGAAGATGACGCGGCTGACCGCACGGAACAGGTGCAGGAG
GCACCACACGTCAACGCGTCACTTCTACTGCGCCGACTGGCGTGCCTTGTCCACGTCCTC
ArgGlyValGlnLeuArgSerGluAspAspAlaAlaAspArgThrGluGlnvalGlnGlu
AAAGCATCAGTGGAGGAAATCAGTCTGCCACTGCTGACGAAAATGTCTTCCGAACGCACG
TTTCGTAGTCACCTCCTTTAGTCAGACGGTGACGACTGCTTTTACAGAAGGCTTGCGTGC
LysAlaServValGluGluIleSerLeuProLeulLeuThrLysMetSerSerGluArgThr
CTGGCAGTCCAGGCGGCACTCATGCAGCAACCGGACAAATCTCTGGCACTGCTGGCATGG
GACCGTCAGGTCCGCCGTGAGTACGTCGTTGGCCTGTTTAGAGACCGTGACGACCGTACC
LeuAlaValGlnAlaAlaLeuMetGlnGlnProAsplysSerLeuAlalLeulLeuAlaTrp
ACGCTCTGCCTGAATGTGTTTGGCAGCGGAGCGTACAGTAAACCAGCACAAATCAGCCTG
TGCGAGACGGACTTACACAAACCGTCGCCTCGCATGTCATTTGGTCGTGTTTAGTCGGAC
ThrLeuCysLeuAsnValPheGlySerGlyAlaTyrSerLysProAlaGlnIleSerLeu
GAATGTAAACATTATTCGCTGACCAGCGATGCGCCGTCAGGGAAGGAAGGTGCCGCGTTC
O TTACATTTOT AN TAAGCOACTGETCOCTACGEOGCAGTOCCTTCOTTCCACGRCGCAAG
GluCysLysHisTyrSerLeuThrSerAspAlaProSerGlyLysGluGlyAlaAlaPhe
ATGGCGCTGATGGCAGAAAAAGCCCGTCTTGCGGCCCTGTTACCGGAGGGATGGTCACGG
TACCGCGACTACCGTCTTTTTCGGGCAGAACGCCGGGACAATGGCCTCCCTACCAGTGCC

MetAlaLeuMetAlaGluLysAlaArgLeuAlaAlaLeuLeuProGluGlyTrpSerArg

GACATGACGACGTTCCTGTCGCTCAGCCAGGAGGTGCTGTTATCCCTGCTCAGTTTCTGC
CTGTACTGCTGCAAGGACAGCGAGTCGGTCCTCCACGACAATAGGGACGAGTCAAAGACG
AspMetThrThrPhelLeuSerLeuSerGlnGluvalLeuleuSerLeulLeuSerPheCys
ACCGCGTGCAGCATCCACGGCGTTCAGACCCGCGAGTGTGGTCACACGTCACGCAGCCCG
TGGCGCACGTCGTAGGTGCCGCAAGTCTGGGCGCTCACACCAGTGTGCAGTGCGTCGGGC
ThralaCysSerIleHisGlyValGlnThrArgGluCysGlyHisThrSerArgSerPro
CTGGATACGCTGGAGAGCGCCATCGGTTTTCACATGCGCGACTGGTGGCAGCCGACAAAA
GACCTATGCGACCTCTCGCGGTAGCCAAAAGTGTACGCGCTGACCACCGTCGGCTGTTTT
LeuAspThrLeuGluSeraAlalleGlyPheHisMetArgAspTrpTrpGlnProThrLys
GCAAACTTCTTCGGACACCTGAAAAAGCCACAAATTATCGCAGCCCTGAATGAGGCCGGA
OO TGAAGAAGCCTOTGEACTTTTTCGETGT T TARTAGCGTCAGRACTTACTCCGECCT
AlaAsnPhePheGlyHisLeulysLysProGlnIleIleAlaAlaleuAsnGluAlaGly
CTGTCCGGTGCCGCACGGGACGCGGAGAAGATGAAGAAAGGTGATGCGGCTGAACATGCA

GACAGGCCACGGCGTGCCCTGCGCCTCTTCTACTTCTTTCCACTACGCCGACTTGTACGT

LeuSerGlyAlaAlaArgAspAlaGluLlysMetLysLysGlyAspAlaAlaGluHisAla

9315

9255

9195

9135

9075

9015

8955

8895

8835
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8534

8474

8414

8354

8294

8234

8174

8114

8054

7994

7934

7874

GAGCACCATATGAAAGACAACCGCTGGGTTCCAGGCTGGATGTGTGCTCCACATCCACAG
————————— Fom oo e e m o —e—m—— - --—--——--4 8535
CTCGTGGTATACTTTCTGTTGGCGACCCAAGGTCCGACCTACACACGAGGTGTAGGTGTC

GluHisHisMetLysAspAsnArgTrpValProGlyTrpMetCysAlaProHisProGln
ACAGATGCCACTGAACGCACCGATAACCTGGCTGATGCCGCIGATGARcaaccacaces

————————— e e i e e SR -1 WY
TGTCTACGGTGACTTGCGTGGCTATTGGACCGACTACGGCGGACTACTTGTTGGTGTGGC

ThrAspAlaThrGluArgThrAspAsnLeuAlaAspAlaAlﬁé *

rbs psis —
CCCCGCCGGAGACGGGGCGGCAGCAAGGGAGAZACCGTGE:EkAAACTGAACTGACCCTG
————————— e i T Rk S - £ 3 o)

GGGGCGGCCTCTGCCCCGCCGTCGTTCCCTCTATGGCACTACTTTTGACTTGACTGGGAC

MetLysThrGluLeuThrLeu
Pstl
|

AATGCCETGCAG CCATGAACGCACAGGAATATGAAGATATCCGTGCTGCGGGAAGCGAT

————————— e e e e mm e — e — o — - ———4-=-==-—-———4 8355

TTACGGGACGTCAGGTACTTGCGTGTCCTTATACTTCTATAGGCACGACGCCCTTCGCTA

AsnAlaLeuGlnSerMetAsnAlaGlnGluTyrGluAspIleArgAlaAlaGlySerAsp

ATGCGCCGTAATCTCACTCACGAGGTGATGCGTGAAGTGGACGCACCGGCTAACTGGATG

————————— e e mm e e mm e —m—— g —— -~ - —— 4 8295

TACGCGGCATTAGAGTGAGTGCTCCACTACGCACTTCACCTGCGTGGCCGATTGACCTAC

MetArgArgAsnLeuThrHisGluValMetArgGluValAspAlaProAlaAsnTrpMet

ATGAATGGCGAGTATGGCAGTGAGTTCGGGGGCTTTTTCCCCGTCCAGGTTCGTTTCACG

————————— e e e e e e e e —e— 4 ——————— -} 8235

TACTTACCGCTCATACCGTCACTCAAGCCCCCGAAAAAGGGGCAGGTCCAAGCAAAGTGC

MetAsnGlyGluTyrGlySerGluPheGlyGlyPhePheProvalGlnValArgPheThr
CCAGCCCACGAACGTTTCCACCTGGCATTATGTTCGCCGGGAGACGTCTCTCAGCTCTGG

GGTCGGGTGCTTGCAAAGGTGGACCGTAATACAAGCGGCCCTCTGCAGAGAGTCGAGACC
ProAlaHisGluArgPheHisLeuAlalLeuCysSerProGlyAspValSerGinLeuTrp
ATGCTGGTTCTGGTGAATTGTGGTGGACAGCCTTTCGCCGTCGTTCAGGTGCAACATATC
————————— e m e m e e e e mmmm - ===~ ————4 8115
TACGACCAAGACCACTTAACACCACCTGTCGGAAAGCGGCAGCAAGTCCACGTTGTATAG
MetLeuValLeuValAsnCysGlyGlyGlnProPheAlavValvalGlnvValGlnHisIle
TTCACGCCTGTCGCTATCAGTCACACGCTGGCGCTTGCCGCGACACTTGATGCGCAGGGG
————————— e e mm e e m e e —p— - =~ ————4 8055
AAGTGCGGACAGCGATAGTCAGTGTGCGACCGCGAACGGCGCTGTGAACTACGCGTCCCC

PheThrProvValAlaIleSerHisThrLeuAlalLeuAlaAlaThrLeuAspAlaGlnGly

rbs —
TACAGTGTTAACGACATCATCCATATCCTGATGGCAGAAGGAGGTCAGG CGCAC
--------- o m e e e — e m e — 4T ———— 4 7995

ATGTCACAATTGCTGTAGTAGGTATAGGACTACCGTCTTCCTCCAGTCCGTACTCGCGTG

TyrSerValAsnAspIleIleHisIleLeuMetAlaGluGlyGlyGlnAla*
MetSerAlaArg

GTTCACGGGCACTGATCCCCCTCAGCGCAGAGCAACAGGCCGCCATGCAGGCTGTGGCTG
CAAGTGCCCGTGACTAGGGGGAGTCGCGTCTCGTTGTCCGGCGGTACGTCCGACACCGAC
SerArgAlaleulleProLeuSerAlaGluGlnGlnAlaAlaMetGlnAlaValAlaval
TCACAGAACAACGTCGTCGTCAGGGACGCACACTTTCAGCATGGCCTTATGCCAGCGCTT
AGTGTCTTGTTGCAGCAGCAGTCCCTGCGTGTGAAAGTCGTACCGGAATACGGTCGCGAA
ThrGluGlnArgArgArgGlnGluArgThrLeuSerAlaTrpProTyrAlaSerAlaPhe
TCTTTCGCTGCCTGAATGGCAGCCGCCGGATTTCGCTGACCGATCTCCGCTTTTTTGCTC

AGAAAGCGACGGACTTACCGTCGGCGGCCTAAAGCGACTGGCTAGAGGCGAAAAAACGAG



PheArgCysLeuAsnGlySerArgArgIleSerLeuThrAspLeuArgPhePheAlaPro
CTGCGCTGACGAAGGAGGAATTTCATGGCAACCGTCTCCTGTGGCTGGCTGCCGTGGATA
7814 --------- R et o mm—— - Fommm—————— fmmm e m R ittt + 7755
GACGCGACTGCTTCCTCCTTAAAGTACCGTTGGCAGAGGACACCGACCGACGGCACCTAT
AlaLeuThrLysGluGluPheHisGlyAsnArgLeuLeuTrpLeuAlaAlaValAsplys
AACTGATTGAAAGTTTTGGTGAAGTCTGTGTTCTTCCCCTGCCATCCGATGCTGGGCATC
7754 --------- o mm tmmm e m— - o —— - Fmmm— B it + 7695
TTGACTAACTTTCAAAACCACTTCAGACACAAGAAGGGGACGGTAGGCTACGACCCGTAG
LeuIleGluSerpPheGluGluvValCysvValLeuProLeuProSerAspAlaGlyHisArg
GTCTGTTCCCGTCCGTTCCTTTTCGTGAAGGTGAGCGGCGTCGTCAGAAAACCACGCTGA
7694 -----w-w- o= mmmm - e it Fom - - fomm + 7635
CAGACAAGGGCAGGCAAGGAAAAGCACTTCCACTCGCCGCAGCAGTCTTTTGGTGCGACT
LeuPheProSerValProPheArgGluGlyGluArgArgArgGlnLysThrThrLeuThr
CAGAGCAGAAATACAGCCGCCAGCGGGAACGTGAGGCAGAACGACGGGAACTGGAATACC
7634 —-----e-- e ittt fmmm—————— dmmmm - tmmmmm—— e pmmm + 7575
GTCTCGTCTTTATGTCGGCGGTCGCCCTTGCACTCCGTCTTGCTGCCCTTGACCTTATGG

GluGlnLysTyrSerArgGlnArgGluArgGluAlaGluArgArgGluLeuGluTyrGln

AGACATGTTTTGCTCAGGCGCAGATTGACCTTGCGTTTCATACTCCCGCCACGGTCGGAA
7574 --=~-=m-- tmmmmm—— = tmmmm to e e ———— - $omm - + 7515
TCTGTACAAAACGAGTCCGCGTCTAACTGGAACGCAAAGTATGAGGGCGGTGCCAGCCTT
ThrCysPheAlaGlnAlaGlnIleAspLeuAlaPheHisThrProAlaThrValGlySer
GCTGGTTGTCCCGCTGGTCTGGTGTTGTTGAGGAGCATGATCTGGAAACGATTTTCTGGG
CGACCAACAGGGCGACCAGACCACAACAACTCCTCGTACTAGACCTTTGCTAAAAGACCC
TrpLeuSerArgTrpSerGlyValvValGluGluHisAspLeuGluThrIlePheTrpGly
GGTGGTGCGGGCGTTTTCCATCACTGTCATCATTTGACCGGTTTTTCTGGCAGGAGGAAC
7454 --------- Fmm— tmmm e ——— e Fmmm - e i + 7395
CCACCACGCCCGCAAAAGGTAGTGACAGTAGTAAACTGGCCAAAAAGACCGTCCTCCTTG
TrpCysGlyArgPheProSerLeuSerSerPheAspArgPhePheTrpGlnGluGluPro
CACTCTGGCGGCTGATTTTTGAAGCCGGTGAGGCCGGTCGTGGTGCACCGGTACAGATAC
7394 --------- e — - Fm - tmmm— - tmmm - o mmmm e + 7334
GTGAGACCGCCGACTAAAAACTTCGGCCACTCCGGCCAGCACCACGTGGCCATGTCTATG
LeuTrpArgLeullePheGluAlaGlyGluAlaGlyArgGlyAlaProvalGlnlleArg
GTGCACTTGAGCAGTGGATGATCCCGAACAAGC TGGAGAACGCAATATGATGARATCAGC
7334 ~-------- tmm - Rttt tommmm - Fommooo - it + 7275
CACGTGAACTCGTCACCTACTAGGGCTTGTTCGACCTCTTGCGTTATACTACTTTAGTCG
AlaleuGluGlnTrpMetIleProAsnlysLeuGluAsnAlalle* *

GAAAAGCCGCCGAGAACCCTCGCCCAATGCGGGTGGGGAGGAAAGGCGGAAAAGCCCGAA

7274 ——===—--—- fmmm tm—m e m - tmm—mm - e fommmm— - + 7215
CTTTTCGGCGGCTCTTGEGAGCGGGTTACGCCCACCCCTCCTTTCCGCCTTTTCGGGCTT
~ - — —_— - =
direct repeat rbs 07f 5
GGGCTTTAARAATATTATTACGGTGTTAGCATAAAAACCTGTACCAATGAGCGGTGACTR
7214 —-------~ dmmm - +m—mmm = Fm—mmm - tmmmm - e + 7155
CCCGAAATTTTTATAATAATGCCACAATCGTATTTTTGGACATGGTTACTCGCCACTGAT
Met
—
TG TAAGAGCAACAAAAATACGCATCTATCCTACTCCTGAACAGGCTGCATTTCTCAACG
7154 --------- tommm - +mmm - tmmmmm - B B it + 7095

ACAATTCTCGTTGTTTTTATGCGTAGATAGGATGAGGACTTGTCCGACGfAAAGAGTTGC
LeuArgAlaThrLysIleArgIleTyrProThrProGluGlnAlaAlaPheLeuAsnAla

CCCAGTTCGGTGCGGTACGTTTTGCGTACAACAAAGCTCTTCACATCAAAAAACACGCTT

GGGTCAAGCCACGCCATGCAAAACGCATGTTGTTTCGAGAAGTGTAGTTTTTTGTGCGAA

GlnPheGlyAlaValArgPheAlaTyrAsnLysAlaLeuHisIleLysLysHisAlaTyr



7034

6974

6914

6854

6734

6674

6614

6554

6434

6374

6314

ACCAGAGACACGGAGTAAATTTAAGTCCGCGTAACGATCTGAAACCGTTGTTGTCTGTGG
TGGTCTCTGTGCCTCATTTAAATTCAGGCGCATTGCTAGACTTTGGCAACAACAGACACC
GlnArgHisGlyValAsnLeuSerProArgAsnAspLeulysProLeulLeuServalAla
CCAAAAAGTCCCGTAAATATGCCTGGCTCAAAGAATTTGACTCAATGGCATTGCAACAGG
GGTTTTTCAGGGCATTTATACGGACCGAGTTTCTTAAACTGAGTTACCGTAACGTTGTCC
LysLysSerArglysTyrAlaTrpLeulysGluPheAspSerMetAlaLeuGlnGlnAla
CGGTAATCAATATTGATGTGGCATTTTCCAACTTTTTTAATCCGAAGCTGAAAGCGCGGT
GCCATTAGTTATAACTACACCGTAAAAGGTTGAAAAAATTAGGCTTCGACTTTCGCGCCA
VallleAsnIleAspValAlaPheSerAsnPhePheAsnProlLysLeulysAlaArgPhe
TCCCGACGTTTAAACGCAAACACGGAAAACAATCGAGCTATCACTGTGTCGGGATTAAGG
AGGGCTGCAAATTTGCGTTTGTGCCTTTTGTTAGCTCGATAGTGACACAGCCCTAATTCC
PrpThrPhelysArgLysHisGlyLysGlnSerSerTyrHisCysValGlyIleLysVal
TGCTGGATAATGCCATCAAAATCCCCAAACTGGCCCCGATAGAAGCACGCCTTCATCGTG
ACGACCTATTACGGTAGTTTTAGGGGTTTGACCGGGGCTATCTTCGTGCGGAAGTAGCAC
LeuAspAsnAlaIlelysIleProLysLeuAlaProlleGluAlaArgLeuHisArgGlu
AACTTCATGGAAAGCTGAAAAGCATCACTGTCACCCGTTCTGCAACGGGGAAATACTACG
TTGAAGTACCTTTCGACTTTTCGTAGTGACAGTGGGCAAGACGTTGCCCCTTTATGATGC
LeuHisGlyLysLeulysSerIleThrvValThrArgSerAlaThrGlyLysTyrTyraAla
CTTCCATTCTTTGTGACGATGGCGCTTCCGCACCAGAGAAACCCACGTACCTGAAGGAAG
GAAGGTAAGAAACACTGCTACCGCGAAGGCGTGGTCTCTTTGGGTGCATGGACTTCCTTC
SerIlelLeuCysAspAspGlyAlaSerAlaProGluLysProThrTyrLeulysGluGlu
AAAAGATTACAGGTCTGGATATGGGACTGGAGCACTATGCCATCACTTCTGATGCTGTAA
TTTTCTAATGTCCAGACCTATACCCTGACCTCGTGATACGGTAGTGAAGACTACGACATT
LysIleThrGlyLeuAspMetGlyLeuGluHisTyrAlaIleThrSerAspAlavVallys
AAGTTCCGAATCCTCGCCATCTTATCAATGTAAGTCGTAATCTGCGACGCAAACAAAAAG
————————— B e e e it okt Y- 3k
TTCAAGGCTTAGGAGCGGTAGAATAGTTACATTCAGCATTAGACGCTGCGTTTGTTTTTC
ValProAsnProArgHisLeulleAsnValSerArgAsnLeuArgArgLysGlnLysala
CATTATCCCGTAAGCAAAAGGGAAGCGCGAATCGTAAAAAGGCCAGAATCCGTCTTGLGG
GTAATAGGGCATTCGTTTTCCCTTCGCGCTTAGCATTTTTCCGGTCTTAGGCAGAACGCC
LeuSerArgLysGlnLysGlySerAlaAsnArglysLysAlaArglleArgleuAlaila
CCTTACACGAACGGGTGGCGAATGCCCGTGCTGATTTTCAACACAAGCTCTCTTGCGCGA
————————— o m e m T T — e e e e ———————— 4 §375
GGAATGTGCTTGCCCACCGCTTACGGGCACGACTAAAAGTTGTGTTCGAGAGAACGCGCT
LeuHisGluArgValAlaAsnAlaArgAlaAspPheGlnHisLeuSerCysalalle
Sall
TTETCGAC AAAACCAAGCGGTAATTGTGGAGACGCTGAAAACAGCCAACATCGATGAAAA
————————— e e oo m e — e e mmm— e ———e—————4 £315
AACAGCTGCTTTTGGTTCGCCATTAACACCTCTGCGACTTTTGTCGGTTGTACTACTTTT
vValAspGluAsnGlnAlavalIleValGluThrLeuLysThrAlaAsnMetMetLysAsn

ACCACAATCTGGCAAGAGCGATAGGTGATGCTGGCTGGCACAGCTTCATCACAAAGCTGG

TGGTGTTAGACCGTTCTCGCTATCCACTACGACCGACCGTGTCGAAGTAGTGTTTCGACC



6254

6194

6134

6074

6014

5954

5894

5834

5774

5714

5654

5594

5534

5474

HisAsnLeuAlaArgAlaIleGlyAspAlaGlyTrpHisSerPheIleThrLysLeuGlu
AGTACAAGGCAGCGACAAAAGGCGTTCACCTGGTAAAACTCGACCAGTGGTTTGCCAGTT
————————— T e e e e m e ——me— - -} 6195
TCATGTTCCGTCGCTGTTTTCCGCAAGTGGACCATTTTGAGCTGGTCACCAAACGGTCAA

TyrLysAlaAlaThrLysGlyValHisLeuVallysLeuAspGlnTrpPheAlaSerSer
CGAAAACGTGCCATTGTTGTGGTTACAAAATGCCGGAAATGCCACTTCATAAACGCATCT

GCTTTTGCACGGTAACAACACCAATGTTTTACGGCCTTTACGGTGAAGTATTTGCGTAGA
LysThrCysHisCysCysGlyTyrLysMetProGluMetProLeuHisLysArgIle™rp
GGCGATGCCCTGAGTGTGGAGCAGAGCACGACCGCGATATCAATGCGGCACTCAACATCC
————————— e e e ittt R TP X ¢ Mo
CCGCTACGGGACTCACACCTCGTCTCGTGCTGGCGCTATAGTTACGCCGTGAGTTGTAGG
ArgCysProGluCysGlyAlaGluHisAspArgAspIleAsnAlaAlaleuAsnIleArg
GGCAAAAAGGAATACTGGAACTAAAGGCGGCGGGACTCGTCGTCTCTGCCCATGGAGGCC
CCGTTTTTCCTTATGACCTTGATTTCCGCCGCCCTGAGCAGCAGAGACGGGTACCTCCGG

GlnLysGlyIleLeuGluLeulysAlaAlaGlyLeuvValValSerAlaHisGlyGlyGln

AGCGTAAATCCGTCGCACAGACGGTTGCGGCC@SAAGTGGGAAGCCTCGCCCGACAGG

————————— fmm e mm e e e e mmm g m——————4 5055
TCGCATTTAGGCAGCGTGTCTGCCAACGCCGGACTCTTCACCCTTCGGAGCGGGCTGTC
-— — —

ArgLysServValAlaGlnThrvValAlaAla* direct repeat

GCGGGGAGCAGTCACGGGTGGTCTGGAGGTCATGCGGCGTGTCCTCTGCACTCGCCGGAA
--------- e m e mm o e e e — e —————————4 58085

CGCCCCTCGTCAGTGCCCACCAGACCTCCAGTACGCCGCACAGGAGACGTGAGCGGCCTT
- =7

TAAGGAAGTCGCCGGCGGCTCCGCTTTTACCCGGCCATGCGGGGCATGGCCTTGTGGGTT
————————— o m e e mm g ————m—— g —————-———4—-—--—--—-4 5835
ATTCCTTCAGCGGCCGCCGAGGCGAAAATGGGCCGGTACGCCCCGTACCGGAACACCCAA

TTCAGCTCTGTGGCCTCAGCGTCGTGTGCGGGCTGTGCCGTGCCTCCATCTTAGCCGGGC
————————— R e e e ikttt S 0 A Y
AAGTCGAGACACCGGAGTCGCAGCACACGCCCGACACGGCACGGAGGTAGAATCGGCCCG

TGGCAGGGATGCAAGGGTACGCTTCGCCGCTGCGGTCACCCGGTCCCTCCTTCCCGTCTG
————————— B e e e s Ao I R
ACCGTCCCTACGTTCCCATGCGAAGCGGCGACGCCAGTGGGCCAGGGAGGAAGGGCAGAC

CCGTGATTTTCCGGTCGTTCACCCGCTCAGATTTCGCGGTCTCACCCTCCAACTCCCGC
————————— e m e m e m e mm e e —m e ————t—————————4 5655
GGCACTAAAAGGCCAGCAAGTGGGCGAGTCTAAAGCGCCAGAGCTGGGAGGTTGAGGGCG

CAGCCGTGTGCGTCAGGCTGCGGCTTCCCTTGCGCCCTGTGCATCCCCGCCTTATCGCCC
--------- o m e e e e e mm—mp—————————4 5595
GTCGGCACACGCAGTCCGACGCCGAAGGGAACGCGGGACACGTAGGGGCGGAATAGCGGG

rbs
GGCTTTTATGGAGGCACGGCACCGCCCGGTGCCGCAGAACATGTGACTATGGAGGATTCG
————————— e e e e e e m e — e mm e m—— 4 - ———————~4 §535
CCGAAAATACCTCCGTGCCGTGGCGGGCCACGGCEGTCTTGTACACTGATACCTCCTAAGC

ardA ——
GG ‘I CTGTTGTTGCACCTGCTGTATACGTTGGAACCTGGCACAAATACAACTGTGGA
————————— e e m A ——— e m e m e e —m e mmpm e m—m——— g —————————4 5475
CCTTACAGACAACAACGTGGACGACATATGCAACCTTGGACCGTGTTTATGTTGACACCT

MetSerValvValAlaProAlaValTyrValGlyThrTrpHisLysTyrAsnCysGly
AGCATCGCCGAACGCTGGTTTGACCTGACCACGTTTGATGATGAGCGCGACTTTTTCGCC
————————— e e m e e mm e m e ————— - ——p - - - -———4 5415

TCGTAGCGGCTTGCGACCAAACTGGACTGGTGCAAACTACTACTCGCGCTGAAAAAGCGG

SerIleAlaGluArgTrpPheAspLeuThrThrPheAspAspGluArgAspPhePheAla



GCCTGCCGTGCTCTTCACCAGGATGAAGCCGATCCTGAACTGATGTTTCAGGATTATGAG
5414 ~-~------ Fmmm - pmmmmm - pmmm e fmmm - Fm + 5355
CGGACGGCACGAGAAGTGGTCCTACTTCGGCTAGGACTTGACTACAAAGTCCTAATACTC

AlaCysArgAlalLeuHisGlnAspGluAlaAspProGlulLeuMet PheGlnAspTyrGlu

GGATTCCCGGGGAATATGGCCTCTGAATGCCATATCAACTGGGCCTGGGTTGAAGGCTTC
5354 --~------ o mmm - fomm tm - o mm - R it + 5295
CCTAAGGGCCCCTTATACCGGAGACTTACGGTATAGTTGACCCGGACCCAACTTCCGAAG

GlyPheProGlyAsnMetAlaSerGluCysHisIleAsnTrpAlaTrpValGluGlyPhe

CGCCAGGCACGGGATGAAGGCTGCGAAGAGGCTTATCGTCTCTGGGTGGAGGATACCGGT
5294 --------- dmmmm - fmm————— fm - pmmm e + 5235
GCGGTCCGTGCCCTACTTCCGACGCTTCTCCGAATAGCAGAGACCCACCTCCTATGGCCA

ArgGlnAlaArgAspGluGlyCysGluGluAlaTyrArgLeuTyrValGluAspThrGly

GAGACGGATTTTGACACCTTCCGCGATGCCTGGTGGGGCGAGGCTGACAGTGAGGAGGCT
5234 --------- Fmmm pmmm———— - Fm e T dmmmmm—m - + 5175
CTCTGCCTAAAACTGTGGAAGGCGCTACGGACCACCCCGCTCCGACTGTCACTCCTCCGA

GluThrAspFPheAspThrPheArgAspAlaTrpTrpGlyGlualaAspSerGluGluAla

TTTGCGGTTGAGTTCGCCAGTGATACCGGCCTGCTGGCTGACGTGCCGGAGACGGTGGCG
5174 --~==----- pmm———— - - tomm - B ittt b m - + 51158
AAACGCCAACTCAAGCGGTCACTATGGCCGGACGACCGACTGCACGGCCTCTGCCACCGC

PheAlavValGluPheAlaSerAspThrGlyLeuleuAlaAspValProGluThrvValAla

CTCTATTTTGACTATGAGGCGTATGCGCGGGATTTATTCCTGGACTCCTTCACCTTTATT
5114 --=------ S S S TR + 5055
GAGATAAAACTGATACTCCGCATACGCGCCCTAAATAAGGACCTGAGGAAGTGGAAATAA

LeuTyrPheAspTyrGluAlaTyrAlaArgAspLeuPheleuispSerPheThrPhelle

GACGGTCATGTGTTCCGTCG TTTACTCCCCCGCTCCGGCGGGGGTATGGCCTGCCA
5054 -==------ dommmm - e m—— Fomm e R + 4995
CTGCCAGTACACAAGGCAGCCACTAAATGAGGGGGCGAGGCCGCCCCCATACCGGACGGT

AspGlyHisValPheArgArg*

GGCCGCCGGAAAACCCTGGCAGGCTTACGCCTGCCTGAAATGCAGGAGGGCCGCGCCTGC
4994 ---—------ tm—mm— o o tmmmm - Fommmmm o — + 4935
CCGGCGGCCTTTTGGGACCGTCCGAATGCGGACGGACTTTACGTCCTCCCGGCGCGGACG

GGCGCTGCCCTTCCTGCCCGTCATGGTGTGAGGCATTTTTCTGTTATGTCGTTTCTGTTG
4934 --=-=----- dommmm fommm - tmmm - temmmm Fmmmm— + 4875
CCGCGACGGGAAGGACGGGCAGTACCACACTCCGTAAAANGACAATACAGCARAGACAAC

TTCTGATTTCCGGAGGCGGGGACACCTTCGGCTCCCGGCTGCCTGGCGGCATCCGGTCGT
4874 -—=-=—-=-=-=-- +mmmmm— o mmm o Fomm - +m—— == tommmmm—m o + 4815
AAGACTAAAGGCCTCCGCCCCTGTGGAAGCCGAGGGCCGACGGACCGCCGTAGGCCAGCA

CAGGCCCGACTCCGACAGGCAGCTGCTGGCGCACCCGCCAGTCTCCGCCGAACCCGCTGG
4814 --------- Fomm = tommmmmo o Hmmm Fom-—m-mm- dommmmmm - + 4755
GTCCGGGCTGAGGCTGTCCGTCGACGACCGCGTGGGCGGTCAGAGGCGGCTTGGGCGACCT

CGCGGTTTCGGGCTGCCGCTACGGTCCGATGTCTGAAAAACCAGGCTTGCAGCGACCGTT
4754 -------=-~ fmmm dmmm Fo - it fm e ——— + 4695
GCGCCAAAGCCCGACGGCGATGCCAGGCTACAGACTTTTTGGTCCGAACGTCGCTGGCAA

CCGGTCGCGCCGCCCCTGTCGCGCCGGAAACGGCGL

4694 ——-——---- tmm fmm——— Fo————
GGCCAGCGCGGCGGGGACAGCGCGGCCTTTGCCGCGAGGGACGTGTGGACTGCAACACAT 4635

ssi2
4634 TCCGGTGACGCGGACTACCGCGTCAGTTGGGAAGGCGGCGGTGGGGACGCCGGACAAAGG 4575



4574

4514

4454

4394

4334

4274

4214

4154

4094

4034

3974

3914

3854

3794

GCGACACCTGAAAGGCCCCCGACCTCATTGGTGTAGGGCAAAGTCGTCAGGTCCCCTTCT

ATATGGCAGGTGTTTTAAAAATCGGTATTTGGGCCGTTTTTTAAAACGCAGGCGGGGGCC

TGTCGACGGGGCACTGCACCACTGCCTGCGGGGTAGCCTTTCCAGGTGACGCCCCTCTTT

GGGAGCAACCGGTCGGGCC

GGGGCTTCTTCACCTGCCGTCTTCCCCGAAAGCGGGGAGGCCCCTCGTTGGCCAGCCCGR
rbs orf 4 —»
CGGCGACCTGATTCAGCAGAAGGAGATGTTTTCRTGRCAGTCAGCAGCACGATTTCCGTT

GCCGCTGEACTAAGTCGTCTTCCTCTACARAAGTACTETCACTCOTCRTCCTARAGGCAA

MetThrvValSerSerThrIleServal
TTTTGCCGCGACGGGGTGTTCCGTACCGTTTACTGCCACCTGCACGGGGAGCCGACCTGG
AAAACGGCGCTGCCCCACAAGGCATGGCAAATGACGGTGGACGTGCCCCTCGGCTGGACC
PheCysArgAspGlyValPheArgThrvValTyrCysHisLeuHisGlyGluProThrTrp
AACGGTCGCATCCTGCATACTCACTATGCCACCGGTCAGCAGGCCGAAGCCCTGGTTGAA
TTGCCAGCGTAGGACGTATGAGTGATACGGTGGCCAGTCGTCCGGCTTCGGGACCAACTT
AsnGlyArgIleLeuHisThrHisTyrAlaThrGlyGinGlnAlaGluAlaLeuvalGlu
CACGGTGATATCCGTTGCCTCGGTCCCCGTTGTGACAAACCCGCCGGGCATACGCTTCAG
GTGCCACTATAGGCAACGGAGCCAGGGGCAACACTGTTTGGGCGGCCCGTATGCGAAGTC
HisGlyAspIleArgCysLeuGlyProArgCysAspLysProAlaGlyHisThrLeuGln
AACCCGGTGGACGGTGTGACGGCTTATTACGGACGTGACAGTGGTTTCCGGATGGACAGT
TTGGGCCACCTGCCACACTGCCGAATAATGCCTGCACTGTCACCAAAGGCCTACCTGTCA
AsnProValAspGlyValThrAlaTyrTyrGlyArgAspSerGlyPheArgMetAspSer
GAGGCGCGTGAGTACCGTTCTTTCAGGGAGGCTATTGCCACTGAAAGCACTGAAGAGGTG
CTCCGCGCACTCATGGCAAGAAAGTCCCTCCGATAACGGTGACTTTCGTGACTTCTCCAC
GluAlaArgGluTyrArgSerPheArgGluAlalleAlaThrGluSerThrGluGluval
CGCTTCCATTATGTGTTCATCGACGGCTACTGGAAGGTGATCTACCGCACGCCGGAAGGC
GCGAAGGTAATACACAAGTAGCTGCCGATGACCTTCCACTACATGGCGTGCGGCCTTCCG

ArgPheHisTyrValPheIlleAspGlyTyrTrplysValMetTyrArgThrProGluGly
TGGAAGATGAAAGCGCTCGCGCTGGCACTGCGTCGCTGTCCGAAﬁEfffAAAAAGGCGGG
- +

ACCTTCTACTTTCGCGAGCGCGACCGTGACGCAGCGACAGGCTTTACTTTTTTTCCGCCC
TrpLysMetLysAlaLeuAlaLeuAlaLeuArgArgCysProlLys™*
GCGATAAACCCTGCCTCTCTCCGCCGTTACTTCCCCGCCAGGAAGAGCGGCAGTCATCAA

CGCTATTTGGGACGGAGAGAGGCGGCAATGAAGGGGCGGTCCTTCTCGCCGTCAGTAGTT
orf 3 —
CAACATAAGGAGTAATAT ‘ GACCATCAATTATCTTCGCAACCGCCGAGTATGTAAA

GTTGTATTCCTCATTATAACACTCTGGTAGTTAATAGAAGCGTTGGCGGCTCATACATTT
ValArgProSerIleIlePheAlaThrAlaGluTyrVallys

4515

4455

4395

4335

4275

4215

4155

4095

4035

3975

3915

3855

3795

3735



3734

3674

3614

3554

3494

3434

3374

3314

3254

3194

3134

3074

3014

GCGTCTGCGTGAAGAGTGCCTGCGGGAGAATAAACCCCTGCACCGCCATACCCGCTTCAG

CGCAGACGCACTTCTCACGGACGCCCTCTTATTTGGGGACGTGGCGGTATGGGCGAAGTC
ArgLeuArgGluGluCysLeuArgGluAsnLysProLeuHisArgHisThrArgPheArg

ACGTCAGGAGCTGGCACAGGATGAGATTAACCCGGACGTCCTGGCGATGAGCGGCCATAT

TGCAGTCCTCGACCGTGTCCTACTCTAATTGGGCCTGCAGGACCGCTACTCGCCGGTATA
ArgGluGlnLeuAlaGlnAspGluIlleAsnProAspValLeuAlaMetSerGlyHisIle

Pstl
|

GCGGTCTGCGACGTCACTCGTCTTCGCCCACGCATAGGGGCGATACTTTCAGTCGCTTAC
AlaArgArgCysSerGluGlnlLysArgValArglleProAlaMetLysValSerGluTrp

GGGCCACCTGCTCCGCGCGCTTGAAATAGAGCGGGTCTGCCAQIGAI TAACCCTTGCCGT

CCCGGTGGACGAGGCGCGCGAACTTTATCTCGCCCAGACGGTGACTAATTGGGAACGGCA
GlyHisLeuLeuArgAlaLeuGluIleGluArgvalCysHis *
rbs orf 2 —pm

CTGCCTGTGCAGGCGGCAGGATACGTTCAGACATCTCACCAGGAGGAACOGTGAGTAAGA

GACGGACACGTCCGCCGTCCTATGCAAGTCTGTAGAGTGGTCCTCCTTGGCACTCATTCT
ValSerLysLys
AGAAAAACACCACAACGCCCACGCCGCATGATGCCGCGTTCCGGTCGTTCCTGGCGAATC
TCTTTTTGTGGTGTTGCGGGTGCGGCGTACTACGGCGCAAGGCCAGCAAGGACCGCTTAG
LysAsnThrThrThrProThrProHisAspAlaAlaPheArgSerPhelLeuAlaAsnPro
CCGACGTCGCCAGAGATTTTCTGGAACTGCATCTTCCTGCGGAGTACCGGCAGTTGTGCG
GGCTGCAGCGGTCTCTAAAAGACCTTGACGTAGAAGGACGCCTCATGGCCGTCAACACGC
AspValAlaArgAspPheleuGluLeuHisLeuProAlaGluTyrArgGlnLeuCysAsp
ACCTGTCCACGCTGAAGCTGGAACCCGCCACCTTTGTTGAGCCGGACCTGCATCAGTACG
TGGACAGGTGCGACTTCGACCTTGGGCGGTGGAAACAACTCGGCCTGGACGTAGTCATGC
LeuSerThrLeulysLeuGluProAlaThrPheValGluProAspLeuHisGlnTyrAla
CCAGCGATATCCTCTGGAGCGTGAAAACCACCGGGGGTGAAGATGGTTATGTTTATACGC
GGTCGCTATAGGAGACCTCGCACTTTTGGTGGCCCCCACTTCTACCAATACAAATATGCG

SerAspIllelLeuTrpSerVallysThrThrGlyGlyGluAspGlyTyrvValTyrThrLeu

TCATCGAGCACCAGAGCACCGAAAATCTGTACATGCCTTTTCGCATGTTACGCTACAGTG
AGTAGCTCGTGGTCTCGTGGCTTTTAGACATGTACGGAAAAGCGTACAATGCGATGTCAC
IleGluHisGlnSerThrGluAsnLeulysMetProPheArgMetLeuArgTyrServal
TGGCGGCGATGCAGAGACATCTGGAGCAGCACAAAACGTTGCCACTGGTCATTCCGGTGC
ACCGCCGCTACGTCTCTGTAGACCTCGTCGTGTTTTGCAACGGTGACCAGTAAGGCCACG
AlaAlaMetGlnArgHisLeuGluGlnHisLysThrLeuProLeuvallleProvallLeu
TGTTCTATCACGGTGAGCGCAGCCCGTACCCGTACAGCATGAACTGGCTGGACTGTTTTG
ACAAGATAGTGCCACTCGCGTCGGGCATGGGCATGTCGTACTTGACCGACCTGACAAAAC
PheTyrHisGlyGluArgSerProTyrProTyrSerMetAsnTrpLeuAspCysPheGlu
AGAATCCGGCGCTTGCGGCTAAAATATACACAAAGCCGTTTCCGCTGGTTGATATCACTG
TCTTAGGCCGCGAACGCCGATTTTATATGTGTTTCGGCAAAGGCGACCAACTATAGTGAC

AsnProAlalLeuAlaAlalysIleTyrThrlysProPheProLeuvValAspIleThrval



2954

2894

2834

2774

2714

2654

2534

2474

2414

2354

2294

2234

2174

TCGTTGATGACAATGAAATCATGAACCATCGCCGGATGGCCGCACTGACGCTGCTGATGA
AGCAACTACTGTTACTTTAGTACTTGGTAGCGGCCTACCGGCGTGACTGCGACGACTACT
ValAspAspAsnGlulleMetAsnHisArgArgMetAlaAlaLeuThrLeuLeuMetLys
Pstl
AGCATATCCGTCAGCGGGATATGCTGATGTGTCTGGACAACCTGGTCAGAGCAETGCA%F
————————— e e e e e e m e — g — - =T — T4 2835
TCGTATAGGCAGTCGCCCTATACGACTACACAGACCTGTTGGACCAGTCTCGTGACGTCC
HisIleArgGlnArgAspMetLeuMetCysLeuAspAsnLeuvValArgAlalLeuGlnAsp
ACATCCAGGATGAAGAGCAGATTACAGTTCTTTTCAACTATCTGCTTAATGGCAGCGAAC
TGTAGGTCCTACTTCTCGTCTAATGTCAAGAAAAGTTGATAGACGAATTACCGTCGCTTG
IleGlnAspGluGluGlnIlleThrValLeuPheAsnTyrLeulLeuAsnGlySerGluHis
ATGTAACGGTTGAATTTTTGCAGACGCTGGCGCAGCGACTGCCGCAGCACGAGGACAGCA
TACATTGCCAACTTAAAAACGTCTGCGACCGCGTCGCTGACGGCGTCGTGCTCCTGTCGT
ValThrValGluPheLeuGlnThrLeuAlaGlnArgLeuProGlnHisGlnAspSerIle
TTATGACACTGGCAGAACGTCTTAAGCAGGAAGGTATCCAGCAAGGTATCCAGCAGGGTA
————————— e m e e e e e mm e —— - ————————4 2655
AATACTGTGACCGTCTTGCAGAATTCGTCCTTCCATAGGTCGTTCCATAGGTCGTCCCAT
MetThrLeuAlaGluArgLeuLysGlnGluGlyIleGlnGlnGlyIleGlnGinGlyIle
TCCAGCAGGGTATCCAGCAGGGAGTTCAGCAGGGGGCGCTTCAAAAAGCACGGGAAATCG
AGGTCGTCCCATAGGTCGTCCCTCAAGTCGTCCCCCGCGAAGTTTTTCGTGCCCTTTAGC
GlnGlnGlyIleGlnGlnGlyVvalGlnGlnGlyAlaLeuGlnLysAlaArgGlulleAla
CCCGGGAGCTCCGGAACGCGGGAATGCCGGCAGCACAAATCTGTCAGCTGACCGGACTTT

GGGCCCTCGAGGCCTTGCGCCCTTACGGCCGTCGTGTTTAGACAGTCGACTGGCCTGAAA

ArgGluLeuArgAsnAlaGlyMetProAlaAlaGlnIleCysGlnLeuThrGlyLeuSer
CTGAAGCTGAACTGAAGAACATCACTCAdE:éE:EbAGCCAAAAGGCCCGGCAAAATGCC

GACTTCGACTTGACTTCTTGTAGTGAGTGACTACTCTCGGTTTTCCGGGCCGTTTTACGG
GlualaGlulLeulLysAsnIleThrHis* *

GGGCCTTTTGCCAGCAGGAGCAGAGAAAACAGTATGACGATTGCAGAACGTCTTATACAG
————————— e At e TSP ¥ o
CCCGGAAAACGGTCGTCCTCGTCTCTTTTGTCATACTGCTAACGTCTTGCAGAATATGTC

AAAGGTTTTGAAAAAGGTGCTCTTGAAGTGGCGCGGGAAATAGCCTGCCGGCTTCGGGAT
————————— e e e e e e m o —— e ——_—~———4 2355
TTTCCAAAACTTTTTCCACGAGAACTTCACCGCGCCCTTTATCGGACGGCCGAAGCCCTA

ATGGGCTGGACGCCGGAACGGATTCAGGAGGCCACGGGACTTTCCGGTGAAGAACTGAAA
————————— o mm e e mm e m e e e e — e ——————— -4 22095
TACCCGACCTGCGGCCTTGCCTAAGTCCTCCGGTGCCCTGAAAGGCCACTTCTTGACTTT

AAACTGTTTCCTGATGAGCAGTAGCCTGGCATTCTGCCAGGCTGTGAACCACGCTCACAC
————————— B et e e e ittt A )
TTTGACAAAGGACTACTCGTCATCGGACCGTAAGACGGTCCGACACTTGGTGCGAGTGTG

ATCCTCTGCCGTTTCCCCCAGTTCATTTTCCAGACGCCTGATGATATCTGCCTTGCGCAT
————————— B i e e Tkt ke S R
TAGGAGACGGCAAAGGGGGTCAAGTAAAAGGTCTGCGGACTACTATAGACGGAACGCGTA

CCCCTGCATGTGAGGCAGCAGGTCACGGACTGAAAGTGCCTGGGTGGTCCTCCAGACGGT
————————— B e i e e il N N oY
GGGGACGTACACTCCGTCGTCCAGTGCCTGACTTTCACGGACCCACCAGGAGGTCTGCCA
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GACATCCACCTGTTCCGCATTTTCCCAGGCGTGCCATGTTCTCTGTGTCACGCCAAATTC

CTGTAGGTGGACAAGGCGTAAAAGGGTCCGCACGGTACAAGAGACACAGTGCGGTTTAAG

TCTGGCCGCTTTTTCGCGTGACCAGAGCATGCTTTTTCGCCAGATTCGCAGTTCCCAGCC

AGACCGGCGAAAAAGCGCACTGGTCTCGTACGAARAAGCGGTCTAAGCGTCAAGGGTCGG

GGTCATAAAACACCTTTGAAAAAGTGAAAAAACTTCACTTTATTTTATCACCATAACCAC

CCAGTATTTTGTGGAAACTTTTTCACTTTTTTGAAGT GAARATAAAATAGTGGTATTGGTG

CAAATCAGCGCGAARAATAAGTGTGAAAAAGTGAAGGAATTTCACTTTTTTTGATTGTAG

GTTTAGTCGCGCTTTTTATTCACACTTTTTCACTTCCTTAAAGTGAAAAAAACTAACATC

GTGTCGTGCTGTTTTCTCTGTTTTCACCTGTGCGGGAGTGGTGTGCCAGTGACCACCACA

CACAGCACGACAAAAGAGACAAAAGTGGACACGCCCTCACCACACGGTCACTGGTGGTGT

TGCCATTGTTGCGCCGTCGTTTTTCTTC ssil

ACGGTAACAACGCGGCAGCAAAAAGAAGTCAGCGCGGCCTACGCCGCGAGGGACGTGTGG

AATGCCACACATTCCGGTGACGCGGACTACCGCGTCGACAGAGACGGACAGACGGCGGCG
TGACGCCGGACAAGAGGCGTCTACCTGAAAGGCCCCCATGTATGTGCTGGTGTAGGGCAA
AGTCAGCAGGTCCCCTCTCTACATGGTCGGTGTTTTGAAAAACGGCGTCCGCAGTTTTTG

AAAACGCAGACGGGGGCCTGTTGACGGGGCACTGCACCACTCGCAGGGGGCAGCCTTTCC

GGAA
-—-+
AGGTGACGCCCCTTTAGGGGCTTCTGGGCCTGCCGTCTTCCTCGAAGCGAGGAGGCCCTT

rbs orf 1 —m=
ATGACCTGGCTGACCCGGCAGTCGTGACGATGAGGAGACAATGT ATCAGACTTTA

TACTGGACCGACTGGGCCGTCAGCACTGCTACTCCTCTGTTACACTACTTAGTCTGAAAf

MetAsnGlnThrLeu
CCCACTGCTGACCTGAATACTGCCGGCACGACAGATGTTATTCCGTCTGTGGCCATCGAC
GGGTGACGACTGGACTTATGACGGCCGTGCTGTCTACAATAAGGCAGACACCGGTAGCTG
ProThrAlaAspLeuAsnThrAlaGlyThrThrAsnvalIleProServValAlaIlleAsn
CGCATCATCGCGCAGCGTAACGAAGGTATTGCACTGTTCATGCAGGCGATGGAATGCCTG
GCGTAGTAGCGCGTCGCATTGCTTCCATAACGTGACAAGTACGTCCGCTACCTTACGGAC
ArgIlelleAlaGlnArgAsnGluGlyIleAlalLeuPheMetGlnAlaMetGluCysLeu
GCGACAGCGCGCAGGATTCTGCTTGATGCGTCAGGTGATATTTTTCTTTACGGTTTTGAA

CGCTGTCGCGCGTCCTAAGACGAACTACGCAGTCCACTATAAAAAGAAATGCCAAAACTT
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AlaThrAlaArgArgIleLeulLeuAspAlaSerGlyAspIllePheLeuTyrGlyPheGlu
GACTGCGTGACCGACTCCGTTCGGTGCATGGATAAACCGGAAGAAGCGAAAAGGAATATC
CTGACGCACTGGCTGAGGCAAGCCACGTACCTATTTGGCCTTCTTCGCTTTTCCTTATAG
AspCysValThrAspServValArgCysMetAspLysProGluGluAlalLysArgAsnlle
ACCCGTCTTGCCGACCGGAAAATCTGGGACCGCCTGATGACGGATACGGGGATGTACACC
TGGGCAGAACGGCTGGCCTTTTAGACCCTGGCGGACTACTGCCTATGCCCCTACATGTGG
ThrArgLeuAlaAspArglysIleTrpAspArglLeuMet ThrAspThrGlyMet TyrThr
TTCATGAGTTCATGTCAGCGTGATGAGTGGAACAGCCAGCTGATGAGCGACACCTGTCCT
AAGTACTCAAGTACAGTCGCACTACTCACCTTGTCGGTCGACTACTCGCTGTGGACAGGA
PheMetSerSerCysGlnArgAspGluTrpAsnSerGlnLeuMet SerAspThrCysPro
GAAATCACCCTGGACAATGTACTGGCAACTTTTCGCCATCTGAATGCCAGTAAGATGCAG
CTTTAGTGGGACCTGTTACATGACCGTTGAAAAGCGGTAGACTTACGGTCATTCTACGTC

GlulleThrLeuAspAsnValleuAlaThrPheArgHisLeuAsnAlaSerLysMetGln

ACATTTGAACAGGGACTGATTGATGTCTACCGGAAATTGTCATGGGATTACAGAACCAAT
TGTAAACTTGTCCCTGACTAACTACAGATGGCCTTTAACAGTACCCTAATGTCTTGGTTA
ThrPheGluGlnGlyMetIleAspValTyrArglLysLeuSerTrpAspTyrArgThrAsn
AATCCCTGCCGTCTGGGCAAGAGAATCATTATTGAAAACCTGCTGTACCGCTGGAGTAAL
TTAGGGACGGCAGACCCGTTCTCTTAGTAATAACTTTTGGACGACATGGCGACCTCATTG
AsnProCysArgLeuGlyLysArgIleIlelleGluAsnLeuleuTyrArgTrpSerAsn
Pstl

GGGCGTGTTACGCTGG4§?GC;§FGGACGGGAGGCACTGGATGACCTGGTACGTCCGTTT
CCCGCACARTOCGACCTGACGTCRCCTEOCCTCOGTOACCTACTGOACCATACACRCARA
GlyArgValThrLeuAspCysSerGlyArgGlualaLeuAspAsplLeuValArgProPhe
TATCTGCTGGAGGGGCGCAACGTTCCTGACTTCCGGAGCAGCATCGGGGCGCAGTACGGT
ATAGACGACCTCCCOGCaTTECAAGGACTGARGGCCTCOTCOTAGCCCCGOGTCATGECA
TereuLeuGluGlyArgAanalProAspPheArgSerSerI1eGlyAlaGlnTyrGly
GAATTTATCGGGAACGGCGACAATGTCGGTAAGCTGTTAGAAGGGGAATATTTTACGGTG
T ARATAGCCCTTGCCGCTETTACAGCC ATTCGACAATCTTCCCCTTATAA AR TECCAC
GluPheIleGlyAsnGlyAspAsnValGlyLysLeuLeuGluGlyGluTyrPheThrVal
CGTGGCTACCAGAAAGGGACCGTACACATTGTCTTTAAGCGTCCTGACCTTGTTGAAAAA
GCACCGATGGTCTTTCCCTGGCATGTGTAACAGAAATTCCCAGGACTGGAACAACTTTTT
ArgGlyTyrGlnLysGlyThrvalHisIlevValPheLysArgProAspLeuValGluLys
CTGAATGATATTATTGCACGGCATTATCCTGGTTCATTGCCGCCACGAGTC a TAAAC
GACTTACTATAATAACGTGCCGTAATAGGACCAAGTAACGGCGGTGCTCAGACTAATTTG
LeuAsnAspIlelIleAlaArgHisTyrProGlySerLeuProProArgval*

AGAAAAGCCCTGGTATTTATGCCGGGGCTTTTTTTCTGTAATCATCATAATATCAGAACA

TCTTTTCGGGACCATAAATACGGCCCCGAAAAAAAGACATTAGTAGTATTATAGTCTTGT
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TGATGTGACATTGTCACATCAATTGTTGTTCATATCGATGCCATCTTTCCTGGCTGAATC
————————— e e it e it T S
ACTACACTGTAACAGTGTAGTTAACAACAAGTAE%GCiaCGGTAGAAAGGACCGACTTAG

ClaI
TGTCTTTTTAGATGCTGTTTTAGAGGAAGAACGGCGGGATGGCTTTTTCGATTCTGCTTC

ACAGAAAAATCTACGACAAAATCTCCTTCTTGCCGCCCTACCGAAAAAGCTAAGACGAAG

CCGAATAATGTCACGAAGTGCCTTCTCTCCTACTTCATACCCTGCATTTTTGAGCGTGTC

GGCTTATTACAGTGCTTCACGGAAGAGAGGATGAAGTATGGGACGTAAAAACTCGCACAG

ACGAACATCTGCCAGTGTATAACCCTTTGTCCTTACCAGAACAATAATGTCATCACGAAT

TGCTTGTAGACGGTCACATATTGGGAAACAGGAATGGTCTTGTTATTACAGTAGTGCTTA

Bglll
GGCATCAAGAAAATCACGCAATGTTTTCCGTTGAGCGGTGEGATCHGGCAATTCCGATAA
————————— e i et e ettt
CCGTAGTTCTTTTAGTGCGTTACAAAAGGCAACTCGCCACTCTAGACCGTTAAGGCTATT

AGCAGCTTTTGCCAGCTGGATGTCATCATCTGAGTAAAATTTTTTAGAAGCCATTGGCAC

TCGTCGAAAACGGTCGACCTACAGTAGTAGACTCATTTTAAAAAATCTTCGGTAACCGTG

TTTCTCTCCGTTTCATGTTGAAGTCTGATTTGATCATCAAAAACTGACTCCTGGCAGGCT

AAAGAGAGGCAAAGTACAACTTCAGACTAAACTAGTAGTTTTTGACTGAGGACCGTCCGA

GCGCCCTGCCTCTGCCGTCTGCATAAGACTATGATGCACAAAAATAACAGGCTATAATGG

CGCGGGACGGAGACGGCAGACGTATTCTGATACTACGTGTTTTTATTGTCCGATATTACC

CCTGAAAAACGGGA

GGACTTTTTGCCCT
A
nic site
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375
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was distinguished by its low GC content (see section 7.2.4; Fig. 7.5). However, it
remains to be determined if such a putative IS element is still active.

Comparisons of the predicted amino acid sequence of orf2 to sequences
present in the databases revealed that Orf2 shares homology (47-50% identity)
to a family of hypothetical proteins that have been identified in E. coli through
the genome sequencing project (Blattner et al., 1997). The functions of these
proteins YADD, YFAD, YHGA and YJIP are unknown. One other homologue
. (55.6% identity) to Orf2 is the plasmid-encoded Orf73 of Yersinia pestis plasmid
pMT1. Again, the function of this protein of pMT1 is unknown.

The predicted amino acid sequence of orfl displayed a weak homology
(29% identity, 35% similarity) over 197 amino acid residues of the C-terminal
region to a plasmid-encoded restriction methylase gene of IncH plasmid R478
(EMBL: U60283). However, no other similar homologues were found. Finally,
the predicted amino acid sequence of orf4 showed no significant homology to
other proteins available in the databases and orf3 with E. coli hypothetical
protein YDFB.

The potential functions of all these orfs identified within the leading

region of Collb are summarised in Table 7.2.1.

7.24 G + C content of the Collb leading region

The overall G + C content of the 11.7 kb leading region of Collb was
55.7% (Fig. 7.5), which is higher than the predicted value of 51-52% for the
genome that the plasmid was originally isolated in, namely Shigella sonnei P9
(Ochman and Lawrence, 1996).

The G + C content drops significantly below the average at base positions
7500-6000 to 45 % (Fig. 7.5). On the basis that the GC contents of closely related
organisms tend to be similar, such a finding is indicative of an insertion into
the backbone of the leading region during its evolution. Interestingly, this
_region corresponds to the position of orf5 and the putative IS element we have
identified (Section 7.2.3).
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Fig. 7.4. Alingment of the nucleotide sequences of ssi elements in the Collb T-
strand and Frpo.

Line 1, ssi3; line 2, ssi2; line 3, ssil; line 4, Frpo. Nucleotides that are
homologous are boxed. Coordinates in the leading region sequence are ssi3, 2-
331; ssi2, 7036-7361; ssil, 9928-10256. Frpo is taken from Masai and Arai (1997).

Figure is taken from Bates et al., (1999).
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Fig.7.5. G + C content of the Collb leading region.

Panel shows G+C% profile of the 11.7 kb of the Collb leading region. The
horizontal line indicates the mean value of 55.7% G+C. The GC profile was
calculated using the programme WINDOW (window = 500; shift = 25) followed
by STATPLOT. Above the panel is a genetic map of the leading region
showing its organisation and position of genetic loci in relation to the G+C%
content. Indicated on the map is the nic site of the oriT, the putative orfs
identified, the ssi sequences and ssb, psiB and ardA. Restriction enzyme
cleavage sites are also indicated; B, BgIII; C, Clal; P, PstI; S, Sall. Note that at base
positions 7500 - 6000 the G+C content drops significantly to 45% which would
be indicative of an insertion into the backbone of the leading region during its

evolution (orf5).
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7.2.5 Similarity of the Collb leading region to other conjugative plasmids

Sequence data are only available for the leading regions of IncP plasmids
RP4 and R751 (Pansegrau et al., 1994a; Thorsted et al., 1998) and regions of
plasmid F. Through our comparisons, no significant homologies were
detected between the leading region of Collb and the genomes of RP4 and R751.

Extensive nucleotide sequence similarities between Collb and plasmid F
were found extending from the Shine-Dalgarno sequence upstream of ssb to 2-
bp downstream of psiA. Over this region, there is approximately 80%
conservation between Collb and F at the nucleotide sequence level. However,
it is important to note that the sequence of the corresponding region of F has
not been published in full particularly the region between ssb and psiB. No
homology to F was detected beyond the psiA gene. It remains to be determined
if any homology exists further upstream of Collb ssb to plasmid F.

The similarities between Collb and plasmid F has led us to conclude that
the region from ssb to psiA may exist as a conserved cassette-like module,
which may also be present on a number of other plasmids. Cross-hybridisation
to plasmids from Inc groups FI, FII, FIV, FVI, K, I1, Y, 9 and B shows that ssb
and psiB genes exist on a number of conjugative plasmids all of which display
a high degree of identity with each other (Golub et al., 1988). The proposed ssb-
psiA module is separated from the rest of the leading region of Collb by a
putative IS element (o7f5).

The only other part of the Collb leading region that bears similarity with
the leading regions of other conjugative plasmids is the ardA gene (Section

7.2.3).

7.2.6 Examination of the Collb leading region for type I restriction enzyme
cleavage sites
The leading region of Collb has been examined for type II restriction

enzyme cleavage sites through restriction enzyme analysis of the plasmid
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Table 7.2.2 Type I restriction enzyme cleavage sites found within 11.7 kb of the leading region of Collb.

Number L.
Family Enzyme Recognition sequence sites Position in sequence
K EcoKI AACNGTGC 1 9646-9658
EcoB TGANGTCCT ;
EcoD TTAN,GTCY }
StySB GAGNRTAYG 2 2438-2452; 7286-7299
StySP AACNGTRC 1 9646-9658
A EcoA GAGN,GTCA ) 2144-2163; 7643-7657
EcoE GAGN,GTCA -
C EcoR124 GAANRTCG 3 4248-4266,6461-6473; 10796-10803
‘ EcoDXXI TCAN,RTTC 1 7086-8000

Type I restriction enzyme cleavage sites in the leading region of Collb were determined by comparing the sequence data
available with the recognition sequence of the enzyme using the GCG program FINDPATTERNS. Restriction enzyme
recognition sequences were obtained from REBASE via the World Wide Web (http:/ /rebase.neb.com/rebase/rebase.html).
N = unspecified base, R=A/G,Y=C/T.


http://rebase.neb.com/rebase/rebase.html

(Rees et al., 1987). Several of these sites are indicated in Fig. 7.3. However, in
vitro analysis of any DNA for type I cleavage sites is made difficult by the
nature of the cleaving reactions for this particular class of enzyme (Chapter
One, section 1.5.2) and their limited availability. The most appropriate way to
determine the number of type I cleavage sites is to probe any sequence data that
is available for the enzymes recognition sequence.

Collb has been estimated to have approximately 7 EcoKI restriction
enzyme cleavage sites (B. M. Wilkins, personal communication). From
studies with ardA and the ardA-independent restriction evasion process
mediated by Collb, it is of interest to this project to determine how many of
these sites can be found within the leading region of Collb. Consequently, the
sequence data was probed for the EcoKI recognition sequence
AACNNNNNNGTGC (Wilson and Murray, 1991). Our analyses revealed that
only one of the seven EcoKI cleavage sites can be found within the sequenced
region of the Collb leading region at base positions 9646-9658 in orfé (Table
7.2.2; Fig. 7.3).

Finally, the sequence data of the Collb leading region was also probed for
the cleavage sites of a number of other type I restriction cleavage sites. The

enzymes chosen and the results obtained are in Table 7.2.2.

7.2.7 Repeat sequences within the leading region

Three copies of a ~328-bp repeat sequence were identified within the
sequence data available for the leading region of Collb. Each repeat is
positioned in the same orientation approximately 60 nucleotides upstream of
either ssb, orf4 or orfl and the three repeats share between 80 and 85% identity
to each other over their entire length. The repeats were labelled ssil, ssi2 or
ssi3 and are found at base positions 1787-1459, 4678-4353, 11711-11381,
respectively (Fig. 7.3). Comparisons of the nucleotide sequence of each ssi to

~ those present in the databases identified one homologue belonging to plasmid
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F, originally termed ssiD, which has now been renamed Frpo. Each ssi shares

~60% identity over 160-bp of their central portion to the Frpo sequence of
plasmid F, as shown in Fig. 7.4 (Nomura et al., 1991; Masai and Arai, 1997;
EMBL: D90178).

The Frpo sequence was originally identified in the leading region of the
plasmid F as a single-stranded DNA synthesis initiation sequence, hence the
name ssiD. Early studies with the single-stranded phage M13 carrying ssiD
showed that the locus plays an active role in priming DNA synthesis on
single-stranded viral DNA (Nomura et al., 1991). It was later found by Masai
and Arai (1997) that the repeat locus also had additional properties that allow it
to function as a novel type of promoter active in single-stranded form.
Consequently, the locus was renamed Frpo.

The promoter forms in single-stranded DNA through the formation of
secondary structure. The close identity that exists between the ssi sequences
found in the leading region of Collb and Frpo of plasmid F suggests a similar
role in Collb. It is envisaged that such sequences may act as single-stranded
promoters that form on the transferring plasmid strand and facilitate transient
expression of the leading region genes in the recipient before regeneration of a
complementary strand through DNA synthesis.

The formation of secondary structure and action of these ssi sequences
as promoters involved in enhancing expression of leading region genes during

conjugative transfer of the plasmid is discussed further in Chapter Eight.

7.3 Summary

Generation and analysis of the 11.7 kb of nucleotide sequence data for
the Collb leading region led to the identification of the following features:
* Identification of ten potential protein coding regions, three of which have

been previously characterised (ssb, psiB, ardA).
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* Three of the novel orfs identified include an F-like psiA gene, another which
encodes a potential DNA binding protein (orf6) and one which is a member of
the E. coli family of genes known as YHGA (orf2).

* Identification of an unusual IS element and a related Orf (orf5), the amino
acid sequence of which bears similarity to a number of putative transposase
enzymes.

* All orfs identified within the leading region are orientated in the same
direction towards oriT (Fig. 7.2). Such an observation raises the question of
whether the genes present in the leading region of Collb are transcribed as part
of an operon.

* The orfs identified from ssb to psiA of Collb and plasmid F appear to be
conserved as a cassette-like module that may be present on a number of other
conjugative plasmids.

* Three of the orfs (ardA, orf6 and orf2) identified had homology to three orfs
present on Yersinia pestis plasmid pMT1. However, there is no general
similarity in the genetic organisation of these two plasmids.

Finally, the most interesting finding was the identification of three
repeat sequences (~328 bp) present in the leading region of Collb which appear
to be analogous to Frpo. It is envisaged that the Collb ssi sequences, like Frpo,
act as single-stranded promoters. Such findings have led us to assume a model
explanation as to how expression of the leading region genes on Collb are

enhanced during conjugative transfer of the plasmid (Chapter Eight).
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Chapter Eight

General Discussion

The fact that Collb has a narrow replication-maintenance range
encompassing genera such as Escherichia, Salmonella, Shigella and Klebsiella
from the Enterobacteriaceae family raises the question of why the plasmid has
evolved two separate strategies for restriction avoidance. However, the
finding that strains of Escherichia coli encode more than a hundred known R-
M systems (http:/ /rebase.neb.com/rebase/rebase html) not only highlights the
ubiquity of these systems in nature but suggests that the ability of Collb to
overcome type I and type II restriction barriers must be a significant if not
essential aid to transmission. Whether Collb has recognition sites for all these
enzymes and whether the restriction-avoidance mechanisms encoded by Collb
are active against all these R-M systems has yet to be determined.

The resistance of Collb to both type I and type II restriction enzymes
during its transfer by conjugation involves two distinctive mechanisms. One
mechanism involves a specialised plasmid-encoded antirestriction gene
known as ardA, the product of which is active against type I restriction
enzymes. Another mechanism, which acts independently of ardA, alleviates
restriction of Collb from both type I and type II enzymes in the recipient in
second or subsequent rounds of transfer. The main thrust of this thesis was to
investigate further these two Collb restriction-evasion mechanisms. The use
of a specially designed genetic system that exploited the sensitivity of IncPB
plasmid R751 to restriction was instrumental in allowing a number of
observations to be made about these two mechanisms and helped to rule out
hypotheses which were made for the ardA-independent mechanism. The
genetic system relied on measuring Collb-mediated rescue of R751 from
destruction by EcoKI (I) and EcoRI (II) during conjugation. For simplicity,
conclusions and observations made for the Collb ardA-independent
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mechanism will be discussed first followed by those made for the ArdA
system. Other work described in this thesis involved an investigation into the
regulatory mechanism governing leading region gene expression during
conjugation. The proposed model will be discussed last.

The Collb restriction-avoidance mechanism which was identified using
an ardA mutant of Collb was originally described by Read et al. (1992). It was
postulated by Read et al. (1992) that amplified transfer of 93-kb Collb might
overwhelm the restriction enzymes in the recipient by substrate saturation,
regardless of whether they are type I or type II enzymes. Such a scenario
should result in alleviation of restriction in trans. However, data presented in
this thesis are not in agreement with this ‘substrate saturation” hypothesis.
Furthermore, results suggest that one mechanism is not responsible for
alleviating restriction from both type I and type II restriction enzymes as
proposed by Read et al. (1992). Such a conclusion was drawn from the
observation that unlike the anti-type II mechanism, Collb-mediated
alleviation of type I restriction occurs independently of any plasmid transfer
and appears to be expressed constitutively and in trans (Fig. 3.6 B). For clarity,
observations made for these two mechanisms will be discussed separately.

The possibility that Collb alleviates type II restriction by overwhelming
the enzymes by substrate saturation during amplified transfer was ruled out by
data in Chapter Three (Fig. 3.3 A). The key finding was that Collbdrd confers
no significant protection on restriction-sensitive plasmid R751 when the two
plasmids are co-transferred together to a restricting recipient. If amplified
transfer of Collb from the donor to the recipient resulted in substrate
saturation of restriction enzymes, then restriction should be alleviated in trans
and the transmission frequency of R751 should approach that observed in non-
restricting matings. However, data in Fig. 3.3 (A) clearly shows this not to be
the case. It also seems unlikely from these results that amplified transfer of

ColIbdrd changes the physiology of the recipient such that there is a transient
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breakdown of restriction. Again, such a scenario should result in alleviation
of restriction in the recipient in trans.

The finding that Collb cannot alleviate type II restriction in trans
suggests that the plasmid must avoid destruction from such enzymes by a cis-
acting mechanism (see Chapter Six). A number of phages are known to encode
anti-restriction mechanisms that are cis-acting. One such mechanism
involves the random incorporation of unusual bases into the genome of the
phage, such that the DNA is not recognised as unmethylated, the signal for
cleavage by many restriction enzymes (Kriiger and Bickle, 1983; Bickle and
Kriiger, 1993). These unusual bases are quite often modified versions of either
adenine or cytosine residues as these are commonly the substrates for most
methyltransferase enzymes within restriction enzyme recognition sequences.
Such bases are made at the level of nucleotide metabolism and are
incorporated into the genome of the phage only. Consequently, phages
demonstrate resistance to restriction; yet, their presence in a cell has no effect
on restriction in trans. It seems unlikely that Collb employs a similar
mechanism of restriction-avoidance as the plasmid is sensitive to restriction
enzyme cleavage in vitro. Furthermore, R751 DNA should also be modified
when present in the same cell as Collb by using the same nucleotides.

The possibility that Collb carries another antirestriction gene(s) cannot
be ruled out by any data in this thesis. One idea is that such a gene(s) encodes a
non-specific methyltransferase enzyme that randomly methylates the genome
of the plasmid. Such a gene must only be expressed during conjugation, as
Collb DNA isolated from vegetatively growing cells is sensitive to the effects of
restriction in vitro and in vivo during transformation (Rees et al., 1987; Read
et al., 1992). If the gene is limited to expression during conjugation, it seems
likely that the gene should be situated within the leading region of Collb.
Examination of the sequence data generated for the leading region of Collb
(Chapter Seven) identified only one potential orf that might encode a

methylase. The product of orfI, displays weak similarity to a putative
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restriction methylase of IncH plasmid R478 (U60283) of Serratia marcescens.
However, the region of homology (29% identity, 35% similarity over C-
terminal 197 amino acids) does not encompass the N-6 adenosine methylase
signature typical of DNA methylases. No other orfs identified within the
complete nucleotide sequence of Collb were found to have homology to other
restriction methylase genes (Fig. 8.1).

It seems unlikely from these predictions made for Orfl that the putative
protein methylates Collb during conjugation to protect the plasmid from
destruction by type II restriction enzymes. .Furthermore, if the enzyme
methylates in trans, timing of expression of orfl and subsequent methylation
of Collb would be an important factor to consider as no cross-protection is
conferred on R751 during co-transfer of the two plasmids (see Chapter Three).
Further analyses of orfl are required before its role in the avoidance of type II
restriction enzymes by Collb can be ruled out. Experiments that might be
instructive would involve cloning orfl into a vector where it can be expressed
constitutively and examining the ability of the resulting construct to rescue
either transferring R751 or a restriction sensitive strain of phage A from the in
vivo effects of type II restriction enzymes. Such a construct could also be used
to determine if orfl has a role in protecting Collb ArdA” from type I restriction
enzymes.

Design of an experiment to reveal details about an anti-restriction
mechanism that is believed to be cis-acting is difficult. Further complications
are that such a mechanism appears to only be active during the process of
conjugation, as shown by the inability of Collb to evade type II restriction
during the process of transformation (Read et al., 1992). One line of
investigation could involve cloning restriction fragments of Collb and
examining them for their ability to confer protection against the effects of
EcoRI upon the resulting construct. The vector chosen would require EcoRI
cleavage sites and the Collb oriT locus. Such an analysis could only be utilised

if after its mobilisation by the Collb nic mutant (pNA11) the vector is sensitive
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Fig. 8.1. Genetic organisation of IncI1 plasmid Collb.

The genetic map was deduced from the complete nucleotide sequence of the
plasmid, which was recently made available (Sampei and Mizobuchi; EMBL:
AB021078). The genome is represented by the lines marked in kb coordinates.
All open reading frames (orfs) identified are shown as rectangles. The
transcriptional directions of each orf is indicated by an arrow and those

running from left to right are below the line and those from right to left are

above the line. The orfs that are part of the Tral region of the plasmid are
rectangles, with the exception of the shufflon, rci locus and EDTA-resistant
nucleasenuc. The orfs that form the Tra2 region of the plasmid are [
rectangles, with the exception of sog and eex. The Tral and Tra2 regions are
indicated on the map, broken lines highlight orfs that encode pili; these are the
flexible pilus in Tral and the rigid pilus in Tra2. Loci with defined functions
are indicated by Il rectangles. The orfs comprising the leading region of the
plasmid, some of which were identified during this work, are indicated by
rectangles. Putative orfs with no defined function are unlabelled. Locations of

oriT and oriV are indicated. The locations of potential single-stranded

promoters (ssil, ssi2 and ssi3) identified during this work are also shown ’
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to the effects of EcoRI in the recipient. Mobilisation of constructs that carry a
particular fragment of Collb might be instructive in determining if a particular
gene or locus of the plasmid can be implicated in the anti-type II restriction
evasion mechanism. However, the possibility that more than one locus is
involved may complicate such an investigation further.

Finally, it is possible that Collb avoids the effects of type II restriction by
its mode of entry during conjugation. It is generally assumed that restriction
enzymes are located within the cytoplasm of their host cell. This assumption
arises from early attempts to isolate new R-M systems, where host cell extract is
able to fragment DNA (Wilson and Murray, 1991).

The finding that restriction-modification systems can be isolated from
bacteria found in every ecological niche suggests that the random dispersal of
all restriction enzymes throughout the cell is a too simplistic view to apply to
every known system without further investigation. It might be possible that
certain restriction enzymes are compartmentalised within the cell, rather than
evenly distributed throughout. Kohring and Mayer (1987) showed by
immuno-localisation that between 70-90% of total EcoRI restriction enzyme is
found in the cell envelope of E. coli, whilst 60-70% of the methyltransferase is
present within the cytoplasm. Such results are in agreement with the ‘cellular
defence’ hypothesis described in Chapter One, section 1.5.6, where the
methylase protects the cells own DNA from destruction and the restriction
enzyme part cleaves any foreign DNA entering the cell.

If certain restriction enzymes are compartmentalised within the cell,
particularly in the periplasmic space, then such findings by Kohring and Mayer
(1987) could explain why some cloned R-M genes in E. coli are viable in the
r'm’” configuration. Furthermore, it may be possible that Collb itself avoids the
effects of EcoRI restriction during conjugation by determining a DNA transport
system that ensures transferring DNA does not come into contact with the
EcoRlI-rich periplasmic space. First, this could be the outcome of the plasmid

mating-pair formation system, which ensures direct entry of transferring DNA
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into the cytoplasm of the recipient. Bacteriophage A is sensitive to restriction
by EcoRIl. During the initial stages of infection byi the phage, the genome is
injected as duplex DNA into the periplasmic space before it traverses the inner
membrane by a passive sugar uptake mechanism (Diirrenberger et al., 1991).
Presumably during transfer of R751, the plasmid enters the periplasmic space.

According to the model proposed by Diirrenberger et al. (1991) described
in Chapter One, section 1.3.1, plasmid DNA transferring by the process of
enterobacterial conjugation enters the periplasm of the recipient cell before
traversing the inner membrane by a similar mechanism to that of phage A.
However unlike A, plasmid DNA at this stage is still in single-stranded form.
Restriction enzymes are thought to cleave single-stranded DNA only when
canonical duplex structures are formed (Nishigaki et al., 1985; Chapter One,
section 1.5.4). Perhaps during Collb-mediated conjugation conversion of the
plasmid into duplex DNA is delayed until entry to the cytoplasm of the
recipient. In contrast, perhaps complementary strand synthesis of R751 occurs
concurrently during transfer within the periplasmic space, making the plasmid
susceptible to cleavage. Such hypotheses are difficult to test. If synthesis of the
second strand is delayed until entry to the cytoplasm, this might explain why
the plasmid carries a psiB gene. Single-stranded DNA entering the cytoplasm
will induce the SOS response (Jones et al., 1992). R751 does not carry a similar
psiB gene and it has yet to be tested if transfer of the plasmid induces the SOS
response.

If the findings by Kohring and Mayer (1987) are correct and Collb does in
fact inject its DNA directly into the cytoplasm of the recipient, then
mobilisation of any restriction sensitive vector by the Collb nic mutant
(pNA11) should avoid the effects of EcoRI restriction in the recipient. During
work described in this thesis (Chapter Four), pNA1l was often used to mobilise
the cloned Collb oriT plasmid (pNA2). Mobilised pNA2 was not sensitive to
the effects of EcoRI restriction during its transfer (data not shown). However,

whether this finding is due to protection by the Collb transport system or to the
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relative insensitivity of pNA2 to EcoRI through carriage of only one cleavage
site is not known. These experiments need to be repeated using a similar
vector carrying enough EcoRI cleavage sites to make it a suitable assay of
restriction. Unfortunately, time was not available during this work to pursue
this investigation further.

The ‘substrate saturation” hypothesis as a means of explaining how Collb
ArdA” avoids the effect of type I restriction enzymes can be ruled out by data
presented in this thesis (Chapter Three). The substrate saturation scenario
relies on amplified transfer of Collbdrd from the donor to the restricting
recipient. However, Collbdrd ArdA™ plasmid is still able to alleviate the effects
of type I enzymes when already established in the restricting recipient (Fig. 3.6
B).

One hypothesis that has yet to be ruled out is that either transfer of
Collbdrd ArdA’ or presence of the plasmid in the restricting recipient induces a
change in cell physiology, which in turn leads to a breakdown of restriction.
Interestingly as early as 1965, Glover and Coulson described experiments
involving the breakdown of type I restriction due to changes in cell physiology.
Such experiments involved the conjugative transfer of the EcoKI R-M genes
from an E. coli K-12 Hfr donor to an E. coli B F recipient. The restriction
phenotype is delayed in the recipient for 15 generations whilst the
modification phenotype is observed immediately (Prakash-Cheng and Ryu,
1993). This delayed expression of restriction is due to the activity of ClpX and
ClpP, which make up the ClpXP protease of E. coli. ClpXP modulates
restriction activity by operating post-transcriptionally during assembly of the
EcoKI complex (see Chapter One, section 1.5.3). ClpX and ClpP form part of the
E. coli heat shock response that is associated with changes in cell physiology.

It may be possible that either conjugative transfer of Collb ArdA” (Fig.
3.4) or just the presence of the plasmid in E. coli (Fig. 3.6 B) is able to stimulate
either ClpXP or another protease, which in turn modulates type I enzyme

restriction activity. In contrast, Collb may encode its own protease, although
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examination of the complete nucleotide sequence of the plasmid, which is
currently available (AB021078), identified no ORFs that have potential protease
activity. However, it should be noted that several of the ORFs identified are
still without any predicted function (Fig. 8.1).

Unfortunately, the hypothesis that Collb stimulates activity of ClpXP
was not tested during this work. It is predicted that if Collb stimulates ClpXP
activity, which in turn modulates restriction by EcoKI, transfer of the plasmid
to ¢clpX and clpP mutant strains of E. coli K-12 should result in a significant
reduction in the plasmids transmission, compared to that shown in Fig. 3.2 B.
Such a hypothesis should be easily tested by obtaining the appropriate strains
described.

Finally, it remains possible that Collb ArdA” encodes in addition to ardA
another anti-restriction gene(s) active against type I enzymes and is expressed
constitutively. Recent findings by Rastorguev et al. (1998) showed that Incll
plasmid R64 carries a gene that encodes a moderate anti-restriction phenotype
active specifically against type I enzymes. The gene identified is not
homologous to ardA, although the protein does share a similar nine amino
acid motif common to ArdA and other anti-restriction proteins (see Chapter
One, section 1.7). The R64 gene is located adjacent to the plasmids
streptomycin and tetracycline resistance genes, downstream from oriV.
Comparison of the nucleotide sequence of the gene with those present in the
databases revealed only one homologue, that of the arsR gene of IncFI plasmid
R773. ArsR is a repressor of the arsenical resistance operon arsRDABC.
However, R64 carries no such operon as shown by the sensitivity of cells
carrying the plasmid to treatment with arsenical chemicals (Rastorguev et al.,
1998). Analysis of the complete nucleotide sequence of Collb revealed that the
plasmid does not carry a similar gene.

The arsR gene of R64 was identified by cloning fragments of the plasmid
and examining the resulting recombinants for their ability to confer protection

on restriction sensitive phage A. It would be of interest to this work to apply a
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similar strategy to Collb, with the aim of identifying a region of the plasmid
that is responsible for constitutive alleviation of restriction by type I enzymes.

Zygotic induction of Collb leading region genes, psiB and ssb, has been
demonstrated (Jones et al., 1992; Chapter One, section 1.6.4). Only recently,
evidence has been obtained to show that transcription of ardA is enhanced in
the recipient cell during the process of conjugation. The technique used was a
competitive RT-PCR assay, which is able to quantify mRNA transcript levels of
a particular gene. A full description of the details relating to this technique is
available in Althorpe et al. (1999). During conjugation, ardA mRNA
transcripts were measured and compared to those from vegetatively growing
cells. Transcript levels of ardA increased in a short pulse during conjugation,
which began at about five-six minutes. Transcript levels later diminished as
transcription is turned down and then existing transcripts were degraded.
Comparisons of these results with the time of entry of Collbdrd to the recipient
cell, nine minutes, suggest that transcription of ardA begins before completion
of the first round of plasmid transfer (Althorpe et al., 1999).

The burst of ardA transcription during conjugation in comparison to
that detected in vegetatively growing cells suggests that like psiB and ssb, ard A
is also subject to zygotic induction. This view is further supported by data
presented in this thesis (Chapter Three and Chapter Five), which has also been
published in conjunction with the transcriptional analysis of the ardA gene in
Althorpe et al. (1999). In experiments involving the use of the R751 restriction
assay, ArdA-mediated restriction alleviation was observed to be optimal when
encoded by a transferring Collbdrd plasmid rather than an equivalent plasmid
resident in the restricting recipient (Fig. 3.5; Fig. 3.6 C). Such results imply that
expression of ardA is activated during conjugation.

Transcriptional activation of ardA in the recipient was indicated by the
strong protection conferred by a co-transferring Collbdrd plasmid (Fig. 3.5 A)
but lack of even basal protection by the Collbdrd nic mutant (Chapter Four and

Chapter Five, Fig. 5.3 A) immobilised in the donor. Thus, it is inferred that

116



neither ardA mRNA or ArdA protein are transported from the donor to
recipient cells. R751 is protected to an intermediate extent by a co-transferring
Collbdrd ArdA mutant (Fig. 3.4 A), but this effect is attributed to the ardA-
independent restriction-avoidance response described already in this chapter.

Some interesting observations about the timing of expression of ardA
can be made from the studies conducted on ardA transcription during
conjugation as measured by the competitive RT-PCR éssay (Althorpe et al.,
1999). Transcription of ardA, in the recipient, extends over 10 minutes or
more in the cell population. Transfer of Collb from the donor to the recipient
is not synchronised and transcription in a single pair of conjugating cells is
likely to be less than 10 minutes. From measuring and analysing the time of
entry of the plasmid, the onset of ardA transcription can be estimated. The rate
of DNA transfer in Hfr matings is estimated to be 45-kb min™ at 37°C
(Bachmann et al., 1976). Assuming transfer of Collb occurs at the same rate,
transfer of the 100-kb plasmid (pLG221) should be completed within 2.5
minutes. Completion of the first round of transfer in a bacterial population is
marked by a surge of transconjugant production. In the case of Collb, this
surge occurs after nine minutes. The level of ardA transcripts increase in
abundance after five-six minutes, which suggests that transcription of this gene
is initiated within a minute of entry of the plasmid. Such timing indicates that
transcription occurs shortly after entry of the leading region to the recipient
cell.

One intriguing question is what is the regulatory mechanism employed
by Collb to allow enhanced expression of leading region genes, psiB, ssb and
ardA, in a transient burst shortly after conjugative transfer of the plasmid. It is
known that plasmid DNA is transferred to the recipient cell in single-stranded
form, yet, it seems likely from the observations made above that these genes
are expressed before transfer of the plasmid has finished. By sequencing the

leading region of Collb, the aim of Chapter Seven was to use such data not

117



only to map genetic loci, but to look for regulatory sequences that might give
an indication of the mechanism governing leading region gene expression.

For all plasmids examined, ardA and psiB-ssb genes are orientated in
their leading regions such that the DNA strand that is thought to be
transferred to the recipient cell during conjugation also corresponds to the
template strand for transcription of these genes (Fig. 7.5). A number of
putative orfs were identified from the sequence data generated, the predicted
functions of which are described in Chapter Seven, section 7.2.3. Interestingly,
all the orfs identified were orientated in the same transcriptional orientation
as ardA, psiB and ssb (Fig. 7.5).

Perhaps the most interesting finding was the identification of three
repeat sequences of ~328-bp in length, which were named ssil, ssi2 and ssi3.
The repeats share between 80-85% sequence identity with each other over their
entire length. Remarkably, each of these repeats aligns with only one other
sequence in the databases, a similar sequence found within the leading region
of plasmid F, originally called ssiD, now renamed Frpo (Fig. 7.4).

The F locus was originally isolated by Nomura et al. (1991) and shown to
be a single-stranded initiation sequence capable of supporting synthesis of
primers for DNA replication, hence the name ssiD. Later work carried out by
Masai and Arai (1997) showed that the ssiD locus has additional properties
which allow it to function as a novel type of promoter active only in single-
stranded form. Consequently, the locus was renamed Frpo. The elaborate
stem-loop structure proposed by Masai and Arai (1997) extends over ~300
nucleotides in the single strand and includes a -35 and -10 sequence and a
transcription start site (Fig. 8.3). Masai and Arai (1997) found that Frpo is only
active as a promoter in single-stranded DNA. However, dsDNA can be
activated for transcription from such promoters by denaturation. The Collb ssi
sequences have predicted secondary structure similar to that of Frpo (Bates et
al., 1999; Fig. 8.2). The putative —10 regions of the Collb ssi sequences contain

numerous mis-matches, which may aid promoter function by facilitating
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Fig. 8.2. Comparison of the proposed secondary structure for Frpo with the
sequences of the Collb ssi sites.

Figure is taken from Bates et al. (1999). The Frpo structure is from Masai and
Arai (1997) with the exception that opposing G and T residues are paired. The
arrow indicates leftward extension from the 5 end of the RNA. Frpo* is a
thermodynamically favoured variant of the sequence. ssi structures were
calculated using the mfold 3.0 RNA folding program (Mathews et al., 1999),
which was obtained via the World Wide Web
(http:/ /www.ibc.wustl.edu/zuker/). Upper case letters indicate nucleotides
that conform with the consensus sequences of the -35 and -10 regions (5'-

TTGACA-3' and 5-TATAAT-3'). Figure was drawn by B. M. Wilkins.
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Fig. 8.3. Schematic diagram depicting the proposed secondary structure of the
Frpo locus.

The figure is based on the proposed structure formed in single-stranded DNA
at the Frpo locus of plasmid F (Masai and Arai, 1997). The structure acts as a
novel type of promoter capable of directing transcription by RNA polymerase
from ssDNA templates. Sites of interest include the -35, -10 and transcription
start site. The stem loop structure cannot form in dsDNA as it would be an
imperfect duplex. The loops, due to mispairing are seen to be esential for
function. Figure is derived from that in Masai and Arai (1997) and was drawn

by Chris Cane.
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melting of the duplex structure and formation of the open complex necessary
for transcription (Bates et al., 1999).

Importantly, Frpo and the Collb ssi sequences are orientated in their
respective leading regions such that the promoter structure will form in the
DNA strand that is transferred to the recipient. This feature leads to the
appealing model that enhanced expression of leading region genes is due to
activity of Frpo-like sequences in directing transcription of the transferring
plasmid strand.

The model described shows a strategy for supplying proteins early in the
recipient before the second strand of the plasmid is generated. Early expression
allows ArdA anti-restriction protein to accumulate in the newly infected cell
before the DNA strand is converted to duplex DNA, the substrate of type I
restriction enzymes. The model allows for rapid expression of PsiB as a
function that prevents induction of the bacterial SOS response following
transfer of plasmid DNA in single-stranded form. Furthermore, the model
allows for elevated levels of SSB protein, which may prevent drainage of the
cellular counterpart, an essential component of the chromosome replication
apparatus. In addition, SSB has been shown to stimulate transcription from
Frpo, presumably by facilitating binding of RNA polymerase through protein-
protein interactions on template DNA (Masai and Arai, 1997). It is envisaged
that these promoters are silenced upon synthesis of the complementary
plasmid strand in the recipient, which would explain how leading region
genes are expressed in a transient burst.

Design of an experiment to test if the Collb ssi sequences are able to act as
single-stranded promoters is possible. A Collb plasmid carrying a promoter-
less lacZ operon fusion within the ssb gene has already been created in this
laboratory (Jones et al., 1992). The plasmid would provide a useful source of a
DNA fragment carrying the ssb:lacZ fusion and the upstream ssi3 sequence for
cloning into a single-stranded vector based on M13. Confirmation that ssi3 acts

as a promoter would be achieved if elevated levels of B-galactosidase activity
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were detected in cells carrying the single-stranded DNA construct. As a useful
control, a similar vector carrying the Collb fragment inserted in the opposite
orientation should result in no elevated levels of B-galactosidase.
Alternatively, the Q fragment described in Chapter Four, could be cloned
upstream of ardA in a construct carrying only the leading region (see Fig. 7.5).
It is predicted that if zygotic induction of ardA is governed by ssi3 found
upstream of the gene, then the presence of Q will disrupt transcription and
.prevent enhanced expression of ardA. Consequently, mobilisation of the
construct would result in no ArdA-mediated alleviation of type I restriction in
the recipient cell. However, this experiment does not confirm that ssi3 is the
promoter.

In conclusion, despite complications encountered, a number of
hypotheses for the Collb anti-type I and anti-type II restriction mechanisms
have been tested and rejected by this work. Unfortunately, it was beyond the
scope of this thesis to determine the molecular basis of these two plasmid
evasion processes, although a number of new hypotheses have been generated
which are described in this chapter. In addition, data in this thesis were not
only useful in providing supporting evidence that expression of ardA is
enhanced by mating (Althorpe et al., 1999) but has played a major role in the
generation of a model that explains how leading region genes might be
zygotically induced in E. coli during conjugation (Bates et al., 1999). If the Collb
ssi regions are confirmed as being promoters active in single-stranded DNA
form, then it would be interesting to see if they are also active in strains other

than E. coli.
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Appendix I

Determination of the Ryy and Ry phenotypes of E. coli strains using A vir

prumil cop
NM816N A vir.0 5.0 x 108 1.0
GI65N L 1.7 x 10° 0.003
GI65N(pLG221) " 12x 108 0.24
GI65N(pLG292) " 5.0 x 107 0.10
GI65N(pNA11) " 3.5x 108 0.70
GI65N(pNA12) " 8.0 x 107 0.16
GI65N(pNA6) " 5.3 x 108 1.06
GI65(pLG290) " 49x108 0.98
GI65N A vir K 1.0 x 1012 1.0
GI65N(NTP14) " 1.0 x 109 0.001
GI65N(pNA16) " 2.1 x 1012 2.1
GI65N(pNA17) " 1.0 x 107 0.001

100 pl of E. coli cells (107 m11) were mixed with 3 ml of SNA and overlayed onto a
BLA plate. 10 pl of each diluted bacteriophage suspension was spotted onto the
surface of the plate and allowed to adsorb. The plates were then incubated

overnight at 37°C. The number of plaques formed were examined and the plaque
forming units (pfu) per ml and efficiency of plating (e.o.p) were calculated. An
e.o.p value of 1.0 is equivalent to 100% plating efficiency. A vir is a virulent strain of

A, where A vir. 0 carries no methylation, A vir K carries EcoKI methylation.
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