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Abstract

The study of Escherichia coli cell cycle

Guowen Liu

2000

The fisK gene of Escherichia coli encodes a 147kDa peptide, which consists of
three distinct domains; namely a conserved N-terminal domain, a proline and glutamine
rich region, and a C-terminal domain with consensus nucleotide-binding pocket (Begg
et al., 1995). The N-terminus is essential for cell division (Begg ef al., 1995; Draper et
al 1998; Wang and Lutkenhaus 1998) and targets the whole protein to the septum (Yu et
al., 1998 and Wang and Lutkenhaus, 1998). The C-terminal domain of FtsK has high
sequence similarity to SpollIE, a protein involved in transferring chromosomal DNA
from mother cell to pre-spore in Bacillus subtilis (Begg et al., 1995; Wu and Errington,
1994). In order to determine whether the whole FtsK protein or its C-terminal region has
a function in chromosome partition in E. coli, a strain named GLC600 was constructed.
In this strain the N-terminal part of FtsK was transcribed from its native promotors, but
the expression of the whole protein was under the control of the arabinose-inducible
Pgap promotor. It was found that depletion of the whole protein resulted in the
appearance of about 15% of cells with abnormally located chromosomes and also in cell
division-dependent SOS induction. Collaborating with Peter Kuempel’s lab in USA we
found that the C-terminus (also called FtsKc in this thesis) was required for
chromosomal dimer resolution. By comparing the effects of inactivation of FtsKc or

XerC (a protein required for dimer resolution) on SOS induction, the evidence suggests
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that FtsKc is required only for chromosomal dimer resolution. These results suggest that

chromosome dimers are resolved only during cell division and at the septation site.

The phenomenon of cell division-dependent SOS induction in FtsK-depleted
GLC600 cells indicated that improperly located chromosome DNA could be guillotined
by the septum, suggesting that chromosome partition mutants should have continuous
SOS induction. Based on such a consideration, a method was developed to isolate
putative chromosome partition mutants. A study of the mutants obtained in this way
showed that the RuvABC proteins, which are required for the resolution of
recombination intermediates, are involved in chromosome partition in wild type cells.
However, over-expression of RuvAB caused inhibition of cell division in both wild type
cells and in recA” cells in which recombination intermediates cannot form. Together
with the report that RuvAB acts at arrested replication forks (Seigneur ef al., 1998), this
suggested that cell division was coupled with chromosome replication. It was found that
over-expression of RuvAB could slow down the elongation of chromosome replication
and also cause the repression of transcription of cell division genes in the 2min region of
the E. coli chromosome. To confirm that cell division and chromosome replication are
coupled, nalidixic acid treatment and thymine starvation were used to block
chromosome replication and it was found that blocking chromosome replication caused
the repression of transcription of cell division genes in the 2min region. Thus, cell
division is coupled with chromosome replication (possibly elongation) at the level of

transcription.

It was also found that over-expression of DsbB, a protein required for protein
disulfide bond formation in E. coli (Bardwell et al., 1993), resulted in the loss of the rod
shape of E. coli cells. Over-expression of another gene named friL, which is very close
to dsbB on the E. coli chromosome, caused inhibition of cell division at a very early

stage. It is proposed that FriL. may be a regulator of cell division.
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Chapter 1. Introduction

This introduction is intended to provide background information about the cell

cycle of Escherichia coli, especially on cell division and chromosome partition.

1. Cell division

Briefly, the cell cycle of wild type E. coli includes several continuous steps (Fig.
1.1). First, the newborn cell increases its mass and volume and this causes the
elongation of the rod-shaped bacterium. When the ratio of cell volume to replication
origins reaches a particular constant value, new replication is initiated and the synthesis
of daughter chromosomes continues steadily. After the new born chromosomes have
been segregated the cell will constrict in the middle of its long axis and finally divide

into two new-born cells (Donachie, 1993).

Figure 1.1. Diagram showing the E. coli cell cycle.




If cell division is blocked in the cell cycle, the cell will continue its elongation to
form a long filament, before eventually lysing. Most of the cell division genes were
discovered by isolating fis (filamentous of temperature sensitive) mutants, where
division was blocked at non-permissive temperature, but neither DNA replication nor
segregation was affected. Division proteins act in a coordinated way to bring about the
ingrowth of cytoplasmic membrane, peptidoglycan and outer membrane. Together with
the septum-specific peptidoglycan synthesis enzymes, the concerted action of these
proteins results in the formation of a covalently linked double layered septum. The
hydrolysis of the bonds between the two layers followed by the invagination of the outer
membrane will at last complete the separation of the two daughter cells (Donachie,
1993).

Several cell division genes have been identified. At least nine of them have been
confirmed and well studied. The nine cell division proteins encoded by these genes are

called FtsZ, FtsA, FtsQ, FtsW, Ftsl, FtsL, FtsN, FtsK and ZipA.

1.1. Cell division proteins.

1.1.1. Cell division proteins encoded at the 2 min region.

Among the nine cell division genes, six are clustered in the 2min region (also
named mra or dcw cluster) of the E. coli chromosome. The genetic structure of the 2min

region is shown in Fig. 1.2.



Okb Skb 10kb 15kb 18kb

| | | | | | | | i | 1 | I | | f ] | | j
mraW
mraZ ftsL fisl murE  murF mra¥Y murD fisW murG murC ddiB ftsQ ftsA ftsZ envA
a L1 11 I I [ ] L1 [ [ ] 0 1
b > > > > > > >>>> > 4

ftsQ2p1p  ftsZ4p3p

lﬂsAp lﬂsZZp
15% 4% 12% 2%

66%

Figure 1.2. Genetic organization of the mra cluster at 2min on the Escherichia coli
chromosome map (a) and contributions of individual promotors to the transcription of

ftsZ (b). (Vicente et al., 1998; Fldrdh et al., 1998; Lutkenhaus and Mukherjee, 1996).

Arrows represent detected or putative promotors.
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FtsZ:

Among all the cell division genes, fisZ (formerly also called sfiB or sulB) gets
the most attention. It was mapped between fisA and envA in the E.coli chromosome
(Lutkenhaus et al., 1980). By immunoelectronmicroscopy it was found that FtsZ protein
formed a ring structure at the cell division site (Bi and Lutkenhaus, 1991). FtsZ was the
first protein to be located at the cell division site. Its division site location has been
further confirmed by immunofluorescence and GFP fusions (Addinall and Lutkenhaus,
1996; Ma et al., 1996). It is estimated that in E. coli there are 5,000-20,000 molecules of
FtsZ per cell (Bi and Lutkenhaus, 1991; Pla ef al., 1991). This is enough to encircle the
cell midpoint roughly 10 to 40 times. Although other division proteins are also localised
at the cell centre (see below), FtsZ appears to be the first one (on which all the others
depend for subsequent localization), except that it is not clear if FtsW acts earlier than
FtsZ (Begg and Donachie, 1985; Addinall ef al., 1996; Boyle et al., 1997; Wang et al.,
1998).

FtsZ is a soluble cytoplasmic protein that can polymerize in vitro to form a
variety of ordered structures (Mukherjee and Lutkenhaus, 1994; Bramhill and
Thompson, 1994). These structures are composed of linear arrays of FtsZ molecules
similar to the protofilaments formed by tubulin. FtsZ is a GTP binding protein and a
GTPase (RayChaudhuri and Park, 1992; de Boer et al., 1992). Its polymerization is
GTP-dependent (Mukherjee and Lutkenhaus, 1994; Bramhill and Thompson, 1994;
Erickson et al., 1996; Mukherjee and Lutkenhaus, 1998; 1999), but the hydrolysis of
GTP is not required for polymerization (Mukherjee and Lutkenhaus, 1994).

FtsA:

FtsA acts at a stage in cell division after FtsZ has assembled (Begg and
Donachie, 1985). Later studies showed that FtsA is localized at the septum in a ring
pattern as previously shown for FtsZ. The localization of FtsA is completely dependent
on the localization of FtsZ. It was found that under a variety of conditions that prevented
formation of the Z ring, FtsA was unable to localize. In mutants in which FtsZ forms

structures in addition to Z rings, or in a strain in which FtsZ is overexpressed and FtsZ



forms spiral tubules that span the length of the filamentous cell, the pattern of FtsA
duplicates these structures. These results suggest that the FtsZ ring recruits FtsA to the
septum (Ma et al., 1996; Addinall and Lutkenhaus, 1996). The amino acid sequence of
FtsA indicates that it is related to the actin/HSP70/sugar kinase family of ATP-binding
proteins (Bork et al., 1992), which provides a basis to model its structure (Sanchez et
al., 1994). It has been shown that FtsA is present in different cell compartments
depending on its phosphorylation state. The FtsA fraction isolated from the cytoplasm is
phosphorylated and capable of binding ATP, while the membrane-bound form is
unphosphorylated and does not bind ATP. A variant protein FtsA104, which cannot be
phosphorylated because the predicted phosphorylatable residue has been replaced by a
non-phosphorylatable one, although is unable to bind ATP in vitro, is able to
complement the reversible fis42, the irreversible fts43 and, almost with the same
efficiency, the ftsA/6 amber alleles. This suggests that phosphorylation and ATP
binding may not be essential for the function of FtsA. Alternatively they may have a

regulatory role on the action of FtsA in cell division (Sanchez et al., 1994).

FtsW:

ftsW is an essential cell division gene located in the 2 min region (Ishino et al.,
1989; Boyle et al., 1997). FtsW is localized at the septum (Wang et al., 1998) and is an
integral membrane protein (Ikeda ef al., 1989; Khattar ef al., 1994). It seems that FtsW
acts at an early stage in cell division (Begg and Donachie, 1985; Khattar ef al., 1994)
and plays a role in the stabilization of the FtsZ ring (Boyle ef al., 1997). However, it is
not clear if FtsW acts before or after FtsZ during septation (Boyle et al., 1997; Wang et
al., 1998). FtsW is highly homologous to RodA in E. coli and to SpoVE in B. subtilus
(Ikeda et al., 1989).

FtsQ:
The ftsQ gene product is essential for the formation of the cell septum and is
made in very small amounts, about 22-25 molecules per cell (Barondess et al., 1991;

Carson ef al., 1991). The study of alkaline phosphatase fusions of FtsQ showed that the



FtsQ protein is a simple cytoplasmic membrane protein with an approximately 25-
amino-acid cytoplasmic domain and an approximately 225-amino-acid periplasmic
domain (Barondess et al., 1991; Carson et al., 1991; Storts et al., 1989)

The localization of cell division protein FtsQ in Escherichia coli wild-type cells
was studied by immunofluorescence microscopy with a specific monoclonal antibody
(Buddelmeijer et al., 1998) and with a gfp-fisQ fusion by fluorescence microscopy
(Chen et al., 1999). Both studies showed that FtsQ was localized at the division site.
GFP-FtsQ localization to the septum depends on the cell division proteins FtsZ and
FtsA, but not on FtsL and Ftsl, indicating that FtsQ is an intermediate recruit to the
division site (Chen et al., 1999). Replacing the cytoplasmic domain and the
transmembrane domain of FtsQ with alternative membrane anchors did not prevent
localization of FtsQ at the septum (Buddelmeijer et al., 1998; Chen et al., 1999),
whereas replacing the periplasmic domain did (Chen et al., 1999). This indicates that
the periplasmic domain of FtsQ is necessary and sufficient for septal targeting, as has

also been shown for the periplasmic domain of FtsN (see below).

Ftsl:

Ftsl, also called penicillin-binding protein 3 (PBP3), is a septation-specific
peptidoglycan transpeptidase (Ishino and Matsuhashi, 1981; for a review see Neu,
1983). Ftsl has a simple membrane topology with almost all of the protein (residues 36
to the carboxy-terminus) exposed on the periplasmic side of the cytoplasmic membrane
(Bowler and Spratt, 1989). Immunofluorescence microscopy shows that Ftsl is localized
to the septum (Weiss ef al., 1997, Wang et al., 1998). Septal localization of Ftsl
depends on an intact membrane anchor and also depends upon FtsZ, FtsA, FtsQ, and
FtsL, indicating that Ftsl is a late recruit to the division site (Weiss et al., 1999).
Replacement of the cytoplasmic domain and/or membrane-spanning segment shows that

these domains are required to support cell division (Guzman et al., 1997).



FtsL

FtsL, a 13.6-kDa cytoplasmic membrane protein with a cytoplasmic amino
terminus, a single membrane-spanning segment and a periplasmic carboxyl terminus, is
essential for cell division and is estimated to be present at about 20 to 40 copies per cell
(Barondess ef al., 1991; Guzman et al., 1992). It is found that FtsL localizes to the cell
septum and this localization is dependent upon the function of FtsZ, FtsA and FtsQ, but
not Ftsl, suggesting FtsL is a relatively late recruit to the ring structure that mediates
septation (Ghigo et al., 1999). Both the membrane-spanning segment and the
periplasmic domain of FtsL are required for localization to the division site (Ghigo and
Beckwith, 2000). Mutagenesis of the periplasmic heptad repeat motif severely impaired
both localization and function as wéll as the ability of FtsL to drive the formation of
sodium dodecyl sulfate-resistant multimers in vitro. It is believed that most of the FtsL
molecule is a helical coiled coil involved in FtsL multimerization (Ghigo and Beckwith,

2000).

1.1.2. Other cell division proteins: ZipA, FtsN and FtsK

ZipA:

ZipA was isolated as an FtsZ binding protein (Hale and de Boer, 1997). It is an
integral inner membrane protein and essential for cell division. With a functional ZipA-
Gfp fusion protein, it is shown that ZipA is located in a ring structure at the division site
(Hale and de Boer, 1997). Its location requires FtsZ, but not FtsA or Ftsl, indicating that
it is recruited by FtsZ. Normal Z rings are formed in the absence of ZipA, suggesting
that ZipA acts after Z ring formation. The interaction between FtsZ and ZipA occurs
through their carboxy-terminal domains (Liu er al., 1999). Genetic and morphological
evidence show that a 2-fold higher dosage of the division gene zipA suppresses
thermosensitivity of the fisZ84 mutant by stabilizing the labile FtsZ84 ring structure in
vivo. Purified ZipA promotes and stabilizes protofilament assembly of both FtsZ and

FtsZ84 in vitro and cosediments with the protofilaments (RayChaudhuri, 1999).



FtsN:

The fisN gene is an essential cell division gene and is located at 88.5 min on the

E.coli chromosome. It was first isolated as a multicopy suppressor of the fis412(Ts)

mutation (Dai et al., 1993). Multicopy fisN can also suppress fisI23(Ts), fisQI1(Ts), but
| not the fisZ84(Ts) mutation (Dai er al., 1993). A recent study showed that fisK
mutations and deletions can also be suppressed by overexpression of fisN (Draper et al.,
1998). Immunofluorescence microscopy shows that FtsN protein is located at the
septum and examination of FtsN localization in ffs mutants indicates that FtsN is
incorporated into the ring of proteins after FtsZ, FtsA, FtsQ and Ftsl at a late stage in
cell division (Addinall et al., 1997).

The 36 kDa FtsN protein is a membrane protein (Dai e al., 1993). Protease
accessibility studies of FtsN in spheroplasts and inverted membrane vesicles showed
that this protein has a short cytoplasmic N-terminus, a single membrane-spanning
domain and a large C-terminal periplasmic domain (Dai ef al., 1996). Its cell division
function only requires the carboxy domain and the N-terminal cytoplasmic and
transmembrane domains of FtsN are required only for transporting the large C-terminus
to the periplasm (Dai et al., 1996). Study of a MalG-FtsN fusion where the N-terminal
cytoplasmic and transmembrane domains were replaced by a MalG membrane-spanning
domain indicates that the information for FtsN localization is supplied by its periplasmic

domain (Addinall et al., 1997).

FtsK:

ftsK is located at 20min on the E. coli chromosome (Begg et al., 1995). The FtsK
protein, a homologue of SpolllE in B. subtilus, is a large protein consisiting of 1330
amino acids with three structural domains (Begg ef al., 1995). Only the N-terminal
domain of FtsK is required for cell division (Begg et al., 1995; Draper et al., 1998,
Wang and Lutkenhaus, 1998). By fusing the N-terminus of FtsK to GFP, it was shown

that FtsK localizes to the septum and that an N-terminal fragment as short as 15% of the



protein is sufficient for localization (Yu et al., 1998). FtsK localization requires the

function of FtsZ and FtsA but not FtsI and FtsQ (Wang and Lutkenhaus, 1998).

1.1.3. Possible cell division proteins encoded by the terminus region.

It was reported that there is a cluster of cell division genes mapping to the terC
region of E.coli chromosome, between 33.5 and 36 min (Ben-neria ef al., 1995; Dewk et
al., 1984). They divided their mutants into eight classes, basing on their map positions
and phenotypes at restrictive temperature. These temperature sensitive mutants could
replicate and segregate DNA at non-permissive temperature (except group VII, where
chromosome replication was blocked), but could not continuously grow after were
shifted from 30°C to 42°C. Their phenotypes at 42°C were varied: they formed lemon-
shaped cells, long filaments, strings of beads or very small cells or became lysed. The
variety of phenotypes displayed by the mutants is similar to those displayed by mutants
of the 2min region genes. However, it is still possible that these genes are just regulators

of cell division.

1.1.4. Assembly order of cell division proteins at the division site.

According to the above data on cell division proteins, they are probably
assembled at the division site in the order FtsZ > FtsW(?) > ZipA >FtsA > FtsK > FtsQ
> FtsL > FtsI > FtsN.



1.2. Selection of cell division site.

The mechanism of selective positioning of the Z ring at the mid-cell site is still
unknown. Since FtsZ is a cytoplasmic protein, localization of the Z ring and then the
division machinery underneath the inner membrane probably needs the assistance of
transmembrane protein(s). The location signal that is recognised by FtsZ protein is still
unknown. However, important progress has been made from studies on minicell
producing mutants. The mirn locus has three genes (minC, minD and minE) and the
coordinate action of their gene products is required for proper placement of the division
septum (de Boer et al., 1988; 1989). Deletions of minC, minD or minCDE together
cause the minicell phenotype, whereas inactivation of minE alone causes general
inhibition of cell division.

Studies of the effects of expression of the three genes, alone and in all possible
combinations, indicates that the minC and minD gene products act in concert to form a
nonspecific inhibitor of septation that is capable of blocking cell division at all potential
division sites, and that the minE gene codes for a topological specificity factor that
prevents the division inhibitor from acting at internal division sites while permitting it to
block septation at polar sites in wild-type cells (de Boer et al., 1989). MinC is a general
division inhibitor and a proximate cause of the septation block. With a MalE-MinC
fusion that retains full biological activity, it was found MinC interacts with FtsZ and
prevents its polymerization (Hu et al., 1999). MinD is a membrane-associated ATPase.
MinD activates the MinC septation-inhibition-function and is also required for the
sensitivity of the MinC system to the MinE topological specificity factor (de Boer et al.,
1989; 1992). Its ATPase binding domain is required for the activation of MinC (de Boer
et al., 1991). The 88-amino acid MinE protein has two different functional domains.
The N-terminal domain (residues 1-22) is responsible for suppression of MinCD
inhibitor. The carboxy terminal domain (residues 31-88) is required for the topological
specificity of MinE function and affects the site specificity of cell division even when
separated from the N-terminal domain. The C-terminal domain is also responsible for

MinE homodimerization (Zhao et al., 1995; King et al., 1999). By using a functional
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fusion of MinE-Gfp it is shown that MinE forms a ring structure near the middle of
young cells. Formation of the MinE ring is MinD-dependent, MinC-independent and
importantly, FtsZ-independent (Raskin and de Boer, 1997). The MinE ring can be seen
in very young cells but not in deeply constricting cells. Surprisingly, functional Gfp-
MinD accumulates alternately in either one of the cell halves in what appears to be a
rapidly oscillating membrane association-dissociation cycle imposed by MinE (Raskin
and de Boer, 1999). In the absence of the other Min proteins MinD associates with the
membrane around the entire periphery of the cell. MinE is capable of redistributing the
membrane-associated MinD to either one of the halves of the cell (Raskin and de Boer,
1999; Rowland et al., 2000). By using a functional GFP-MinC fusion protein, it is found
that MinC displays a very similar oscillatory behavior which is dependent on both MinD
and MinE and independent of FtsZ. GFP-MinC is a cytoplasmic protein in the absence
of the other Min proteins. The addition of MinD results in GFP-MinC appearing on the
membrane. In the presence of both MinD and MinE, GFP-MinC oscillates rapidly
between the halves of the cell (Raskin and de Boer, 1999b; Hu and Lutkenhaus, 1999).
These results suggest a model in which the formation of the FtsZ ring at midcell point is
directed by the Min system. At an early stage of cell division, MinE forms ring at or
near the middle of the cell and this causes rapid relocation of MinC and MinD in
between the two halves of the cell to prevent the formation of Z ring in the halves of the
cell. The presence of MinE ring at midcell prevents the MinCD inhibitory activity at this
point and thus allows the formation of the Z ring only at the middle point of the cell.
Other cell division proteins, in an probable order of FtsW(?) > ZipA > FtsA > FtsK >
FtsQ > FtsL > FtsI > FtsN, can then be recruited to the Z ring, leading to the synthesis of
a new septum. Nevertheless, the Min proteins cannot be the sole means of localising
the site of FtsZ polymerization because FtsZ rings form in the centres of min mutant
cells that lack all of these proteins. In such mutants, FtsZ rings may also form near the
cell poles, causing the production of minute "minicells". The function of the Min
proteins seems therefore to be to prevent this abnormal localization of cell division

proteins, rather than to provide spatial information about the "correct” location at the
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cell centre. Both FtsZ and MinE must therefore respond to some other spatial signal,

which is as yet unknown.

1.3. Regulation of the transcription of cell division genes fsQ,

ftsA and ftsZ during the change of growth phase.

SdiA:

It is well known that bacteria can modulate their growth according to the
enviroment they are living in. Recent studies has shown that many prokaryotes can even
sense cell density by production of extracellular signaling molecules. One of the most
famous cases is that of the luminous marine bacteria. (References can be found in
Ulitzur and Dunlap, 1995; and Sitnikov et al., 1996.) Luminescence in these bacteria is
controlled by autoinduction, a regulatory mechanism that activates light production at
high population density and suppresses light production at low population density.
Several genetic, physiological and environmental factors contribute to autoinduction.
Bacillus uses peptides to induce competence and sporulation (Perego and Hoch, 1996),
while Myxococcus uses a complex mixture of amino acids and fragments of
peptidoglycan to control sporulation, social and asocial motility (Kaplan and Plamann,
1996; Kaiser and Losick, 1993). However, the signal molecules most widely used to
effect cell density-dependent gene regulation in prokaryotes may be N-acyl-L-
homoserine lactones, called autoinducer, which accumulate in a population density-
dependent manner (Bainton er al., 1992; Swift et al., 1993). The gene that produces
such an inducer in vibrio fischeri is called luxI. Autoinduction also needs a
transcriptional activator protein, which is LuxR in V. fischeri. The activator together
with autoinducer activates transcription of the LuxR homolog-dependent transcription
(Bainton et al., 1992; Swift et al., 1993). A homolog of LuxR in E. coli is SdiA.

However, no /uxI homologue has been found in E. coli so far.
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SdiA was isolated as multicopy suppressor of cell division inhibition caused by
over-expression of MinC/MinD (Wang et al., 1991). It has been shown that SdiA can
activate transcription of fisQAZ by acting on the fisQ2p promoter, but not on the fisQlp
promotor or the promotors inside the fisOAZ gene cluster (Wang et al., 1991; Sitnikov
et al., 1996). There are contradictory reports about whether conditioned media (media
that had previously supported growth of E. coli) will up-regulate (Sitnikov e al., 1996)
or down-regulate fisQ2p (Garcial.ara et al., 1996). However, even in the latter report the
down-regulation of fisQ2p coincided with the down regulation of sdid itself. One
possible reason for this discrepancy may be the differences between the experimental
conditions. It has also been proposed that the expression of sdid is regulated by an

extracelluar factor (Garcial.ara ef al., 1996).

RpoS:

Three different kinds of promoter are defined according to their dependence on
the growth rate: the 'house-keeper' promoter of many metabolic genes, the stringent
promoter found at several rRNA and ribosomal protein genes, and the 'gearbox’ at genes
whose products are required at higher relative amounts at lower growth rates. RpoS,
which encodes the stationary phase sigma factor Sigma S, is one of the sigma factors for
gearbox transcription (for reviews see Vicente ef al., 1991; Loewen et al., 1998). The
sigma S subunit of RNA polymerase (encoded by the rpoS gene) is the master regulator
in a complex regulatory network that controls stationary-phase induction and osmotic
regulation of many genes in Escherichia coli (for a review see Hengge-Aronis, 1996).

It was found that disruption of poS can lower the protein level of FtsZ (Cam et
al., 1995) and fisQlIp is sigma S-stimulated (Sitnikov er al., 1996). The most potent
promoters in the ddIB-fisA region of the mra cluster have been analysed for sigma S-
dependent transcription. It was found that only the gearbox promoter fisQlIp is
transcribed in vitro by RNA polymerase holoenzyme coupled to sigma S (EsigmaS).

This dependency on sigma S is also found in vivo when single-copy fusions to a

reporter gene were analysed in rpoS and rpoS™ backgrounds. The rest of the promoters



assayed, fisQ2p and fisZ2p3p4p are preferentially transcribed by EsigmaD, the

housekeeper polymerase (Ballesteros et al., 1998).

2. Chromosome segregation

After the termination of chromosome replication, sister chromosomes are

partitioned to daughter cells with high accuracy. In wild type E. coli strains, anucleate

cells are produced at a frequency of less than 10-4 (Hiraga, 1992). By visualizing the
cellular location of the replication origin (oriC), it has been found that chromosome
partition is an active process in both E. coli (Gordon et al., 1997) and B. subtilis (Webb
et al., 1997; Lewis and Errington, 1997). Although many genes affecting chromosome
partition have been isolated, their roles in this process remain to be further
characterized.

In E. coli, mukB, mukE and mukF mutants all produce anucleate cells at a high
frequency and are temperature sensitive for colony formation (Niki er al, 1991;
Yamanaka ef al., 1996). These three genes are located at 21min in E. coli chromosome.
MukB is a large protein (1534 amino acids) and predicted to have five distinct domains:
an amino-terminal globular domain which can bind to ATP and GTP, a central region
containing two alpha-helical coiled-coil domains and one globular domain, and a
carboxyl-terminal globular domain which is rich in Cys, Arg and Lys and required for
DNA binding (Niki et al., 1991, 1992; Saleh et al., 1996). MukB is now known to have
an "SMC"-like structure with the 2 monomers lying antiparallel (i.e. both ends of the
dimer consist of 1 N-terminus and 1 C-terminus (Melby et al., 1998). MukF has a
leucine zipper structure and an acidic domain and both are required for its function.
Overproduction of MukF protein in wild-type strain cause the production of anucleate
cells, while overproduction of either MukE or MukB did not cause the defect
(Yamanaka et al., 1996). Mini-F and P1 plasmids can be maintained normally in mukB

mutants (Ezaki ef al., 1991; Yamanaka et al., 1996). By co-immunoprecipitation and

14



sucrose gradient sedimentation experiments, it was found that MukB forms a complex
with MukF and MukE. MukF and MukE bind the C-terminal globular domain of MukB.
MukF is indispensable for an interaction between MukB and MukE, while MukF itself
is able to associate with MukB even in the absence of MukE (Yamazoe et al., 1999).
Structural analysis shows that MukB protein belongs to the structural
maintenance of chromosomes (SMC) protein family (Melby et al., 1998). It is also
shown that mukB and seqA are mutual suppressors. A seqA4 null mutation can suppress
temperature sensitivity, anucleate cell production and poor nucleoid folding seen in the
mukB strain, whereas inactivation of the mukB gene can suppress filamentation,
asymmetric septation and compact folding of the nucleoids observed in the seqA strain.
Membrane-associated nucleoids were studied by sedimentation. It was found that the
mukB mutation caused unfolding of the nucleoid, and that the seq4 mutation led to a
more compact packaging of the chromosome, whereas the mukB seq4 double mutant
regained the wild-type nucleoid organization, suggesting they have opposing influences
on the chromosome (Weitao ef al., 1999). Thus it is possible that MukB is just involved

in chromosome folding.

In B. subtilis, much progress has been made in understanding the mechanism of
chromosome partition. It has been found that SpoOlJ is required for normal chromosome
partion as well as for sporulation. spo0.J null mutants produced a significant proportion
of anucleate cells during vegetative growth (Ireton ef al., 1994). Subcellular localization
of SpoOJ protein shows that it is associated with the origin-proximal region of the
chromosome, forming discrete stable foci. Spo0J is located near the cell pole both in
growing cells dividing symmetrically and in sporulating cells, suggesting the existence
of a dynamic, mitotic-like apparatus responsible for chromosome partitioning in bacteria
(Lin et al., 1997, Glaser et al., 1997). It has also been found that Spo0lJ is a site-specific
DNA-binding protein that recognizes a 16 bp sequence. Allowing two mismatches, this
sequence occurs ten times in the B. subtilis chromosome, all in the approximately 20%
around the origin. Such a site can also stabilize plasmid in a Spo0J-dependent manner

(Lin and Grossman, 1998). Soj, a suppressor that normally antagonizes the action of
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SpoOJ in sporulation, plays a role in organization or compaction of Spo0J-oriC
complexes and possibly other regions of the nucleoid (Marston and Errington, 1999).
Visualization of the rapid movement of the oriC region provides further evidence for a
mitotic-like motor responsible for segregation of the origin regions of the chromosomes
(Webb et al., 1998; Sharpe and Errington, 1998). Studying the movement of
oriC/SpoOJ foci shows that soon after duplication, sister oriC/Spo0J foci move rapidly
apart to achieve a fixed separation of about 0.7 microns (Sharpe and Errington, 1998).
Tagged with a cassette of tandem /ac operator repeats and visualized through the use of
a fusion of the GFP protein to the Lacl repressor, origin regions were found to abruptly
move apart, travelling an average distance of 1.4 microns in 11 minutes towards the cell
poles: representing an average velocity of 0.17 microns.min™ and reaching a maximum
velocity of greater than 0.27 microns.min™'. This movement is also seen in the absence

of cell wall growth and in the absence of the product of spo0.J (Webb et al., 1998).
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Chapter 2. Studies on the ftsK gene of E. coli.

2.1. Identification of a new cell division mutant as an
ftsK mutant.

2.1.1. Introduction:

A cell division mutant (TOE44), isolated by Dr. Ken Begg, forms long filaments
at non-permissive temperature (42°C) in low salt media (NB, or LB without NaCl) and
then lyses and dies. This strain can not form colonies under these restrictive conditions,
but can do so at lower temperatures (37°C and 30°C) or in higher salt medium (L Broth).
The study of this mutant brought about the discovery of a new cell division gene fisK
(Begg et al., 1995). The mutated fisK allele in TOE44, named fisK44, carries a single
nucleotide mutation at 239 bp and causes the substitution of Gly-80 for Ala-80 (Begg et
al., 1995).

It was also found that both the N-terminal (about 200aa) and C-terminal (about
480aa) domains of FtsK are highly conserved among many species of bacteria. One of
the homologues for which a function is known is the SpolllE protein of Bacillus
subtilis, which plays an important role in transferring chromosome DNA from mother
cell to prespore. Deletion of the spolllE gene caused transportation of chromosomal
DNA to stop after only one third had entered the prespore. This abnormal transfer of
DNA happens in only a part of the population. It is proposed that SpolllE is a
component of the DNA-transportation complex. Deletion of spolllE has no effect on
chromosome segregation during vegetative growth (Wu and Errington, 1994; Wu et al.,
1995). In strain TOE44 no abnormal chromosome DNA segregation is observed (Begg
et al., 1995). In order to find out if FtsK is involved in chromosomal DNA segregation,

new fisK mutants were isolated.
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By treating a P1 lysate with hydroxylamine, a new temperature sensitive mutant
(named W3531) linked to /rp::Tn10 was isolated by Kausalia Vijarayagavan in this
laboratory. Its phenotype was identical to TOE44. My work, using recombination with
Kohara A phages, plasmid complementation, and DNA sequencing, localized the

W3531 mutation in the 5'-terminus of fisK.

2.1.2. Materials and methods:

Strains:
W3110: F- (rrnD-rrnE)1 rph-.
TOE44: F- A(gpt-pro52) argE3 his-4 leu-6 thr-1 ara-14 galK2 lacY1 xyl-5 mtl-1 thi-1

supE44 rpsL31 Strf tsx-33 T6I thyA ftsK44
W3531 (Tn9): W3110, zbj274::Tn9 fisK3531.

Plasmids:
Plasmids pBADK and pBADK' were constructed by C. Draper. In pBADK the

whole fisK gene is controlled by the arabinose PBAD promoter. pBADK ' carries a 1.7kb
fragment ending at Bsu 361, which encodes the N-terminus of FtsK (Fig. 2.1.2).

Bacteriophages:
The chromosome regions carried by bacteriophage A213, 214, 215, and DD199

are shown in Figure 2.1.1.

Primers:
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Primers T7090 and Bsu-down were used for the amplification of the fisK’ by
PCR and primers T7090, G2629, G2631, G6689 and Bsu-down were used for
sequencing. Their sequences are as follows:
T7090: 55GGAGAGCCTCATATGAGCCAGGAATAC3'
G2629: STGACGTTGTTCACCG3'
G2631: SSCACAGCAGTCACAAT3'
G6689: SSCAGAACAACCGGTGG3
Bsu-down: S'CTCGAATTCGGACCAATCCCCTTTTGA3'

Bacteriophage A recombination:

Plate lysates of bacteriophage A were prepared as described (Sambrook, J ef al.
1989). Mid-log phase (OD600=0.6) cultures of recipients grown in LB+MgCl, (10mM)
+ maltose (0.2%) were used to flood over NB + maltose (0.2%) plates to form the
recipient lawn. The plates were dried at 37°C and then 10 pl of different dilutions of
bacteriophage A were spotted onto the lawn. The plates were incubated at 42°C

overnight to allow formation of colonies.

Plasmid complementation:

pBAD18, pBADK' and pBADK were used to transform W3110, W3531 and
TOE44 by the "Calcium Chloride method" (Sambrook et al. 1989). Transformants were
streaked onto NB plates and incubated at 30°C and 42°C overnight to observe colony
formation. The transformants were also grown in NB medium at 42°C to test plasmid

complementation by measuring growth rate.

PCR:

Preparation of chromosome DNA to be used as template for PCR:
One ml of overnight culture was spun down and washed three times with 1X TE

buffer, and then resuspended in 100pl TE buffer. After boiling for 10 minutes, cells
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were lysed and the suspension was diluted at 10°, 10! and 107 and used as template for
PCR.

PCR reaction:
20 pmol of each primer (Bsu-down and T7090), 1x Vent polymerase buffer,

200uM dNTPs, 100pg/ml BSA, 10u! template (different dilutions) and 2 units Vent or
Taq DNA polymerase were mixed to give a 100ul mixture. The PCR products were
purified by Wizard DNA Clean-up System (Promega company) and used as template
DNA for sequencing.

Sequencing:

The reaction was carried out according to the instructions of the DNA
Sequencing Kit (PE Applied Biosystems, a division of Perkin-Elmer): 8.0pul of
Terminator Ready Reaction Mixture, 70ng PCR products as template and 3.2 pmole
primer were mixed in a 0.5ml tube (total volume of 20ul) and the reaction was run
according to the instructions provided by the manufacturer. The sample was sequenced

automatically.

2.1.3. Results:

2.1.3.1. Localization and complementation of the cell division mutant

W33531.

Bacteriophage A recombination experiments showed that A215, A 214 and A
DD199 could all give temperature-resistant recombinants with W3531. Therefore, it
was possible that the mutation was in fisK.

Transformation of this mutant with pBADK showed that this plasmid could
complement W3531. W3531 (pBADK) could form colonies on NB (+ either 0.2%
arabinose or glucose) plates at 42°C, whereas W3531 (pBAD18) could not. When
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overnight cultures were diluted 1:100 into NB + Ap (50pg/ml) + Thy (10pg/ml)
supplied with 0.2% glucose or arabinose and grown to late log phase at 42°C
(OD600=0.9), the phenotypes of the cells were as shown in Table 2.1.1. These results
suggested that W3531 could be complemented by the pPBADK plasmid.

Table 2.1.1.
) cells in glucose cells in arabinose
strain plasmid ]
medium medium
w3110 pBADI18 all normal all normal
>80% were long
W3110 pBADK almost all normal
filaments »*
>90% were long similar to in glucose
W3531 pBADI18
filaments medium
80% were normal 80% were long
W3531 pBADK
cells filaments

* Over-expression of FtsK causes cell filamentation (Draper ef al., 1998).

Growth rates were then tested to confirm the complementation tests. Overnight
cultures were diluted 1:200 into NB + Ap (50pg/ml) + Thy (10ug/ml) and incubated at
30°C. When OD600=0.1-0.2, the cultures were diluted 1:5 into prewarmed fresh media
and grown at 42°C. OD600 was measured at indicated times and the growth curves are

shown in Figure 2.1.3.
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pBADK' was then used to transform W3110 and W3531. I found that pBADK'
could also complement W3531 but only when grown on arabinose plates, not on
glucose plates. This was different from pBADK, which could complement W3531 on
both arabinose and glucose plates. This might be because FtsK' is less stable than the
complete protein.

Therefore the mutation in W3531 which causes cell division to be deficient is

probably located within the fisK' region.

2.1.3.2. Sequencing the ffsK' region of W3531.

Sequencing the ftsK' region showed that there were two nucleotide mutations.
One is bp72-G (W3110) to bp72-A (W3531) and the other is bp380-G to bp380-A. The
first one is a silent mutation. The second one caused the substitution of Cys-127 by Tyr-

127. Topology analysis of FtsK showed that the Cys-127 to Tyr127 substitution was

within a possible membrane-spanning o-helix.

2.1.4. Summary and discussion:

By Bacteriophage A recombination, plasmid complementation and DNA
sequencing, the mutation of W3531 was located in the fisK gene. The mutation caused
the substitution of Cys-127 by Tyr-127 in the FtsK protein. It is possible that there are
other substitutions in the unsequenced ftsK region. However, the mutant phenotypes of
W3531 and TOE44, appear to be identical, with respect to both cell division and
chromosome segregation. Sequencing the whole of fisK44 would therefore be unlikely

to provide important information about the function of FtsK.
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Figure 2.1.1. Chromosome regions carried by A213, 2214, A215 and ADD199 and genes
around fisK.
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Figure 2.1.2. Map of plasmid pBADK, in which ftsK is under the control of the PBAD

promoter.
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Figure 2.1.3. Complementation of W3531 by the pPBADK plasmid.

In this experiment, overnight cultures were 1:100 diluted into Nutrient broth and grown
at 30°C. After 5.5 hours cultures were shifted to 42°C. The OD600 of the cultures was
measured at the indicated times. Growth curves are shown for W3531 (pBAD18) and
W3531 (pBADK) in glucose or arabinose media.
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2.2. The C-terminal domain of FtsK is involved in

chromosome partition in Escherichia coli.

2.2.1. Introduction.

The fisK gene of E. coli codes for a 147 kDa peptide, which is one of the largest
polypeptides in E. coli, and seems to consist of several clearly identifiable domains, viz.
an amino-terminal trans-membrane domain of about 200 amino acids that is required for
the location of FtsK protein (Yu et al., 1998) and completion of cell division (Begg et
al., 1995; Wang and Lutkenhaus, 1998; Draper et al., 1998), a proline + glutamine rich
domain of about 500 amino acids (found in no other bacterial homologue of FtsK except
that of the closely-related Salmonella group, although the TraD protein of plasmid R100
has ten Gln-GIn-Pro repeats [ Yoshioka et al., 1990]), and about 470 amino acids at the
C-terminal region that have two predicted nucleotide-binding pockets and which has
extensive sequence similarity or identity with a number of proteins exist in other
bacterial species, plasmids and transposons (Begg er al., 1995). A function which
described for some of the FtsK homologues is intercellular DNA transfer (some Tra
proteins encoded by plasmids and transposons), or DNA transfer between mother cell
and prespore (i.e. protein SpolllE in B.subtilis [Wu and Errington, 1994; Wu et al,
1995])).

Two fisK temperature-sensitive mutants with amino acid substitutions in the N-
terminal portion of the protein have been obtained previously (Begg et al., 1995; and
Chapter 2.1 in this thesis). Both are blocked in cell division and show apparently
normal DNA partition within the filamentous cells. A transposon insertion into the
middle of fisK has been reported: these mutant cells are mostly normal in appearance,

but a proportion form chains of cells, and DNA segregation was reported to be normal
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but a proportion form chains of cells, and DNA segregation was reported to be normal
(Diez et al., 1997). Therefore, the role of the C-terminal domain of FtsK, which shows

similarity with known DNA transferring proteins is deserved for further study.

In an attempt to determine the function of the FtsK protein, especially its C-
terminal domain, a strain was constructed in which the arabinose-inducible promoter,
Pgsp was inserted into the chromosome immediately upstream of the fisK coding
sequence. The construction method also left 870 bp of the N-terminal coding region of
ftsK under the control of its normal promoters. It was shown that growth of this strain
under repressing conditions (no arabinose, plus glucose) resulted in partial induction of

the SOS regulon and the appearance of cells with abnormally localized DNA.

2.2.2. Methods and Materials.

Plasmids:

(1) pGL1: Plasmid pBADK, created by inserting promoterless fisk gene into pBAD18
(Guzman et al., 1995) (Draper et al., 1998), was digested with Aar Il and Sal 1, blunted
and religated to generate pBADKa', in which only about 870bp of N-terminal sequence of
ftsK gene is present. A fragment carrying Kn and four tandem T1 terminators (T14) was
isolated from pRS551 (Simons et al., 1987) by BamH I and Sca I digestion. After blunted,
this fragment was inserted into the AfI Il restriction site in the araC gene in pPBADKa' to
generate a plasmid named pGL1, in which T14 is adjacent to pBAD promoter (Fig. 2.2.1).
(2) Others: The construction of other plasmids carrying part or whole fisK or lolA is
shown in Fig. 2.2.7. Among them pBADK and pGB101 were from C Draper.

Strains.

The following Escherichia coli K-12 strains were used.
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C600: F- leuB6 thr-1 lacA? lacYl thi-1 supE44 fhud2l; T1® , ®80%; MG1655: F* (1)
rph’; MG1655 (aroA::Tn10);

LCB274: F- thr-1 leuB86 lacY1 zbj-274::Tn9 rpsL thi-1 (from the National Institute of
Genetics, Japan; accession No. ME8434).

Tp8503: F~ Alac-proB leu thi supE42 fhud; TIR, ®80::Tn7 Tmp".

The following strains were constructed during this work.
GLC600: GLC600 was derived from C600 as follows. Plasmid pGL1 was digested with
NgoMI to remove the ori region, and then religated to give circular DNA, named GL1.
C600 was transformed with GL1 and selected on LB plates + Amp (30pg/ml) + Kan
(50pg/ml) + arabinose (0.2%). A colony that gave normal cell morphology on LB +

Arabinose (0.2%) plates but formed a mixture of normal sized cells, chains and filaments

on LB+Glucose (0.2%) plates at 370C was named GLC600.

GLMG: MG1655 was transduced with P1 grown on GLC600 and transductants were
selected on LB + amp (30pg/ml) + kan (50pug/ml) + arabinose (0.2%). One of these
transductants was named GLMG. This strain was used to show that the phenotype of

cells carrying the same insertion as GLC600 is not strain dependent.

TPL and GLTPL: TP8503 was lysogenised with APsfid-lacZ clind (Huisman and D'Ari,
1983) to give strain TPL. TPL was transduced with P1 grown on GLC600 and
transductants were selected on LB + Amp (30pg/ml) + Kan (50pg/ml) + Arabinose
(0.2%). One of the transductants was named GLTPL and was used to monitor SOS

induction as well as growth rate.
GLTPLA: The fisA12 mutation was cotransduced with Jex::Tnl0 into GLTPL to give

GLTPLA, which grows and divides normally in arabinose at 30°C but is blocked in
division at 42°C
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Growth conditions:

Cells were grown overnight at 37°C without shaking in L-broth (LB) +
ampicillin (30pg/ml)+ kanamycin (50pg/ml) + arabinose (0.1%). For comparison
between induced and non-induced cultures, the overnight culture was inoculated into
M9 + MgSO4 (1 mM) + casamino acids (CAA) (Smg/ml) + thiamine HCL (4pg/ml)--
called “M9+CAA” in this thesis, supplied with either arabinose (0.2%) or glucose
(0.2%). Cell division was inhibited in strain GLTPLA by a shift from 30°C to 42°C at
log phase or by addition of cephalexin or ampicillin (80pug/ml) at 30°C.

PCR and sequencing:

Two pairs of primers were used for PCR:
primers /rp-up" (5' ATGTTTCAGGATCCGACAGGAGTA 3') and
"amp-down" (5' ACGCCTCTAGAGGGCGCGTAAATC 3".
primers "BAD" (§' AACGCTCTAGACATACTTTTCATACTC 3') and
"Bsu-down" (5' CTCGAATTCGGACCAATCCCCTCTTTGA 3").

The PCR products were sequenced automatically.

Southern Blotting:

A fragment of about 900bp containing the N-terminal of fisK was isolated by
digesting pBADK with EcoRI and Aafll and used as the template of the probe for
Southern Blotting. The probe was labelled with dCTP using random oligonucleotides as
primers (High Prime Kit from Boehringer Mannheim Biochemicals). The methods for the
preparation of chromosome DNA and Southern Blotting have been described previously
(Sambrook et al., 1989).

Visualisation of DNA in cells:
The method of Hiraga et al. (1989) was used to stain DNA with DAPI and cells

were photographed under mixed phase contrast - fluorescence microscopy.
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B-galactosidase assay:

The synthesis of B-galactosidase under the control of the sfi4 promoter was

assayed according to Miller (1972) and used as an index of SOS induction.

Glucose starvation:

Overnight cultures of GLC600 or C600 were diluted 1/100 into M9 medium +
CAA + glucose or arabinose (0.2%) and incubated with shaking at 37°C. When ODg((

reached between 0.1 and 0.2, the cultures were diluted 1/10 into fresh medium of the
same composition. When the cultures again reached an OD600 of 0.1-0.2, cells were
centrifuged, washed once and resuspended in M9 medium + CAA without sugar and

incubated overnight at 37°C.

2.2.3. Results.

Genetic structure of GLC600:

Strain GLC600 was constructed by integrating a GL1 molecule into the
chromosome of C600 at the fisK locus by a single crossover (Fig. 2.2.2). The GLI1
molecule contained two selectable markers (KanR and AmpR) and the first 870bp of fisK
gene (fisKa’) under the control of the Pgap promoter. In the constructed strain GLC600,
the whole fisK gene was totally under the control of the Pgap promoter, because the T14
terminators upstream of the Pgap promoter can prevent any transcription contributed from
upstream promoters, while the fisKa’ sequence is expressed from the native promoters of
fisK. The genetic structure of GLC600 was determined by P1 transduction, Southern
blotting, PCR amplification and DNA sequencing.

P1 grown on MGI1655 aro4:Tn10 or on LCB274 (zbj274::Tn9) was used to
transduce GLC600 to Tet® or Cam® respectively. In both cases close linkage was detected
between the selected transposons and the Amp® and Kan® markers of GLC600. Co-

transduction frequencies were 74% and 67% respectively for aroA::Tnl0 and
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zbj274::Tn9. The aroA locus is located at 20.7min, about 0.5 min downstream of fisK,
and zbj274 is at approximately 20 min, upstream of fisK and has been found to be ~ 50-

90% cotransducible with fisK+ (M. Khattar and C. Draper, pers. comm.). P1 transduction
was also used to show that the insertion in GLC600 was not linked to leu4:Tn10 at 1.8
min, as it would be if it had inserted at the araC locus (~1.5 min) (The P1 lysate of
leuA::Tn10 was from Dr. Ken Begg). Therefore, the P1 transduction result suggested that
the GL1 molecule were integrated into the ffsK gene in GLC600.

To confirm the location and expected order of markers at the fisK locus in
GLC600, PCR was used to amplify and confirm the size of critical fragments, as follows.
Two pairs of primers were used (Fig. 2.2.2). The 3.0kb PCR product (size just as
expected) from primers "lrp-up" (5'-ATGTTTCAGGATCCGACAGGAGTA-3") and
"amp-down" (5'-ACGCCTCTAGAGGGCGCGTAAATC-3") was sequenced and found to
confirm the sequence S'-lrp-fisK'-amp-3'. Primers "BAD" (5'-
AACGCTCTAGACATACTTTTCATACTC-3") and "Bsu-down" (5'-
CTCGAATTCGGACCAATCCCCTCTTTGA-3") gave a 2.2kb PCR fragment.
Sequencing of this product showed that the structure here was 5'-Pp4p -fisK-3'.

Then Southern Blotting was applied to confirm the above result as well as show
that only one GL1 molecule was integrated into the chromosome. The result of Southern
Blotting showed that all the expected bands for one GL1 molecule integration into fisK
were obtained and no other bands can be seen (data not shown).

All the above results confirm the predicted structure of fisK region in the GLC600

chromosome as shown in Fig. 2.2.2
Abnormal DNA localization in cells in which f#sK is repressed.

In strain GLC600, the initial 870 bp of fisK is expressed from its normal
promoters. Downstream from this truncated ffsK' gene, a second, complete copy of the
ftsK gene is under the control of the inducible Pgap promoter (Fig. 2.2.2). Because about
220aa at the N-terminus of FtsK is essential and also sufficient for cell division (Begg et
al., 1995; Wang Lutkenhaus, 1998; and Draper ef al., 1998), GLC600 is able to divide



no matter whether the complete FtsK protein is expressed or not. Therefore, this strain

can be used to investigate the role of the remaining 70-80% of the FtsK protein.

When overnight cultures in LB + arabinose (0.1%) (with kanamycin and
ampicillin for GLC600) were diluted 1/100 into M9 + CAA or LB with glucose (0.2%),
C600 cells were normal in appearance throughout growth in this medium, but the
GLC600 population, initially identical in appearance to C600 cells, soon came to
contain short filaments or chains of cells, and then long filaments or chains. When an
OD600 of between 0.1 and 0.2 was reached, these abnormal cells comprised about 30%
of the population. When the cells were allowed to progress to stationary phase, some of
the chains or filaments divided into single cells. Examination of DAPI-stained cells
showed that, although DNA was localized normally in most cells, a proportion of cells
(about 17%) had DNA located abnormally either at constriction sites or at a cell pole
(Fig. 2.2.3). In stationary phase about 11% of single cells had all the DNA at one pole
(300 cells were counted). In contrast, GLC600 cells grown in arabinose media were all
normal and indistinguishable from C600 cells grown in either arabinose or glucose (data

not shown).

If the above culture of GLC600 in M9+CAA+glucose was resuspended into
M9+CAA without any sugar ("glucose starvation") and incubated at 37°C overnight,
cells without DNA appeared (~7%, 49 out of 700 cells scored). It was assumed that
these cells resulted from division of filaments in which DNA was abnormally
distributed (Hussain et al., 1986). In contrast, GLC600 culture previously grown in
arabinose, or C600 culture grown in either arabinose or glucose, produced less than

0.3% DNA-less cells after overnight incubation in M9 + CAA without any sugar.

The altered fisK region was transferred to a different strain (MG1565) by P1
transduction from GLC600, to give strain GLMG. GLMG proved to be similar to
GLC600 in cell morphology and DNA distribution when subjected to the same

treatments. Therefore, the above phenotype is strain-independent.
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Repression of ftsK induces the SOS regulon.

TP8503, a lacZ- strain, was lysogenised with APgsa-lacZ to give a strain TPL.
The altered fisK region from GLC600 was then transduced into TPL to give strain
GLTPL (see Materials and Methods). Whereas cells of strain TPL were normal in
appearance under all conditions, those of GLTPL were similar to those of GLC600 in
both arabinose and glucose media. It was found that TPL cells grew slightly faster in
glucose than in arabinose, whereas GLTPL cells grew initially faster in glucose than in
arabinose but later slowed down to a slightly lower rate (Fig. 2.2.4). These differences,

although small, were consistent.

On X-gal plates with glucose, TPL formed white colonies, but GLTPL colonies
were blue. B-galactosidase activities were measured in both TPL and GLTPL under the
same condition (Fig.2.2.4). B-galactosidase was produced in similar low amounts in
TPL cells grown in arabinose or glucose and in GLTPL cells grown in arabinose (~30
Miller units). When GLTPL cells were grown in M9 + CAA + glucose, however, -
galactosidase synthesis was induced (to ~80 Miller units). For comparison, Fig. 2.2.4
also shows the effect on both strains of SOS induction by naladixic acid. Naladixic acid
blocks DNA synthesis and, eventually, cell growth. The specific activity in naladixic
acid treated cultures reached about 300 Miller Units before growth stopped.

The SOS induction in FtsK depleted cells is cell division-dependent.

It seemed possible that repression of FtsK synthesis results in DNA damage,
because repression is correlated with the appearance of cells with DNA trapped at cell
poles or constriction sites. To test if SOS induction is due to improperly located DNA
being broken by septal closure, SOS induction was measured in GLTPLA cells (an
JtsAts strain). An overnight culture of GLTPLA was 1:100 diluted into either arabinose
or glucose medium and grown at 30°C. After 140min half of each of the cultures in both
arabinose and glucose media was shifted to 42°C before the onset of SOS induction at

about 180min (Fig. 2.2.5). After the shift to 42°C, cell division stopped immediately,
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but growth continued for approximately 100min in glucose medium and 160min or
more in arabinose medium, so that long filaments were produced. Measurement of [3-

galctosidase levels in these cultures showed that the shift to 42°C completely prevented

SOS induction in fisK-repressed cells (Fig. 2.2.5).

Inhibition of cell division was also achieved by adding ampicillin (80pg/ml) or
cephalexin (20pug/ml) to GLTPLA cultures at 30°C. Treatment with either of the
antibiotics caused cells to grow into long filaments and SOS induction was completely
absent or greatly reduced. Fig. 2.2.6 shows the effect of cephalexin treatment.
Therefore, it was the inhibition of cell division per se, rather than the effect of
temperature or drugs, that prevented SOS induction in the cells. In another experiment,
it was found that SOS induction caused by naladixic acid could not be inhibited with
ampicillin (data not shown), showing that not every SOS induction can be inhibited by
blocking cell division. Therefore, these results strongly suggest that DNA damage in

FtsK-deficient cells is caused by cell division.
Complementation of the GLC600 phenotype.

Plasmid pGB101, a derivative of pGB2 carrying the trxB-irp-fisK-lol4 genes,
could completely complement the phenotype of GLC600 (both at filamentation and
DNA segregation) whereas plasmid pBRIolA, generated by cloning the lo/4 gene into
pBR325, could not complement GLC600 (Fig. 2.2.7). This confirms that the abnormal
DNA segregation is due to the depletion of the whole fisK gene itself, and not to any
possible polar effects on the expression of lol4. pGBKp' greatly complements the
filamentation phenotype, whereas pBRKn' does not. This may be because
overexpression of the N-terminus of fisK causes cell chaining (Diez et al., 1997) or
filamentation (data not shown). Neither plasmid could correct the abnormal DNA
segregation. Plasmid pBRKc' (Fig. 2.2.7) caused wild type cell an abnormal DNA
segregation phenotype which is similar to GLC600 in glucose medium (data not

shown).



Overexpression of the whole or part of fifsK gene causes SOS

induction.

Plasmids pBR325, pBRK, pBRKn' and pBRKc' (Fig. 2.2.7) were transformed
into TPL. Cells from overnight cultures were diluted 1:100 into LB medium supplied
with suitable antibiotics to maintain plasmids and grown at 37°C with shaking. In this
experiment, there were no further dilutions. B-galactosidase assay showed that SOS was
induced in all three strains that carry whole or part of fisK on a plasmid, while no SOS
induction was found in the control strains TPL and TPL(pBR325) (Fig. 2.2.8). When the
cells were examined, it was found that pBRK caused cell filamentation, pPBRKn' caused
cells to grow in chains (as previously reported by Diez et al., 1997) and also to grow
very slowly, and pBRKc' caused transient cell filamentation (mainly at early log phase:
0OD600=0.1-0.2) (data not shown).

2.2.4. Summary and Discussion.

It has been found that deletion of the N-terminal part of FtsK, a predicted
membrane spanning domain, causes a complete inhibition of cell division, but that this
block is reversed by plasmids that contain as little as the first 578 bp of the fisK gene
(Draper et al., 1998; Wang and Lutkenhaus 1998). Thus, the first ~200 amino acids of
FtsK is necessary for cell division and can be expressed and function as an independent
polypeptide. In this study a strain had been constructed in which the whole fisK gene

was under the control of the inducible PB4 promoter. In this strain the N-terminal

trans-membrane domain of FtsK could be expressed from its native promoters. When
the full-length FtsK was expressed, cells were normal in size, growth rate and DNA
content and distribution, but when the expression of the complete gene was repressed, a

proportion of the population showed abnormal DNA localization and the SOS response



was induced. In most of these aberrant cells there was at least one nucleoid located at a
cell pole, or at a division constriction site. It was also shown that the SOS induction in
fisk deficient cells was cell division-dependent, suggesting that some (if not all) of the

improperly located DNA was guillotined by closing septa.

The chromosome localization pattern shown in Fig. 2.2.3A suggested that
possibly some of the partition defect might be due to the failure of chromosome dimer

resolution. Such a possibility was studied further.
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Figure. 2.2.1. Map of plasmid pGL1. pGL1 contains about 870bp of N-terminal coding
region of fisK gene under the control of Pg4p promoter and four tandem T1 terminators

(T14) upstream of Pp.p to block transcriptions from other promoters into fisK.
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Figure 2.2.2. The construction of strain GLC600. This is to show the integration of DNA GLI
into C600 chromosome and the genomic structures of C600 (upper) and GLC600 (lower)
around ftsK gene. The positions and directions (shown by arrows) of primers Irp-up,
amp-down, BAD and Bsu-down used for identification of GLC600 structure are shown below
the structure of GLC600.
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Figure 2.2.3. (A): Chromosome distribution of GLC600 cells. Cells were from log

phase culture grown at 30°C in M9+CAA+glucose medium.



Figure 2.2.3. (B): Chromosome distribution of GLC600 cells. Cells were from log phase

culture grown at 37°C in LB+glucose medium.
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Figure 2.2.4. Depletion of the full-length FtsK protein caused SOS induction. Overnight
cultures of TPL and GLPTL in LB+0.1% arabinose with (for GLTPL) or without (for
TPL) ampicillin (30 pg/ml) and kanamycin (50ug/ml) were diluted 1:100 into M9+CAA
with 0.2% glucose or arabinose and grown at 37°C with shaking. The cultures were kept
0OD600<0.2 by dilutions at 1:10 into prewarmed fresh media. OD600 (A) and B-

galactosidase (B) were measured at indicated times. Nalixic acid was added at 8.1hr.
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Figure 2.2.5. Cell division-dependent SOS induction in fisAts strain. Overnight culture
of GLTPLA was diluted 1:100 into glucose or arabinose medium and kept grown at
30°C in log phase (OD600<0.2) by dilutions. After 140min, part of each culture was

shifted to 42°C, while the remainder was still grown at 30°C.
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Figure 2.2.6. Cell division-dependent SOS induction —inhibiting cell division with
cephalexin. Overnight culture of GLTPLA was diluted 1:100 into glucose or arabinose
medium and kept grown at 30°C in log phase (OD600<0.2) by dilutions. After 150min,
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Figure 2.2.8 (to be continued).
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Figure 2.2.8. Growth and SOS induction of TPL cells with different plasmids.
Overnight cultures of TPL, TPL(pBR325), TPL(pBRK), TPL(pBRKc’) and
TPL(pBRKn’) were diluted 1:100 into fresh L broth supplied with antibiotics if suitable
and grown at 37°C without further dilution. OD600 (A) and B-galactosidase (B and C)

were measured at indicated times.



2.3. Localization of the C-terminus of FtsK protein to
the cytoplasm.

Based on the analysis of the primary sequence of FtsK protein, it is predicted
that there are several potential trans-membrane regions in its N-terminal domain (Begg
et al., 1995). However, the distribution and number of predicted hydrophobic sequences
make it uncertain whether the C-terminus is located in the cytoplasm or periplasm. Here
I show that by fusing -lactamase to the C-terminus of FtsK it can be determined that
the C-terminus is located in the cytoplasm, consistent with its function in chromosome

partition and dimer resolution.

Three enzymes have been used for the study of protein topology structure in
E.coli. B-galactosidase (Silhavy and Beckwith, 1985) and B-lactamase (Broome-Smith
and Spratt, 1986) have been successfully used for the analysis of many proteins. The
usefulness of alkaline phosphatase (Hoffman and Wright, 1985) is limited, since it can
be used only to identify those fusions which translocate the enzyme across the inner
membrane. Alkaline phosphatase possesses enzymatic activity only after translocation
across the cytoplasmic membrane. In the B-lactamase method, in-frame fusions can be
selected easily by growing cells at high density in ampicillin medium. Single cells from
clones with in-frame fusions are further characterised by determining their MICs to
ampicillin. This can be used to predict the location of the fusions, since single cells with
periplasmic fusions can usually grow in high concentration of ampicillin (such as

1600ug/ml) while cells with cytoplasmic fusions will be killed even at very low

concentrations of ampicillin (Spg/ml).

The vector pJBS633 and also the method used here were obtained from Dr J. K.
Broome-Smith (Broome-Smith and Spratt 1986). pJBS633 contains the coding region
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for the mature form of TEM PB-lactamase which has been engineered to introduce a
unique blunt end cloning site (Pvull) at the start of the coding region (Fig 2.3.1). To
make an in-frame fusion to the C-terminus of FtsK, pJBS633 was digested with Sa/ 1
and Pvu Il and then religated to produce plasmid pJB1. The plasmid can also be
digested with BamH 1 and Pvu II and religation will produce pJB2, in which the BamH 1
site is immediately upstream of the B-lactamase gene. In the following study only pJB1
was used. The ftsK gene carried by pUC19 (constructed by C. Draper in this lab) was
released after the digestion with EcoR I and Sal I and inserted into the same sites in
pJB1. The plasmid produced in this way is pJKap. pJKap was digested with Sal I and
BamH 1, treated with Bal 311 for a short time, religated, transformed into C600 and

selected on LB + kanamycin (50pg/ml). The transformants were patched onto L agar +
Km (50 pg/ml) (master plate) and then onto L agar + Ap (200 pg/ml). Among 150
transformants patched, nine transformants with putative in-frame fusions (i.e. those that
grew up on Ap in the above test) were obtained and named pJKtop1-9, respectively. To
check the level of Ap resistance of these fusions more reliably a “spot test” was used.
Cells from the Km master plate were inoculated into L broth + Km to get overnight
cultures. 6 puls of the overnight cultures were spotted onto L agar + Km, and then onto L
agar + Ap (200 pg/ml). Any recombinants that grew on Ap (200 pg/ml) should have had
in-frame fusions to mature B-lactamase. The plates were first incubated at 30°C for
8hours and then at 37°C overnight. Results showed that cells carrying pJKtopl, 2 or 5
grew well on L agar + Ap, that those carrying 3 or 8 could not grow, and that those
carrying 4, 6, 7 or 9 formed 20-50 colonies in the spot. This suggests that 1, 2 and 5
were in-frame fusions, and that 3 and 8 were not: the remaining clones had unclear
phenotypes. Rabbit antibody against bacterial -lactamase was used to detect the
production of fused -lactamase in the transformants. Results showed that no proteins
bigger than 32 kDa could be detected in 3, 8 or 9. Others gave major bands at 150 kDa,
70 kDa, 58 kDa and also polypeptides located at the top of the resolving gel, but 1, 2
and 5 produced much more protein than 4, 6 or 7 (Fig 2.3.2). Earlier work in this lab by
David Boyle showed that FtsK protein migrates in SDS-PAGE with an apparent
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molecular weight greater than 175 kDa (the predicted size is 147 kDa). I suggest that
the full length fusion protein was probably the protein at the top of resolving gel and
that the other polypeptides were degradation products.

To confirm that the fusions in pJKtopl and 2 are in-frame, the junctions between
JisK and Ap in plasmids pJKtopl, 2 and 3 were sequenced. The sequence showed that
pJKtopl and pJKtop2 were the same and both in-frame. The fusion in pJKtop3 was out-
of-frame. The sequencing result showed that B-lactamase was fused at 1265aa of FtsK
and the junction sequence of the fusion protein was FDGAEELSRLRHPET (underlined
sequence belongs to FtsK and the remaining belongs to B-lactamase). The predicted
molecular weight of this fusion protein is 169 kDa, 139 kDa from FtsK and 29 kDa

from [-lactamase.

To study the location of the C-terminus of FtsK, overnight cultures of the above
transformants, C600 and GLC600 were diluted and spread onto LB, LB+Kan (25ug/ml)
and LB+Ap (5ug/ml) plates. While they could all form 1000-3000 colonies on LB or
LB+Kan plate, C600 and C600 (pJKtopl, 2 or 3) could form fewer than two colonies
(i.e. 0 or 1) and GLC600 could form 1000-3000 colonies on LB+Ap plates. This
suggests that the C-terminus of FtsK is located in the cytoplasm, because if the fused B-
lactamase is located in the cytoplasm individual cells should not be protected from
killing by ampicillin (Broome-Smith and Spratt, 1986). Cytoplasmic B-lactamase cannot
intervene to prevent ampicillin inactivating the penicillin-binding proteins which are
located on the outer surface of the inner membrane. However, if the fusion protein is
translocated across the cytoplasmic membrane, then the periplasmic B-lactamase will
confer significant levels of protection on individual cells. Broome-Smith & Spratt
(1986) have reported that numerous fusion proteins in which the B-lactamase part is
translocated to the periplasm give single cell MICs of up to 1600 pg/ml Ap. In contrast,
all of the cytoplasmic fusion proteins that they have made confer no protection against
Ap and single cells are always killed by plating on Sug/ml Ap, even if a cytoplasmic

fusion protein is massively overproduced (Broome-Smith and Spratt, 1986).
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According to the above experimental results, the C-terminus of FtsK (tested at
the site of 1265aa) is located in the cytoplasm. This is consistent with its function in
chromosome partition and/or dimer resolution. The whole topology of FtsK protein

needs to be studied further.
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Figure 2.3.1. Construction of plasmids for the study of FtsK topology.
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Figure 2.3.2. Detection of P-lactamase from cells with different fusion plasmids by
Western blotting. In this experiment, C600 with pJKtops were grown to late log phase
(OD600 about 0.8) and then harvested for Western blotting. Same amount of protein
was loaded to each lane of the PAGE gel. Lanes 1 to 9 (shown on the top) correspond to
C600 with plasmids pJKtopl to 9, i.e. lane 1 correspond to C600 with pJKtopl, and
lane2 correspond to C600 with pJKtop2, ect. The protein molecular weight marker (in
kDa) is shown on the left.
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2.4. The C-terminal domain of FtsK is required, and
probably required only, for chromosome dimer
resolution during cell division.

2.4.1. Introduction:

Any odd number of homologous recombination events between two circular
sister chromosomes will create a dimer. Recent studies have shown that hyper-
recombinogenic mutations such as pold, dut, and uvrD will increase the frequency of
dimer formation. Abolition of homologous recombination by a rec4 mutation will
eliminate dimer formation. RecB or recF mutations can each reduce the frequency by
half, and both together will diminish the formation (Steiner and Kuempel, 1998).

After chromosome replication, dimers need to be resolved into monomers before
they can be properly segregated into daughter cells. Failure of resolution will cause
DNA damage and abnormal DNA segregation (Blakely et al., 1991; Kuempel et al.,
1991). These dimers are converted into monomers by site specific recombination at a
33bp site (dif') located in the middle of the chromosome terminus region (Clerget, 1991;
Kuempel er al., 1991; Tecklenburg, 1995) and requires two recombinases XerC and
XerD (Blakely et al., 1991; 1993). The XerC and XerD proteins have 37% identity and
bind to separate halves of the recombination site. Both proteins act catalytically in the
recombination reaction. Recombination site asymmetry and the requirement of two
recombinases ensure that only correctly aligned sites are recombined (Blakely ef al.,
1993).

A recent study has shown that dimer resolution also requires cell division
(Steiner and Kuempel, 1998). If cell division is blocked by Cephalexin or in an fisZts

mutant at 42°C, no recombination will take place at the dif site.
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The resolution of dimers or multimers of ColE1-related plasmids needs not only
XerC and XerD but also ArgR and PepA (Stirling ef al., 1988, 1989; Summers 1989;
Blakely er al., 1993,). The resolution happens at Xer-specific sites (e.g. cer in ColEl
and psi in pSC101), which includes the 33bp core site and also about 200bp of adjacent
accessory sequences. Xer site-specific recombination at natural plasmid recombination
sites is preferentially intramolecular. In contrast, Xer recombination at the Escherichia
coli chromosomal site dif can occur both intermolecularly and intramolecularly. It is
proposed that these accessory factors (proteins and sequences) ensure that

~ recombination is intramolecular in plasmids (Blakely ef al., 1996).

2.4.2. Materials and Methods:

Strains constructed in this work:

TPL1 ftsK::catl: TP8503 APsfid-lacZ fisK::cat.

TPL1 xerC::cat: TP8503 APsfiA-lacZ xerC::cat.

GLTPLX: TP8503 APsfid-lacZ fisK::PBAD-ftsKa’ xerC::cat.
MukBL: C600 APsfid-lacZ mukB::kan.

GlmukBL: C600 APsfid-lacZ mukB.::kan fisK::PBAD-ftsKa’.
CDmukB-L: C600 APsfid-lacZ mukB::kan fisK::cat.
XermukB-L: C600 APsfid-lacZ mukB::kan xerC::cat.

Assay of -galactosidase activity:
The specific activity of B-galactosidase (Miller Units) was assayed according to
Miller (1972). The Miller Units was used to measure the level of SOS induction in

strains where /acZ is under the control of the sfi4 promoter.
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2.4.3. Results:

The C-terminal domain of FtsK is required for chromosome dimer

resolution in E.coli.

The following evidence suggested that the aberrant chromosome partition
phenomenon in GLC600 might be due to the failure of dimer resolution. Firstly, the
percentage of cells with abnormally distributed chromosomal DNA in GLC600 is
almost the same as that of strains in which dimer resolution fails. Secondly, the pattern
of abnormal chromosome localization at septation sites in GLC600 cells grown in
M9+CAA+glucose suggested that the abnormality were originated from the failure of
dimer resolution. Thirdly, SOS induction is dependent on cell division in both GLC600
and dif mutants. In order to test whether chromosome dimers can still be resolved in
cells in which the full length FtsK is depleted, we collaborated with Peter Kuempel’s
lab in the University of Colorado, USA and got the following results (Steiner et al.,
1999).

First of all, a density-label assay was used to test for site-specific recombination
at the dif locus. In this experiment, cells were grown in heavy medium (["*C]-glucose
and ["’NJ-ammonium chloride) and then shifted to light medium for two generations.
Chromosomal DNA was prepared and centrifuged in CsCl density gradients. The
fractions were then digested with Bg/ I and probed with [*°P]dif DNA to detect a 9.9kb
Bgl 1 dif fragment. If resolution happened at the dif site, semi-heavy, one-quarter heavy
and light density dif arabinose DNA would be detected. Results showed that in cells

transduced with the fisK' (Ap Kan) PB4D::ftsK construct from GLC600, and grown in

the presence of, 13% of the dif DNA was located at the semi-hybrid position, as in wild

type strains. Without arabinose induction, no semi-hybrid DNA could be observed,

suggesting that no dimer resolution happened under these conditions. This experiment
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only tests for recombination at dif sites over a period of two-generations. It was
therefore possible that resolution was only delayed, but not totally prevented. Therefore,
a strain with two inverted dif sites in the same chromosome was used to show if site-
specific recombination between the dif repeats requires the C-terminal domain of FtsK.

Recombination between two inverted dif sites in the same chromosome will
invert the intervening DNA. In this experiment, this inversion will alter the size of an
EcoR V spec-dif fragment, which can be detected by southern blotting with spec DNA
as a probe. The results showed that without arabinose induction there was no
recombination whatever between the two dif sites, whereas with arabinose induction
recombination happened as in wild-type cells.

Based on the above results and the fact that most of the cells divide normally in
the above experimental conditions, it was concluded that the C-terminal domain of FtsK
(rather than cell division itself) was required for chromosome dimer resolution.

Considering that failure of chromosome dimer resolution also caused abnormal
chromosome partition, the chromosome segregation deficiency in fisK mutants
(GLC600 and CDKI, etc.) is at least partly due to the failure of chromosome dimer
resolution.

It would be very interesting to know if the chromosome dimer resolvase, XerC

or XerD, is also located at the septation sites.

C-terminal domain of FtsK is only required for chromosome dimer

resolution in E.coli.

In order to test whether the C-terminal domain of FtsK (In order to make the

expression easier, I will call it FtsKc in this thesis. In fisKc strains, the N-terminal
region of FtsK protein is expressed from its native promoters and functional.) has
functions in chromosome partition other than dimer resolution, I compared the

behaviour of strains in which FtsKc is unexpressed, with strains in which XerC is
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inactivated (xerC::cat), or with strains in which both FtsKc¢ is unexpressed and XerC is

inactivated. I did not find that depletion of FtsKc could cause more defects than

inactivation of XerC. I further found that fisKc and mukB double mutants were viable,
in contrast to a report which claimed that the combination of the truncated fisK gene
with a mukB null mutation resulted in a synthetic lethal phenotype (Yu ef al., 1998), but
in accord with the idea that FtsKc is only required for dimer resolution in chromosome

partition.

(1). An ftsK mutant and an xerC mutant cause similar levels of SOS
induction and there are no additive or synergistic effects between

ftsKc and xerCon SOS induction.

Because SOS induction in fisKc strains is completely dependent upon cell
division, it was proposed that FtsKc could not have any significant function in
chromosome replication. In strains in which SOS induction is caused solely by a defect
in chromosome partition, the level of SOS induction should reflect the extent of the

partition defect, provided that cell division is not affected by factor(s) other than those
from the SOS pathway. Therefore, comparison of the SOS induction levels in ftsKc™ and

xerC  strains should provide some information about the function of FtsKc in

chromosome partition. If FtsKc had a function in addition to dimer resolution, we might

expect that an fisKc strain would have higher level of SOS induction than a xerC
strain. To test whether this was so, strains TPL1 fisK::catl and TPL1 xerC::cat were
constructed by transduction of strain TPL1 with P1 lysate grown on either
CDK1(ftsK::car) or C600 xerC::cat. To confirm the genotypes of these strains, TPL1
fisK::catl and TPL1 xerC::cat were transduced with P1 lysate grown on lrp::Tni0 (Irp
is the gene located immediately upstream of fisK in the E. coli chromosome).
Transformants were selected on LB+Tc. 22 transductants of TPL1 fisK::catl were

tested and it was found that all were Tc®Cm®, while amongst 50 transductants of TPL1
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xerC::cat , all were TcRCm?®. This result suggests that the genotypes of the two strains
were as expected. They were therefore used for measuring the levels of SOS induction.

Surprisingly, it was found that the SOS induction level of TPL1 fisK::catl was
at the beginning higher but later lower than that of TPL1 xerC::cat (Fig.2.4.1.a). In this
experiment the cultures were maintained in early log phase for about 5 hours by serial
dilutions and the growth rates of the two strains were almost the same (data not shown).
If the cultures were left to grow into stationary phase, their SOS levels both increased
except that in TPL1 ffsK::carl it increased for a longer time and to a higher level (Fig.
24.1b).

It is known that there is some cell division deficiency in fisKc- strains, possibly
due to the instability of truncated polypeptide consisting only of the N-terminal domain
of FtsK. In L broth + arabinose GLC600 could grow and divide well in the presence of
80upg/ml Ap, but could not divide if glucose was supplied (see chapter 2.2). GLC600
was also much more sensitive to nalidixic acid treatment when grown in glucose
medium than in arabinose medium (data not shown). Therefore, it is possible that
inactivation of either FtsKc or XerC has the same effect on dimer resolution but that a
lower number of cell divisions to break DNA in ftsK¢” strains reduces the level of SOS
induction. Alternatively, FtsKc might be responsible for the resolution of only a
proportion of dimers.

I propose that inactivation of FtsKc and XerC causes the same chromosome

partition defect, but that in fisKc strains in early log phase the relatively reduced
amount of cell division results in relatively less DNA damage, and causes the level of
SOS induction to be lower than that observed in xerC::cat strains. With the abortion of
septa, cells that otherwise would have died because of chromosome damage during
division would be able to grow further by forming chains or filaments. When the culture
grew into late log and stationary phases, the increase in cell division potential (at least
partly due to the expression of FtsA and FtsZ from fisQIp) would ensure that most of
these cells would proceed to division. The survival of the cells with improperly located

DNA would leave more DNA to be damaged at late log and stationary phase than would
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have been the case if these cells had been killed by septation immediately after dimer
formation. This scenario predicts that fisKc strains should show a higher level of SOS

induction than xerC’ strains at late log or stationary phase.

The above results suggested that FtsKc and XerC worked in the same pathway in

chromosome partition. If this were true, then fisKc¢ and xerC::cat mutations should not
have additive effects on SOS induction. To confirm this, xerC::cat was transduced into
GLTPL (TPL fisK::PBAD-ftsKa"y by P1 transduction to produce strain GLTPX (TPL
fisK::PBAD-fisKa' xerC::caf). When shifted from arabinose medium into glucose

medium, it was found that -galactosidase was gradually induced to a stable level in
GLTPL, as shown before (chapter 2.2). Interestingly, the SOS induction level of
GLTPX was stable in arabinose medium, but when shifted into glucose medium it
gradually reduced to the stable level of GLTPL in glucose medium (Fig. 2.4.2). This
indicated that there was no additive effect for fisKc™ and xerC” in SOS induction. An
alternative but unlikely explanation for this result is that fisKc mutants might be limited
to a lower maximum level of SOS induction. To test this, TPL xerC::cat and TPL
JftsK::cat were treated with nalidixic acid and it was found that Nal could still greatly

increase the SOS level in the two strains (data not shown). In contrast, in the experiment
described in the next section, I showed that the effect of mukB™ on SOS induction was

additive (or even synergistic) with that of fisKc . Because the level of SOS induction
should reflect any significant defects in chromosome replication and partition, it was
concluded (based on the above results) that FtsKc is required only for dimer resolution,

unless XerC also has more functions than dimer resolution.

(2). mukB::kan and ftsKc together are not lethal.

It has been reported that the combination of mukB::kan and fisKI::cat is lethal
(Yu et al,, 1998(b)). This implies that FtsKc should have a role(s) in chromosome
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partition other than dimer resolution. This is in contrast to the conclusion of the

previous section. Therefore, I decided to see whether I could make an fisKc™ mukB~
double mutant. For this purpose, a mukB: kan strain GC7528 (Niki et al., 1991)
obtained from Dr. Ken Begg was used. The fisK::PBAD-ftsKa’ structure of GLC600

was introduced into the chromosome of GC7528 by P1 transduction. Transformants
were selected on LB + Ap (40 pg/ml) + Kan (25 pg/ml) + arabinose (0.2%) and then
tested for temperature sensitivity at 42°C to make sure that mukB::kan had not been
replaced. Strain GlmukB was constructed in this way. This strain could grow both on
glucose and arabinose plates and colony sizes on the two kinds of plates were almost the
same. However, when shifted from arabinose liquid medium to glucose liquid medium
for a period, GlmukB slowed down its growth sharply (see Fig. 2.4.6) although it could
still grow to a high density after a long time. GlmukB formed long filaments when
grown in LB medium with glucose and could divide better if grown in M9+CAA with
glucose, while cells were almost the same as GC7528 when grown in arabinose
medium. Observation of chromosome partition in this strain showed that about 40% of
cells had abnormally distributed chromosome DNA when grown in glucose media (Fig.
2.4.3 and 2.4.4). In arabinose media this strain behaved similarly to the mukB::kan
strain GC7528: about 5% of cells without DNA or with abnormally located DNA.

It was possible that the viability of GlmukB in glucose media was due to some

possible leakage expression of the whole FtsK protein from the PBAD promotor.
Therefore, P1 lysates of CDK1 (W3110 fisK::catl) and AD12 (MC4100 fisK!::cat) was
used to transduce the mukB::kan strain. After selection on LB+Cm (20pg/ml) +Kan
(25ug/ml) some colonies appeared after two to three days at 30°C. These clones were

still temperature sensitive, indicating that mukB::kan had not been replaced. To test the

possibility that there might be a second mutation in the mukB::kan strain suppressing

the lethality of the fisKc  mukB double mutant, a P1 lysate of GC7528 was made and
used to transduce CDK1. Again, I could get transductants which were Kan®"Cm"® and
also temperature sensitive. This confirms that fisKc¢™ and mukB™ together are not lethal.

One of the transductants was picked out and named CDmukB-L. xerC::cat was also
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transduced into GC7528 to produce a strain named XermukB-L. It was found that

XermukB-L grew better than CDmukB-L (Fig.2.4.5), possibly due to the fact that the
fisKc strain was more sensitive to cell division inhibitors such as SOS and ampicillin.

To study the effect of fisKc on SOS induction in a mukB::kan strain, strain
GC7528 was first lysogenised with APgfi4-lacZ to produce strain mukB-L. Then mukB-
L was transduced with P1 grown on GLC600 to produce strain GlmukBL. SOS

induction in this strain was measured and it was found that depletion of FtsKc greatly
increased the SOS induction level in the mukB strain (Fig 2.4.6).
Based on all the above results, I conclude that the combination of fisKc  and

mukB ™ is not lethal, but does cause cells to grow very slowly. Considering that only
some of the cells in a population form dimer chromosomes, combination of a dimer
resolution defect with any chromosome partition mutation (if unlethal) should not cause
lethal effect, unless in that mutant only cells with dimer chromosome can survive.
Therefore, the results are consistent with the conclusion that FtsKc is only required for

dimer resolution in chromosome partition.

2.4.4. Summary:

It was found that fisKc strain and Xer(C strain caused similar levels SOS
induction, and that fisKc™ and XerC™ together could not cause additive SOS induction.
This suggests that fisKc™ is probably only required for chromosome dimer resolution. It
was also found that fisKc™ and mukB together were not lethal. This is consistent with its
dimer resolution function but different from a former report that claimed fisKc¢™ and

mukB~ double mutant was not viable.
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Figure 2.4.1. SOS induction in TPL1, TPL1 fisK::catl and TPL1 xerC::cat.

(a). Overnight cultures of the strains were 1:100 diluted into M9+CAA+glucose
(0.2%) medium and grown at 37°C. The cultures were kept in early log phase (OD600
below 0.2) by serial dilutions. Samples were taken at indicated times to measure OD600
and B-galactosidase activity.

(b). Overnight cultures of the strain were first 1:100 diluted into L broth and
grown at 37°C. When their OD600 reached about 0.2, the cultures were diluted about 20
times (to OD600 about 0.01) and from then samples were taken at indicated OD600s.
The cultures were left for growing into stationary phase without further dilutions.

TPL1 fisK::catl-1 and TPL1 fisK::cat1-2 were two random transductants of
TPL1 with P1 lysate grown on CDK1.
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Figure 2.4.1.
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Figure 2.4.2. SOS induction in GLTPL and GLTPX strains. In this experiment,
overnight cultures of GLTPL and GLTPX in LB + Ap (40 pg/ml) + Kan (25 pg/ml) +
arabinose (0.2%) (+ Cm at 20 pg/ml for GLTPX) were 1:100 diluted into M9+CAA
medium supplied with 0.2% arabinose or glucose. Samples were taken at indicated

times and OD600 and B-galactosidase activity were measured.
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Figure 2.4.3
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Fig. 2.4.3. Visualization of chromosome DNA in GLmukB cells grown in L broth.
Overnight culture of GlmukB in LB+Ap (40pg/ml) +Kan (25ug/ml) was diluted into L
broth with 0.2% arabinose (a) or 0.2% glucose (b and ¢) and grown at 30°C. When
OD600 of the cultures reached 0.2 samples were taken for photographing.
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Fig. 2.4.4. Distribution of chromosome DNA in GImukB cells grown in “M9+CAA”
medium. Overnight culture of GlmukB in LB+Ap (40ug/ml) +Kan (25ug/ml) was
diluted into “M9+CAA” medium with 0.2% arabinose (a) or 0.2% glucose (b) and
grown at 30°C. When OD600 of the cultures reached 0.2 samples were taken for

photographing.
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Figure 2.4.5. Growth curves of mukB-L, CDmukB-L and XermukB-L. Overnight
cultures of the strains were 1:100 diluted into L broth and then grown at 30°C. OD600s

were measured at indicated times.
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Figure 2.4.6. SOS induction in GlmukBL-22 strain. In this experiment overnight culture
of GlmukBL-22 in arabinose medium was 1:100 diluted into L broth with glucose or

arabinose and kept growing at 30°C without further dilution.
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Chapter 3. Isolation of potential chromosome
segregation mutants in Escherichia coli

—Establishment of a new method for isolation of genes
involved in chromosome partition in E. coli

3.1 Introduction.

Chromosome partition is one of the fundamental events in the bacterial cell
cycle. However, so far our knowledge about its mechanism is very limited (see chapter
1). Three genetic methods of isolating chromosome segregation mutants have been

published (for review see Neidhardt et al., 1996).

Method 1. Microscopic screening of conditional lethal mutants.

Most of the conditional lethal cell division mutants in E.coli form long filaments
at non-permissive temperature, but chromosome replication can continue and
chromosome partition mutants are rare in this collection. Under nonpermissive
conditions cell division mutants that are also defective in chromosome partition would
be expected to continue DNA replication, but to leave the newly replicated
chromosomes in the centers of the filamentous cells. Therefore, partition mutants can be
searched for by microscopy in the collection of conditional lethal mutants. Genes
identified by this method are parC and parE, encoding topoisomerase IV, which is

required for nucleoid decatenation (Kato ef al., 1988; 1990).

Method 2. DNA-less cell producers.
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In this method the starting strain cannot express the plasmid-encoded /acZ gene
because of the existence of the chromosome-encoded repressor Lacl. However, if
mutations causing a loss of fidelity in chromosome segregation occured in this strain,
DNA-less cells or anucleate cells might be produced. In these DNA-less or "anucleate”
cells loss of chromosomal lacl allows the expression of the plasmid lacZ gene. Thus,
mutants that frequently produce DNA-less cells will form blue colonies on X-gal plates.
The important potential chromosome segregation genes mukB, mukE and mukF were

isolated by this method (Niki ef al., 1991; Yamanaka et al., 1996).

Method 3. Camphor resistant mutants.
Most of the mutants resistant to camphor vapors have lost the ability to maintain
one copy of chromosome per cell. By screening camphor resistant mutants, several mbr

genes were isolated (Trun and Gottesman, 1990; 1991)

Here I describe a new method for isolating chromosome partition mutants. This
method is based on the phenomenon observed in ffsK mutants. In FtsK depleted cells, if
chromosomes cannot be properly segregated, the closing septum may guillotine the
trapped chromosome during cell division and then induce the SOS response (Fig 3.1).
Therefore, chromosome partition mutants should also have continuous SOS induction

caused by cell division.

Gl -~ D

?

Figure 3.1. Guillotining of unsegregated chromosomal DNA by the closing septum.

Arrow indicates the position of septation.
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The new method consists of three selection steps.

Step I. Isolation of SOS induction mutants.

The starting strain has a reporter gene (lacZ) under the control of an SOS
inducible promoter (e.g. Psfi4). Mutants in which SOS is induced should form blue
colonies on LB+X-gal plates.

However, blue colonies might arise for several different reasons, such as
mutations in the SOS inducible sfi4 promoter, mutations in J/exA or recA genes,

mutations in some DNA replication genes, etc. Therefore, further screening is needed.

Step I1. Microscopic screening of partition mutants.
Chromosome partition mutants should show the effects of abnormal
chromosome segregation, such as producing DNA-less cells, unsegregated

chromosomes in filaments or DNA abnormally located in cell pole(s).

Step III. Selection of mutants with cell division-dependent SOS induction.

If the SOS is due to septation-caused DNA damage, blocking cell division
should inhibit the SOS induction in the mutants. Only the mutants with cell division-
dependent SOS induction are regarded as partition mutants and worthy of further study.

3.2. Materials and Methods.

Bacterial strains.

Two similar reporter strains TPL1 and CL4 were constructed by lysogenizing

TP8503 and C600 with APsfid-lacZ, respectively. The lacZ gene in APsfid-lacZ is under
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the control of the sfi4 promotor, which is SOS inducible. These two strains were then
mutagenized by UV irradiation.

The genotype of the donor strains used for Hfr mating was listed in table 3.1.

Construction of an E. coli genome library.

In order to locate the putative mutations, an E. coli genome library was
constructed for selecting complementary DNA fragments or genes. Chromosomal DNA
of C600 was prepared on a large scale and partially digested with Tag I and Sau3Al.
Then the digested DNA was loaded onto agarose gel and the DNA fragments in the 8-
10kb region were purified. Ligation mixtures of these purified fragments and BamH
I+Clal-digested pACYC177 were transformed into DHSa. Transformants were pooled
in groups of 50, and the plasmids extracted from such a mixture by the midi-preparation
method were stored as one preparation. In total, 47 preparations were made and used as
an E. coli genome library. This library contains about 1.8 x 10* kb of DNA, which is

equivalent in amount to about 4 complete E.coli chromosomes.

The process of ultraviolet light mutagenesis:

An overnight culture of TPL1 or CL4 was inoculated 1:100 into L broth and
grown at 37°C with shaking until the OD600 was about 0.5. 10ml of the culture were
centrifuged and resuspended in 7ml 10mM MgSO,. The suspension was poured into a
glass petri dish and exposed to UV for 100 seconds with shaking. Before this exposure
the UV light had been pre-warmed for at least 20min so that the light would deliver UV
at about 10 ergs/mmz/second. The exposed cells were then spun down and resuspended
in 10ml L broth. After growth at 37°C for 3-5 hours with shaking, the cells were spread
onto LB-+X-gal (30ug/ml) plates. The plates were left at 30°C for about 30 hours and
then moved to 4°C until dark blue colonies could be easily distinguished from the
remaining pale blue or white majority. The dark blue colonies were purified and their
chromosome segregation behaviours were studied by phase-contrast fluorescence
microscopy after DAPI staining. The UV mutagenesis procedure is based on Miller

(1972).
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microscopy after DAPI staining. The UV mutagenesis - procedure is based on Miller
(1972).

Many colonies have been isolated in this way and those clones with interesting
chromosome segregation phenotypes have been studied further. The selected mutations

were mapped by Hfr mating, plasmid complementation and/or P1 transduction.

Hfr matings.
The donor strains used for Hfr matings are listed in table 3.1 and their DNA
transfer properties are shown in figure 3.2. These strains were all from Dr. Ken Begg in

this lab.

Table 3.1. Genotypes of the Hfr mating donor strains.

Strain name (No.) Chromosome locus of selectable marker

Hfr H: POl; reldl thi-1
Al (5051) Tn10 (16.75)
spoT supQ80 nadA57/Tnl0

K1.227: PO3; metBl reldl
A3 (5052) Tn10 (88.75)
btuB3191/Tn10

KL208: PO31; reldl
AS (5053) Tnl10 (12.0)
zbc-280/Tn10

K1.96: P044; reldl thi-1
A7 (5054) Tnl10 (28.0)
trpB83/Tn10

KL16: P062; reldl thi-1
A9 (5055) Tnl0 (43)
zed-3069/Tn10

| KL228: PO85; thi-1 leu-6
All (18209) Tn10 (67.0)
gal6 lacY1 zgh-3075/Tn10

K1.14: PO68; relAl leu
C2 (18160) Tn10 (90.25)
thi-39/Tn10
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C2

Figure 3.2. Locations of selectable Tn10(tet") markers (straight lines), F-factors (straight
lines with triangles connected) and direction of DNA transfer in the seven Hfr mating

donor strains used in this work.
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For Hfr matings with donor strains, the mutants were first transformed with
pUCAT (see chapter 1) to introduce a Cm! maker for selection. I also tried using Ap! in

pUC19 for selection, but found that Ap! can not be used for Hfr mating selection,

because the degradation of Ap by B-lactamase secreted by the recipient cells will allow

the Ap! donor cells to grow up and form a lawn. The information about the seven donor
strains is shown in figure 3.2, according to Dr. Ken Begg’s drawing in this lab and their

genotypes (see table 3.1).

Plasmid complementation:

For plasmid complementation, E. coli genomic library DNA was transformed
into mutants and selected on LB+Ap (50pug/ml)+X-gal (30pg/ml). In transformants
carrying complementing plasmids the SOS induction should be suppressed and the
colonies should be pale blue. Therefore, after transformation pale blue colonies among
the majority of dark blue colonies were picked up and purified. The morphology of the
cells in these colonies was observed. Complementing plasmids should also be able to
convert filamentous mutant cells to normal-sized cells. The putative complementing
plasmids were then extracted and transformed into the corresponding mutants to
confirm the complementation result. Finally the inserted fragments carried by these

plasmids were sequenced and the complementing genes identified.

3.3. Results.

During this work the following mutants with chromosome segregation defect
were isolated by the new method. Their locations in E. coli chromosome were further

studied by Hfr mating, P1 transduction, and/or plasmid complementation.

Mutant G22:
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Most of the cells in the culture of this mutant are normal-sized, but about 20-
30% of cells are long cells or middle-length filaments. Visualisation of chromosome
DNA by DAPI staining showed that anucleate cells could be seen frequently and that
there were also cells with polar DNA.

Hfr mating showed that G22 is linked to the Tc markers in A3 (~5-10% among
450 colonies) and A5 (~7% among 150 colonies). This suggests that the mutation is
located around 0 min on the E.coli chromosome. P1 transduction showed no linkage to
leu::Tn9 at 1.4 min.

Then G22 was transformed with E.coli DNA library DNA. Three plasmids
named D3, D6 and GN2 could complement G22. Among them the degree of
complementation was in the order D3>D6>GN2.

Sequencing of these complementary plasmids showed that the complementary
fragments in the plasmids are:

In D3: 3000bp in AE000130 to 880bp in AE131.

In D6: AE000130 2.58kb-10.8kDb.

In GN2: AE000130 2.0-10.0kb.

Note: The DNA sequences carried by AE000xxxs can be found at ECDC web site
(http://susi.bio.uni-giessen.de/ecdc/ecmapov.htm.).

This means that it is probably the same gene in each of the plasmids that is
complementing mutant G22. D3 was then used to define the gene by subcloning.

D3 plasmid (2.5ug in 20ul buffered by NEB4) was partially digested by Tagl (4u
at 65°C for 3.5min) and then Sau34 1 (0.8ul at 37°C for 4 min). The reaction mixture
was loaded onto agarose gel and 0.5kb-1.0kb restriction fragments were isolated and
inserted into pACYC177/BamH 1-Cla 1. The ligation mixture was transformed into G22
and three complementary plasmids were isolated. Sequencing of these plasmids showed
that the complementary fragament is 4100bp-5100bp in AE000130. Genes in this region
of AE130 are 0246: 3827-4567, rnhA 4564-5031, and dnaQ 5096-5827.

Therefore, the complementing gene for G22 is rnhA. In the subcloned

complementary plasmid the kan promotor can transcribe the rnh4 gene.
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The gene product of rnh4 is RNase HI, which is a major RNase H in E. coli
(Carl et al., 1980). RNase HI participates in the removal of the RNA primer from
Okazaki fragments during the synthesis of the lagging DNA strand (Ogawa and
Okazaki, 1984). It also functions as an endonuclease cleaving an RNA transcript in a
specific RNA-DNA hybrid in ColE1-type plasmids and the processed RNA is then used
as a primer for the initiation of plasmid replication by DNA polymerase I (Itoh and
Tomizawa, 1980). By removing the R-loop, consisting of an RNA-DNA hybrid and the

replaced single strand DNA, it can prevent the possible initiation of chromosome

replication there (Kogoma ef al., 1985; von Meyenburg et al., 1987). In rnhA  strains,
constitutive stable DNA replication (cSDR) is activated. In this condition R-loops
become origins (oriKs) of chromosome replication (for a review see Asai and Kogoma
1994a). Although initiation of chromosome replication from oriKs can make the
normal origin oriC dispensable, the cell growth is perturbed, possibly because this kind
of initiation is not well regulated (von Meyenburg et al., 1987). cSDR needs RecA, but
does not need RecB, RecC, RecF or RecJ (Kogoma et al., 1994).

Another abnormal initiation mechanism is inducible stable DNA replication
(iISDR), which is activated in SOS induced cells (for a review see Asai and Kogoma,
1994a). It occurs at D-loops generated by RecBCD and RecA (Asai et al., 1993). Major
origins (oriM1 and oriM2) of iSDR are located in the oriC and terC regions (Magee et
al., 1992).

Since in an rnhA mutant chromosome replication can be initiated at several
oriKs, in addition to oriC, the co-ordination of cell division and chromosome replication
is disturbed. Therefore, it is possible that an »nh4 mutant could show a cell division
defect and produce anucleate cells or cells with polar DNA. The reason for SOS
induction in the rnh4 mutant is not clear so far (Kogoma et al., 1993). It would be
interesting to see whether the SOS induction is caused by cell division.

In conclusion, the mutation in G22 was roughly located by Hfr mating near the 0
min region of the E.coli chromosome. Screening complementing plasmids showed that
the rnhA gene could complement G22. The rnhA gene is at 5.1 min on the E. coli

chromosome. Therefore, the mutation is probably in rnhA .
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Mutant G27:
The population is a mixture of normal-sized cells and filaments (about 1:1).
DAPI staining showed the existence of anucleate cells and cells with polar or

unsegregated DNA. By Hfr mating it was found that the mutation in G27 was linked to

the Tcf in A9. However, screening of complementing plasmids from the DNA library

failed because the colour of the colonies after transformation was not sufficiently

distinctive to allow complementation to be easily scored.

Mutant G28:

About 10-20% of the population were long filaments and others were normal-
sized cells. DAPI staining showed the existence of anucleate cells and cells with polar

DNA.

Hfr mating showed the mutation in G28 was linked to Tc! in A3(~95%) and C2
(~50%). Therefore, the mutation in G28 is probably at 86-90min in E. coli chromosome.
It was also found that this mutant could produce mini-cells.

Interesting genes in this region, in which mutations cause or might cause

chromosome partition defects, are xerC (86.07min), priA (88.8) and hupA (90.5).

Amongst these, the prid locus is very close to the Tc" marker (88.75min) in A3.

The function of XerC has been described in chapter 1.

PriA is a single-stranded DNA-dependent ATPase, DNA translocase, and DNA
helicase (for review see Marians, 1999). PriA is the primosome component that initially
binds to the DNA template-primosome assembly site (PAS) (Shlomai and Kornberg,
1980; Lee et al., 1990), followed by PriB. Then DnaT, in association with PriC,
transfers DnaB from the DnaB-DnaC complex to the DNA-protein complex, now
termed the preprimosome. Finally, binding of DnaG primase to the preprimosome
completes the assembly of the primosome, after which the synthesis of the first RNA
primer for the DNA polymerase III holoenzyme (replisome) starts (Allen and Kornberg,

1993). It is known that inactivation of prid can cause SOS induction (Nurse et al.,
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1991) and affect cell growth and cell division (Lee and Kornberg, 1991). Recent studies
show that PriA is required for homologous recombination and double strand break
repair (Kogoma et al., 1996) and is essential for inducible and constitutive stable DNA
replication (Masai ef al., 1994). It has been found that the DnaA-dependent primosome
supports normal chromosomal replication from oriC, while the PriA-dependent
primosome functions in oriC-independent chromosomal replication observed in DNA-
damaged cells or cells lacking Rnase H activity (for a review see Masai and Arai, 1996).
The latest studies show that PriA can direct the loading and assembly of replication
forks at a D loop, an intermediate that forms during homologous recombination, double-
strand break-repair, and stable DNA replication (Liu ef al., 1999; Liu and Marians,
1999; Masai et al., 1999) Thus, PriA plays an important role in the connection between
recombination and replication. Since PriA is involved in the resolution of chromosome
recombination intermediates, it is possible that mutations in prid can cause abnormal
chromosome localisation (see chapter 4 about ruvABC for reasons).

hupA encodes the HUa subunit of HU protein and hupB, located at 9.9min,
encodes the other subunit (HUB) of HU protein (Rouviére-Yaniv and Kjeldgaard, 1979).
It is known that HU protein is required for the maintenance of chromosome structure
and involved in the initiation of DNA replication and also chromosome segregation
(Yamazaki et al., 1984; Dixon and Kornberg, 1984; Broyles and Pettijohn 1986; Wada
et al., 1988; Ogura et al., 1990). The double mutant hupAhupB is filamentous and also
produces anucleate cells, but hupA or hupB single mutants do not have any differences
in phenotype from the wild type parent (Wada et al., 1988). Therefore, it seems
probable that the mutation in G28 is not located in the hupA gene. However, since the
hupA insertion mutant in that report may really behave differently from some other
hupA mutants, this phenotypic difference between mutant G28 and known hupA
mutants cannot absolutely exclude the possibility that the mutation in G28 is in hupA.

In conclusion, the mutation in G28 is approximately located at 86-90min on the
E. coli chromosome. Genes xerC, prid and hupA in which mutations cause or might
cause chromosome segregation deficiencies are also located in this region. The exact

location of the mutation in E8 needs to be studied further.
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ES:

Most of the cells were normal-sized. DAPI staining showed that normal-sized
anucleate cells could be seen frequently, while most of the filaments had unsegregated

and irregularly or centrally located DNA or polar DNA.
Hfr mating showed this mutation is linked to Tcf in All (60-70%) only,

appearing to be located around 67 min. Screening of complementing plasmids showed
that it can be complemented by EN12, EC2-3/4 and ED41. ENI12 can perfectly
complement E8, while ED41 can only partly complement it, i.e. there were still some
filamentous cells in E8(ED4-1/3). Plasmids EC2-3/4 caused a strange phenomenon (see
below). The plasmids were then sequenced.

Sequencing of EN12 and ED4-1/3 showed that the chromosome fragment
carried by N12 is from (Cla) 0.00kb to 7.8kb (Bam) in AE000373, and that by D4-1/3 is
from (Bam) 11.2kb in AE000372 to 8.6kb in AE000373. Therefore, the complementary
sequence should be 0.00kb-7.8kb in AE000373. The genes in this region are (in bp) 76-
1809 recJ, 1815-2525 dsbC, 2550-3446 xerD, 3558-4079 fldB, 4119-4526 b2896, 4507-
4773 ygfY, 5016-5996 ygfZ, 6192-6851 b2899, 7015-7326 yqfB and 7365-8804 bgiA.
The location of this fragment in the E. coli chromosome is 65.5min. Therefore,
considering the location suggested by the Hfr mating, the mutation of E8 should be in
one of these genes. It is possible that the mutation might be in recJ or xerD.

The function of xerD has been described in chapter2.

Rec] is a 5' to 3' single-stranded DNA exonuclease (Lovett and Kolodner, 1989).
Recl is involved in the RecF pathway of recombination (Lovett and Clark, 1984; Lloyd
et al., 1987) and also in the DNA base excision-repair pathway (Sargentini and Smith,
1986; Lloyd et al., 1988; Dianov and Lindahl, 1994; Viswanathan and Lovett, 1998).
RecJ stimulates the rate of heteroduplex product formation in RecA-mediated strand-
transfer reactions. RecJ also dramatically enhances the efficiency with which RecA is
able to transverse regions of non-homology in the substrates, possibly by degrading the
displaced strand produced by strand exchange which competes for pairing with the

transferred strand, thus driving forward the unidirectional branch migration mediated by
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RecA protein (Corrette-Bennett and Lovett, 1995). Recent study also shows that the
Rec] protein preferentially stimulates illegitimate recombination at the hotspot in the
formation of specialized transducing lambda phage (Ukita and Ikeda, 1996).

It is shown that deficiency in the resolution of recombination intermediates
could cause abnormal chromosome segregation phenomenon (see chapter 4 about
ruvABC in this thesis). Therefore, it is possible that a mutation in the recJ gene could

cause a chromosome partition problem.

Plasmids EC2-3/4 caused E8 to form white colonies on LB+X-gal plates.
However, EC2-3 and 2-4 also caused over-division: all the cells with this plasmid were
very small, and E8(EC2-3/4) grew very slowly at temperatures above 30°C and quite
quickly at room temperature, compared to the wild type strain or to E8 without this
plasmid. When transformed into wild type strain CL4, EC2-3/4 still caused over
division and slow growth at temperatures above 30°C.

Sequencing of plasmids C2-3/4 showed that the insertion fragment is (Cla)-0.00
in J04039 or 4.1kb in AE000362 to 2.7kb in J04039 or 1.4kb in AE000362-(Bam).
Genes in this region are reld (280-2514bp) and mazE (2592-2840) in J04039.
Therefore, the only intact gene in this fragment is relA.

It is known that the stringent response of E. coli to amino acid starvation leads to
the activation of reld and consequent accumulation of ppGpp (for a review see Cashel
et al., 1996). ppGpp can regulate the transcription activity of many genes, possibly by
binding to the B-subunit of E. coli RNA polymerase (Chatterji ef al., 1998). RelA is a
ppGpp synthase . It can convert pppGpp to ppGpp. It is known that high ppGpp pools
confer mecillinam resistance and make the pbpA4 gene dispensable (Vinella ef al., 1992;
Joseleau-Petit er al., 1994). Overproduction of ppGpp can also induce resistance to
novobiocin, which targets the B subunit (GyrB) of DNA gyrase (Gellert ef al., 1976;
Contreras and Maxwell 1992; Maxwell 1993; Miljja et al., 1999,). Recent study also
shows that over-expression of reld (or dnaN, pcnB or cyaA) can suppress the lethal
phenotype resulting from the induction of a mutant DnaA protein (DnaA E204Q) with
decreased intrinsic ATPase activity (Makise et al., 1999). The effect of the expression
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of relA on cell growth rate has been very well studied. It has been found that when the
ppGpp pool is increased by expressing hyperactive RelA' product or in other ways, then
growth is slowed down (Schreiber et al., 1991; Joseleau-Petit ef al., 1994), and in
natural growth conditions growth rate is an inverse function of ppGpp concentration
(Joseleau-Petit et al., 1994). rel4 can also affect the expression of some stationary phase
genes through ppGpp-engendered stimulation of the synthesis of the alternative sigma
factor, RpoS (Gentry ef al., 1993; Eichel et al., 1999).

The observation that plasmids EC2-3/4 caused E8 and CL4 to grow slowly as
very small cells may be explained by the described functions of rel4. However, it is not
clear why they caused the mutant to form white colonies on X-gal plates. One
possibility is that the high expression of rel4 induced the stringent response and this
caused the expression of a suppressor of the mutation in ES.

In order to test the possibility that the white colony, i.e. the inhibition of SOS
induction in E8 by rel4, is due to RelA inhibiting SOS induction, CL4 was transformed
with plasmids pACYC177 and EC23 separately. Two transformants from each
transformation were picked up and SOS induction by nalidixic acid was tested.
Overnight cultures of these cells were diluted 1:100 into LB or LB+Nal (20pg/ml) and
grown at 30°C with shaking. Samples were taken after 3 and 4 hours incubation. The
result (Fig. 3.3) showed that the Nal-induced SOS induction level of Cl4 (EC23) was
even higher than that of Cl4 (pACYC177). Therefore, the inhibition of SOS induction
by reld in E8 is possibly due to the correction of a DNA segregation deficiency.

DAPI staining of E8 (EC2-3/4) showed that there were almost no anucleate cells
in the population. This suggests that the chromosome segregation defect of E8 could be

suppressed by relA.

In sum, by Hfr mating the mutation in E8 was roughly located at the 67min
region in the E.coli chromosome. A DNA fragment including the recJ and xerD region,
located at 65.5min in the chromosome, could complement this mutant perfectly.

Strangely, this mutant could also be complemented (suppressed) by rel4 but the reason
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for this is not clear. The suppression possibly involves a RelA-mediated stringent

response.
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Figure 3.3. The effect of overexpression of re/4 on SOS induction.

In this experiment, overnight cultures of CL4 (pACYC177)-1/2 and CL4 (EC2-3)-1/3
were inoculated 1:100 into LB or LB+Nal (20pg/ml) and grown at 37°C for three hours.
Samples were then taken and the activity of B-galactosidase was measured. The ratios
of MUs of Nal-treated cultures to that of their corresponding uninduced controls (left)
are indicated above the columns.

85



C2-2:

It is a temperature sensitive mutant. It could not form colonies at 42°C on LB
plates. Colonies grown at 30°C on LB plates consisted of a mixture of filaments and
normal-sized cells. If grown in liquid LB medium, the cells were normal-sized at early
log phase at 30°C or 37°C, but started to elongate without division when OD600
reached 0.5. DAPI staining showed chromosome replication stopped when cells started
to filament. At 42°C, the mutant cells did not grow into filaments, but just stopped

growing.

Hfr mating showed that the C2-2 mutation was linked to the Tc' markers of A9
and Al1l, but closer to A9’s (at 43min) than to A11’s (at 67min). This suggests that the
mutation is roughly located at 50min on the E. coli chromosome.

It was found that five plasmids from the library could complement the C2-2
mutant. Each of these plasmids could reverse the temperature-sensitive phenotype of
C2-2, while the control plasmid pACYC177 could not. Among them, C2-2 (pN9) still
produced some filaments and C2-2 (pF6) only produced a very low proportion of
filaments, while C2-2 (pN6/pF9/pE12) was perfectly normal.

Sequencing of these plasmids showed the complementary fragments in the
plasmids were:

In E12: from 4650bp in AE000320 to 287bp inAE000321.
In N9: from 11089bp in AE000319 to 8328bp in AE000320.
In N6: from 1732bp in AE000320 to 621bp in AE000321.

The shared sequence of the three plasmids are 4650bp to 8328bp in AE320.
Genes in this region are dedD, folC and accD, located at 52.4min in the chromosome.

To define the complementary gene, the E12 plasmid was digested with EcoR 1
and Stu 1. It was found that the RI fragment could complement C2-2, while the Stu 1
fragment could not. This plasmid was named E12/RI. Therefore, the complementary
gene is dedD or folC, but not accD. Then Msc I or Msc I+Nde 1 were used to destroy
dedD and Sal 1+EcoR 1, or Mlu 1+Sal 1 to destroy folC in E12/RI plasmid. Result
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showed that C2-2 (E12/RI//RS OR MS) cells still filament, while C2-2 (E12/RI//M)

cells were normal. Therefore the complementary gene of C2-2 is folC.

The E. coli folC gene product, folylpolyglutamate synthetase-dihydrofolate
synthetase, is a bifunctional enzyme catalyzing two distinct reactions in the folate
biosynthetic pathway. Folylpolyglutamate synthetase (FPGS) catalyzes the conversion
of folates to polyglutamates (Bognar et al., 1985; 1987) and the dihydrofolate synthetase
adds L-glutamates to dihydropteroate to form dihydrofolate (Bognar et al., 1985;
Bognar et al., 1989 and the references therein). It is reported that fo/C is an essential
gene in E. coli. It is not sufficient to support the growth of a fol/C deletion strain by
including the end products of folate dependent biosynthetic pathways, possibly because
such a supplement can not satisfy the folate requirement for the synthesis of formyl-
methionyl-tRNA, which is required for the initiation of protein synthesis (Pyne and
Bognar, 1992).

The temperature sensitive phenotype of the C2-2 mutants suggests that the
mutagenised gene is possibly an essential gene, which is consistent with the function of
folC gene. It is known that the initiation of chromosome replication at oriC requires
concomitant protein synthesis and transcription. It is possible that the fo/C mutation may
block the initiation of chromosome replication by a deficiency in the initiation of protein
synthesis. However, it is not clear why chromosome replication and cell division were
blocked only after the culture grew to OD600 above 0.5. There are two possibilities.
One is that the expression of folC is growth phase dependent so that when the culture
reaches mid-log phase the expression is lowered and the residual activity of the mutant
enzyme is no longer sufficient to support protein synthesis. Another possibility is that
when the cells start to enter late-log phase or early stationary phase the initiation of
chromosome replication needs other factors.

In conclusion, by Hfr mating the mutation in C2-2 was located at approximately
50min on the E. coli chromosome. Screening of the genomic library showed that folC,

an essential gene located at 52.4min, could complement the mutant. These suggest that
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the mutation is probably located in folC. Since the deficiency in cell division and
chromosome replication seems not directly linked to the function of FolC, some
published f0lCts mutants showed be obtained and their cell division and chromosome

replication behaviours should be studied and compared to those of C2-2.

T1-6:

It is a Ts mutant. Cells filamented and then lysed when grown at 42°C in L
broth. Its chromosome partition pattern at 42°C is very similar to that of a mukB mutant
(Niki ef al., 1991). It also produced a low proportion of anucleate celis at 30°C.

Transformation of TI1-6 with plasmids carrying mukB, mukE or mukF
(Yamanaka et al., 1996) (from Ken Begg) and ED51 (carrying rus gene, see below in
“E10, H and N24” mutants section) showed that this mutant can only be complemented
by the plasmid carrying mukB gene. P1 transduction of this mutant with P1 aro4::Tn10
showed that the mutation in this strain has about 50% linkage to aroA. aroA is at 20.65
min and mukB is at 21.03 min on the E.coli chromosome. Therefore, this confirms that

the mutation is in the mukB gene.

T2-7:

It is a typical partition mutant. It produced many anucleate cells (~40%) and
most of the other cells had chromosomal DNA congregated in the middle of filaments.
Screening of the library for complementing plasmids showed that C1, C5, N6 and N8
could complement T2-7. N§ and N6 could complement T2-7 perfectly: no filaments, no
anucleate cells. C5 and C1 could partly but largely complement it. T2-7 (C1) produced
about only 2% anucleate cells and 5% filaments, but DNA in all of the filaments was
unsegregated. T2-7 (C5) is very similar to T2-7 (C1), except it gave about 10%
filaments.

Sequencing of these plasmids showed that the complementary sequence in C1 is
bp4660—8907 in AE000402. Genes in AE000402 around this region are bp4169-4807
sspA (regulator), 5202--6038 rpsl (50s ribosomal subunit protein L9?), 5610--6038
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rpIM (50s ribosomal subunit protein L13), 6257-7384 yhcM, 7572-7976 yhcB, and
8130-9497 degQ (serine endoprotease).

The complementary sequence in C5 is bp1937—10098 in AE000167. Genes in
AE167 around this region are bp1803-2483 citB, 2524-3909 dcnC, 4498-5058 crcA,
5233-5442 cspE (cold shock protein), 5496-8876 crcB, 5972-6199 ybeH, 6196-6759
ybeM, 7192-8157 lipA, 8366-9166 ybeF, and 9578-10153 lipB.

The complementary sequence in N8 is bp2723—8203 in AE000271. Genes in
AE000271 around this region are bp1608-2771 b1762, 2776-4737 topB (DNA Top III),
4742-5785 selD/fdhB (Aminoacyl tRNA synthetases), 5902-6453 ydj4, and 6614-8470
sppA (protease IV, a signal peptide peptidase). The sequence in N6 is bp891-9919 in
AE000271, which is overlapped with N8.

In order to test if the mutation is located in 72.5-73.0, which is the location of
the E. coli DNA fragment carried by the C1 plasmid, P1 CAG12153 was obtained from
Dr. Ken Begg. This P1 lysate was made on a strain with a Tnl0 at 72.1min. P1
transduction showed that there is no linkage between the mutation in T2-7 and the Tn10
at 72.1min. Therefore, C1 plasmid is only a multiple suppressor of the mutation in T2-7.
Further study with Hfr mating showed that it is located in the parCE region.

It is important to identify the suppressing genes in C1 and CS5 plasmids, because
genes can suppress chromosome partition mutant should also has a role in chromosome
partition, replication or topology structure maintenance. The suppressing gene in N8
plasmid is probably topB.

It is known that a fop4 mutation defective in topoisomerase I could be
compensated by increasing both the parC and the parE gene dosage (Kato et al., 1990),
indicating the overlap of functions of DNA topoisomerases. Therefore, the suppressing
gene carried by plasmid N8 is probably topB. It might be worth to directly test if parC
or parE mutant can be suppressed by a plasmid carrying fopB gene.

E10, H and No24:
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Mutants E10, H and No24 were independently isolated at a different time. The
three mutants looked very similar. They all produced anucleate cells (5-10%) and about
20-30% cells had irregularly located DNA. They all could be complemented by plasmid
EDS5]1, carrying the rusA gene, and F91, carrying the ruvABC genes. The mutations were
located in the ruvABC region by Hfr mating and P1 transduction. Further study showed
that E10 and H were located in ruvC and No24 was located in ruvB. More details can be

found in chapter 4 in this thesis.

3.4 Summary.

The identification of several genes, including mukB, parCE and ruvABC, which
when mutagenised affected chromosome partition suggests that the new method is
applicable. To understand the mechanism of chromosome partition in bacteria, more

mutants need to be isolated to identify new partition genes.
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Chapter 4. RuvAB is required for both
chromosome replication and segregation in E.
coli.

4.1 Introduction.

In E. coli the RuvA, RuvB and RuvC proteins play an important role in the
resolution of recombination intermediates. RuvA and RuvB promote branch migration
and RuvC catalyzes the resolution of Holliday junctions (for reviews see West, 1997,
Shinagawa and Iwasaki, 1996).

The ruv mutants were first isolated as mutants sensitive to UV light, ionizing
irradiation and mitomycin C (Otsuji et al., 1974; Sharples et al., 1990; Stacey and
Lloyd, 1976). The involvement of ruvABC in homologous recombination was
established by finding that although rxv mutants are only mildly defective in
recombination, recBC sbcA, recBC sbcBC and recG strains become severely defective
in recombination when a mutation in ruv is introduced (Lloyd et al., 1984, 1987; Lloyd,
1991). By studying conjugative recombination between F' donors and F recipients with
recBC sbcBC ruv mutations, it was proposed that without the ruv function
recombination intermediates could not be processed into mature recombinants (Benson
et al., 1991).

The ruv locus contains three genes (ruvABC) and is mapped at 41min on the E.
coli chromosome (Sharples et al., 1990). The ruvA and ruvB genes form an SOS-
inducible operon (Shurvinton and Lloyd, 1982; Benson et al., 1988; Shinagawa et al.,
1988). The ruvC gene is separated from ruvAB by an open reading frame and its
expression is not regulated by SOS induction (Takahagi et al., 1991; Sharples and
Lloyd, 1991).
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The ruvA gene product, RuvA, is a structure-specific DNA-binding protein
which has a high affinity for Holliday junctions (Iwasaki et al., 1992; Parsons et al.,
1992; Tsaneva et al., 1992). RuvB is a DNA-dependent ATPase (Iwasaki ef al., 1989;
Shiba ef al., 1991). It can bind to DNA with a low affinity (Muller ef al., 1993b) and at
high protein concentration can promote branch migration (Tsaneva et al., 1992; Muller,
1993a). In the presence of RuvA, RuvB can bind to Holliday junctions at very low
concentrations, suggesting that RuvA may direct the assembly of RuvB in vivo (Tsaneva
et al., 1992b). In solution RuvA forms tetramers (Tsaneva et al., 1992) and RuvB forms
hexamers or dodecamers (Mitchell and West, 1994). RuvA and RuvB form specific
complexes with Holliday junctions, in which DNA is sandwiched between two RuvA
tetramers, and the hexameric ring of RuvB assembles on opposing arms of the junction
via contacts with RuvA (Parsons ef al., 1995; Rafferty et al., 1996). RuvAB complex
possesses DNA helicase activity, attributed to RuvB, that promotes branch migration
with 5°—3’ polarity (Tsaneva et al., 1993; Adams and West, 1995).

RuvC is an endonuclease specific for Holliday junctions and forms dimers
(Iwasaki et al., 1991; Dunderdale er al., 1991). It resolves Holliday junctions into
duplex products by introducing symmetric nicks in two of the four DNA strands at the
crossover (Iwasaki et al., 1991; Dunderdale ef al., 1991; Bennett and West, 1996). The
resolution occurs preferentially at sequences that exhibit the consensus 5'-(A/T)TTV
(G/C)-3' (where 4 indicates the site of incision) (Bennett ef al., 1993, 1996; Shah ef al.,
1997).

It is found that RuvC acts in concert with RuvAB and that RuvABC forms a
complex during branch migration and resolution (Eggleston et al., 1997; Davies and
West, 1998; Zerbib et al., 1998; van Gool et al., 1998, 1999).

It is known that mutations in ruvABC causes SOS induction, presumbly because
replication forks are arrested by the unresolved recombination intermediates (Asai and
Kogoma, 1994). However, recent study shows that in addition to homologue
recombination and DNA repair, ruvAB is also involved in restoring arrested replication
forks. It is proposed that a Holliday junction can arise at a stalled replication fork by

annealing the newly synthesized strands, which creates a double-stranded end adjacent
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to a Holliday junction. The junction is moved away from the DNA end and this provides
an entry point for RecBCD to restore the blocked replication fork (Seigneur et al 1998).
Therefore, it is not clear what causes SOS induction in the ruv mutants, block of
replication fork by by unresolved recombination intermediates or failure of restoring the
arrested replication fork.

The resolution of Holliday junctions can occur in either of two orientations,
according to which DNA strands are cut, and the orientation preference of resolution is
directed by RuvAB, possibly by the preferential binding of RuvB and the consequential
unidirectional binding of RuvC dimers (Eggleston et al., 1997; van Gool et al., 1999).

It has been shown that overexpression of rusA4 can suppress the »uv mutants and
the suppression is dependent on recG (Mandal et al., 1993; Sharples et al., 1994). The
rusA gene is located on the defective lambdoid prophage, DLP12 (Mahdi et al., 1996).
RusA protein is a homodimeric Holliday junction—specific endonuclease (Sharples et
al., 1994; Chan et al., 1997, 1998) RusA-mediated resolution occurs by dual strand
incision predominantly at 5' of CC dinucleotides located symmetrically (Chan et al.,

1997).

An alternative route for Holliday junction resolution is RecG-mediated. RecG is
a 76 kDa DNA-dependent ATPase and junction-specific DNA helicase (Lloyd and
Sharples, 1993). In contrast to RuvAB, RecG unwinds DNA 3'—>5' with respect to the
single strand bound by RecG (Whitby ef al., 1994) and in the presence of RecA
promotes branch migration in the opposite direction from that driven by RecA (Whitby
et al., 1993). Once RecA is removed, RecG can promote branch migration in both
directions, like RuvAB (Whitby and Lloyd, 1995). It is proposed that RecG resolves
recombination intermediates into original molecules by promoting reverse branch
migration, which acts counter to the 5'—3' polarity of RecA binding and strand
exchange (Whitby and Lloyd, 1995). Consistent with this proposal, genetic study shows
that RuvAB and RecG have opposite effects: RuvAB is required for RecA-dependent
adaptive mutations, whereas RecG inhibits them (Foster et al., 1996).
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4.2, Materials and Methods.

(1). Cloning of ruvA, ruvB, ruvC, ruvAB and ruvABn.

Primers for PCR:

Primers for ruvA cloning:

AH3 (Aend) (Hind 1II): S TTTCAAGCTTCCGGCAAAGTGGTAC3’
ARI (Astart) (EcoR I): STTTAGAATTCATTACGCAGGAGC3’

Primers for ruvB cloning:
BH3 (Bend) (Hind IlI): S TTTCAAGCTTATCTATCGCTGAACAC3’
BRI (Bstart) (EcoR I): S TTTAGAATTCCCAAGCCGCATGGTGAGC3’

Primers for ruvC cloning:

VCI1 (Cend)(BamH I): SSTTTAGGATCCTGGGTTCTATTCCGTGG3’
VC2 (Ctop)(Hind 1II): STTTCAAGCTTACCATAACGGTGAAATCAC3’
The PCR condition for ruvC was: 95°C 1min, 44°C 1min and 72°C 1min.

Primers for ruvAB cloning:

Bend (BamH I): 5’TTTAGGATCCAGCTAATCTATCGCTGAACAC3’
Atop (Hind 1II): S’TTTCAAGCTTCGCTGGATATCTATCCAG3’

The PCR condition for ruvAB was: 95°C 1min, 54°C 1min and 72°C 2min.

Primers for ruvA4Bn cloning:
Bend (BamH I): TTTAGGATCCAGCTAATCTATCGCTGAACAC3’
Anew (Hind III): TTTTAAGCTTACGCAGGAGCGTCATGTG3’

The ruvAB cloned by this pair of primers is promoterless.

C600 chromosomal DNA was used as template to amplify the ruvABC genes.
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Construction of plasmids carrying ruvA, ruvB, ruvC, ruvAB and ruvABn.

(a). Construction of pPBAD-ruvA and pBAD-ruvB.

The PCR products of ruvA and ruvB genes were digested with EcoR I and Hind
III and then ligated with EcoR I and Hind Ill-digested pBAD18. The ligation mixtures
were transformed into C600 and selected on LB+Ap plates. Transformants were then
purified and plasmids were extracted and named pBAD-ruvA and pBAD-ruvB,

respectively.

(b). Construction of pACYC-ruvC.
The PCR product of ruvC was digested with BamH 1 and Hind III and then
inserted into pACYC177 at BamH 1 and Hind 11l to produce plasmid pACYC-ruvC.

(¢). Construction of pUC-ruvAB.

The PCR product of ruv4B was purified and digested with BamH I and Hind 111
and then inserted into pUCI19 digested with BamH 1 and Hind III. The constructed
plasmid was named pUCAB, in which the ruvAB genes were expected to be under the
control of PlacZ. However, this plasmid always caused DH5a and C600 to form
filaments, even on glucose plates. This is possibly due to the high copy number of
pUC19, the leakage of the PlacZ promotor and/or the inclusion of native promoters of

ruvAB in the cloned fragment.

(d). Construction of pUCABns and pUCABns-Cm.

With new primers the ruvAB genes without their native promoter were cloned
and named ruvABn to distinguish it from the previously prepared ruvAB DNA. The
ruvABn fragment was digested with BamH 1 and Hind III and inserted into pUCI19
digested with the same enzymes. Several clones were picked up and patched onto
LB+Ap+glucose (0.2%) and LB+Ap+IPTG (20ug/ml). It was found that all the colonies
could grow up on glucose plate, but not on IPTG plate at 37°C. Observation showed that

cells on this IPTG plate were filamentous and lysed. Transformants were then purified
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and plasmids were extracted and named pUCABnI, 2, 3, 7, 9, and 11. These plasmids
caused similar phenotypes when transformed into C600. Plasmids pUCABn3 and
pUCABNI11 were used for further studies to disclose the effect of the overexpression of
ruvAB on cell cycle.

In order to use Cm as a marker for overexpression of ruvAB in strain VIP407,
which has an Ap marker in its chromosome, the cat gene was isolated from pUCAT18
(Draper et al., 1998) after the plasmid was digested with Hinc Il and Ec/136 II. The cat
gene was then inserted into the Sca I site in the Ap gene in pUCABN3 and pUCABnNI 1
to give plasmids pUCABnN3-Cm and pUCABnN11-Cm, respectively.

(2). Preparation of probes corresponding to oriC and ter regions of the

E. coli chromosome for Southern blotting.

C83 probe DNA:

A 916bp DNA fragment at 82.26min in E. coli chromosome was amplified to
detect the DNA around oriC. The primers for this PCR are 83U:
5’ATTTCCCGCCTGCAACAGC3’ and 83D: S>TCCAGCATGACAGGTGCGAG"’.

C30 probe DNA:
A 911bp DNA fragment at 29.66min in E. coli chromosome was amplified to detect the
DNA in the replication terminus region of the chromosome . The primers for this
amplification reaction are 30U: 5’TCAACGAACTGGTGAACCTG3’ and 30D:
5’CGCGCCTGGCAAGTTGTG3".

The template of the PCR reaction in preparing C83 and C30 probes was
chromosomal DNA of C600. For southern blotting, the probe DNA fragments were
labeled by P*2-dCTP with a High Prime kit.
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4.3. Results.

4.3.1.Chromosome segregation defect in ruv mutants.

4.3.1.1. Identification of three mutants as ruv mutants.

During the isolation of new chromosome partition mutants, three mutants E10,
H and No24 were isolated at different time. The three mutants looked very similar. They
all produced anucleate cells (5-10%) and about 20-30% cells have unsegregated DNA
(Fig. 4.1A and B).

Hfr mating showed they had the same location: the mutations were linked to the
Tn10 marker inserted in A9 (at 43.0min) (80-90%), A7 (at 28.0min) (~11%) and A1l
(at 67.0min) (~1-2%). Therefore, the mutations were around 43min on the genetic map.

Screening of complementing plasmids from the constructed genomic library
showed they all could be complemented perfectly by either of two plasmids, ED51 and
F91.

Sequencing of ED51 showed the complementary sequence was (Cla)-6608bp to
7461bp-(Bam) in AE000160. The genes or orfs in AE000160 around this region are:
ybcO (6432bp-6722bp), rusA (6719bp-7081bp) and ybcQ (7304-7687). Therefore, the
complementing (suppressing) gene was rus4, located at 12.4min. In plasmid ED51, the
rusA gene could be expressed from Kan promoters. It is known that overexpression of
rusA can suppress ruv (located at 41.9min) mutants. Hfr mating also showed that the
mutations were at about 43min. Thus, the mutations are probably located in ruvABC,
which encode Holliday junction specific endonuclease and motors.

Sequencing of plasmid F91 showed the complementary fragment was (Cla)-
0.4kb to 9.2kb-(Bam) in AE280, in which ruvB is at 2765bp«-3775bp, ruvA is at
3784bp«—4395bp and ruvC is at 5274bp«5795bp.

To further confirm that the mutations were in ruv locus, their linkage to eda-

51::Tn10 was tested by P1 transduction. P1 grown on DL1075 (ruvC33 eda-51::Tn10)
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was used to construct strain W3110 eda-51::Tnl10. Then the P1 lysate of W3110 eda-
51::Tn10 was used to transduce mutants E10, H and No24. It was found that the
mutations in these mutants were all linked to eda-57::Tn10. This confirmed that the
mutations were located in ruv4ABC genes.

To further locate the mutations into genes, ruvA4, ruvB, and ruvC were separately
cloned by PCR (see methods and materials). After transformation, it was found that
mutants E10 and H could be complemented by pACYC-ruvC and mutant No24 could
be complemented by pBAD-ruvB. Therefore, It was concluded that the mutations in

E10 and H were located in ruvC and the mutation in No24 was located in ruvB.

4.3.1.2. Chromosome partition defect in ruv mutants.

It is reported that after exposure to UV light, the chromosome in the filamentats
of ruv mutants can not be distributed regularly (Ishioka et al., 1998). Here I show that
even at normal growth conditions the isolated ruv mutants still had partition defect (Fig.
4.1). They all produced cells without DNA (about 5%), with DNA at poles or irregularly
distributed (about 20%-30%) (E10 was similar to H, data not shown). In order to
confirm that uv mutants have chromosome partition defect even under normal growth
conditions, three mutants DL.1074 (ruvA460::Tn10), DL1075 (ruvC53 eda-51::Tn10) and
DL1076 (AruvAC65 eda-51::Tn10) from Dr. David Leach were obtained for
comparison. Visualization of their chromosomes by DAPI staining showed they had
similar chromosome partition defects to E10, H and No24 (Fig. 4.2). The mutations in
these strains were also transduced into Cl4 to construct ruv mutants with the same
genetic background as E10, H and No24. Study of chromosome partition pattern in the
constructed Cl4 ruvA60::Tn10, Cl4 ruvC53 eda-51::Tnl10 and Cl4 AruvAC65 eda-
51::Tn10 further confirmed the above result.

The chromosome partition defects in the ruv mutants is probably directly due to
the failure of resolution of chromosome recombination intermediates. Unresolved
Holliday junction can hold two chromosomes together and make their partition

impossible.
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4.3.1.3. The filamentation of ruv4BC mutants is probably caused by SOS.

Since ruvABC mutants caused cell to become filamentous, it is proposed that
they may have function in cell division. In order to test this, recA::cat was transduced
into Cl4 ruv4::Tnl0 by P1 transduction. It was found that it took three days to get
transductants. When cells in the colonies were observed, it was found that most of the
cells were long filaments. Then the transductants were streaked out. However,
observation of the purified transductants showed that there was no long filament any
more. The growth rate of the streaked cells according to the size of the colonies was
almost the same as wild type cells. When grown in liquid medium (L broth), again the
cells were normal sized and the growth rate of the culture was quite close to that of wild
types. It is not clear why cells in the original transductant colonies were filaments.
According to the morphology of the purified transducts in LB agar plate or liquid LB
medium, the cell division defect of these mutants was due to SOS induction and
ruvABC does not have a direct role in cell division. However, to confirm this conclusion
ruv mutations should be introduced into strains with a controllable rec4 gene. If in such
a constructed strain depletion of RecA could diminish the formation of filaments, then

we could definitely conclude that ruvA4ABC had no effect on cell division.

During the screening of complementing plasmids, I found that in addition to
EDS51 and F91, E56 and F78 could also partly or largely complement H and E10 (ruvC
mutants).

Sequencing of E56 did not give a clear result. Sequencing from one primer
showed the complementary fragment was 2078bp—lower in M30198 (or AE458:
2676bp—lower), while that from the other showed it was 60566bp—lower in M87049.
The plasmid and also F78 should be further sequenced to find out the new suppressing
gene.

[ also found that a plasmid (named E34) could partly complement N024, a ruvB

mutant. Sequencing of the E34 showed the complementing gene was located at 4853bp-

-lower in AE210. This new complementing gene should also be identified.
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4.3.2 The effect of overexpression of RuvAB on cell division and

chromosome replication.

4.3.2.1. Overexpression of RuvAB causes SOS- and recombination-independent
inhibition of cell division.

It was found that overexpression of RuvAB from plasmid pUC-ruvAB and
pUCABN (data not shown) could cause cells to form long filaments (Fig. 4.3).

Since the well-known function of RuvAB is for Holliday junction resolution, it
was possible that the filamentation was due to the failure of Holliday junction resolution
or SOS induction caused by such a failure. Therefore, plasmid pUC-ruvAB was
introduced into recA” strains (DHSa and C600 recA::cat) to see if cells can still be
caused to filament by overexpression of RuvAB. It was found that the two recA4™ strains
with pUC-ruvAB were also become filamentous when grown in LB+IPTG (20pg/ml) at
37°C (Fig. 4.4). This indicates that the inhibition of cell division by RuvAB is SOS
independent and also unrelated to Holliday junction formation and resolution.

MM38 sfid™ lexAind was also tested. This strain could not be made filamentous
by mitomycin C: MC just stopped its growth quickly. It was resistant to Nal and grew
up in LB medium with Nal, as did DH5a. PUC-ruvAB could make MM38 cells
filamentous, but the filaments were much shorter than C600 (pUC-ruvAB) or DH5a
(pUC-ruvAB).

A literature search showed that a recent study has proposed that RuvAB also
functions in chromosome replication (see 4.1 Introduction). According to this model, it
is possible that an arrested replication fork may be converted into pseudo-Holliday
structure and overexpression of RuvAB may cause over-pulling back of the arrested
replication fork existed in a Holliday junction structure and thus affect replication. If the

filamentation is due to this, it means that replication is coupled with cell division. And
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this idea brought about my studies of the coordination of cell division and chromosome

replication (see chapter 6).

4.3.2.2. Overexpression of RuvAB delays the completion of chromosome
replication.

Slowing down or stopping chromosome elongation should increase the ratio of
the copy number of ori to the copy number of ter (called the ratio of ori/ter in this
thesis) because continuing cell growth should be accompanied by successive
reinitiations of replication at oriC. Here 1 show that detected by Southern blotting the

ratio of ori/ter was increased significantly after RuvAB was overexpressed.

For Southern blotting, chromosomal DNA was first prepared in the following
way. Overnight cultures of C600 in LB+Glu (0.2%) and C600 (pUCABN3) in LB+Ap
(50pg/ml)+Glu (0.2%) were diluted 1:100 into fresh media and grown at 30°C. When
OD600 reached 0.2-0.3, the cultures were spun down and resuspended in the same
volume of LB medium. One ml of each of the resuspensions was inoculated into 23ml
of LB+Glu (0.2%) or LB+IPTG (100pug/ml) and grown at 37°C. C600 cultures were
further diluted 1:3 or 1:4 after this. When OD600s of the cultures were around 0.4
(OD600=0.397 for C600 (pUCABN3) in LB+IPTG, OD600=0.399 for C600 in LB+Glu
and OD600=0.475 for C600 in LB+IPTG), 20ml of each of the cultures was centrifuged
and resuspended in 1.2ml 1XTE. Then 576pul of each was used and mini-preps of
chromosome DNA were made as described in Appendix III. The concentration of the
preparations was measured by spectrophotometeric method. The same amount of
chromosome DNA from each of the samples was taken and digested with EcoR V, Sal |
and Sca 1, separately. Southern blotting was then carried out and at last the filter was
exposed to Phosphor Screen for 3 hours. The screen was then scanned. The image of the
southern blotting result is shown in figure 4.5.

The image was analysed by a software named ImageQuant V1.1. For

quantitation of the bands the background was corrected by “average local” and the
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“volume” was used to represent the strength of blotting signal. The result of this

experiment is shown in table 4.1.

Table 4.1. Overexpression of RuvAB increases the ratio of ori/ter in E. coli cells.

Culture C600 in IPTG €600 in C600. (pUCABn3)
glucose in IPTG

Doubling time (T) 25.6min 23.5min >60min
Ratio of ori/ter detected by
digestion with Sal | 2.41 2.65 6.79
Ratio of ori/ter detected by 4.77 515 812
digestion with Sca |
Ratio of ori/ter detected by 3.66 4.90 6.83
digestion with EcoR V
Note:

(1). The doubling time (T) of a culture was calculated as the time taken by the culture to double its
OD600. Therefore, if at time t, a culture has an optical density of ODt, and after a period at time t, its
density reaches ODt,, then the doubling time of this culture in this period is calculated as T=[(t,-
t1)xIn2]/(InODt,-InODt,).

(2). The ratio of orilter is calculated by dividing the “volume” of the band probed with C83
(corresponding to the oriC region) by the “volume” of the band probed with C30 (corresponding to the ter
region).

It is known that in wild type E. coli strains the elongation speed of chromosome
replication is almost constant under all growth rates (about 40min for replicating the
whole chromosome) and the ratio of oriC/cell mass is also constant. Therefore, in wild
type cells, fast growing cultures have high ratio of ori/ter and slow growing cultures
have low ratio of ori/ter. Here it is shown that the data for C600 cultures is consistent
with this rule. In this experiment, C600 grew faster in LB+glucose medium (doubling
time was about 23.5min) than in LB+IPTG medium (doubling time was about 25.6min).
Consistently, the ratio of ori/ter of cells in the glucose medium (e.g., about 4.90, by
EcoR V digestion) is higher than that in IPTG medium (about 3.66, by EcoR V
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digestion). This confirms that the method of determining the ratio of ori/ter by Southern
blotting is applicable and indicates that the obtained data is reliable. After shifted from
LB+glucose medium to LB+IPTG medium, the growth rate of C600 (pUCABn3)
slowed down quickly (for an example see Fig. 4.6). Compared to C600 cultures, the
very slow growing culture of C600 (pUCABN3) in LB+IPTG (doubling time was more
than 60min during the last 50min before sample was taken), however, had a very high
ratio of ori/ter (about 6.83, by EcoR V digestion). This indicates that the process of
chromosome replication elongation was slowed down or the completion of chromosome
replication (through ter region) was significantly delayed when RuvAB was
overexpressed, while the alternative explanation that the initiation rate of replication

was increased by the overexpression of RuvAB seems unlikely.

4.3.2.3. Overexpression of RuvAB also inhibits the transcription of cell division
genes clustered at 2min region in E. coli chromosome.

In order to test if the inhibition of cell division by overexpression of RuvAB is
due to the repression of transcription of cell division genes, a strain named VIP407 (for
details see chapter 6) was used to show the transcriptional level of the cell division
genes at 2min region (see chapter 1). Since VIP407 has an Ap marker in its
chromosome, to introduce the plasmid carrying controllable ruvAB to this strain, cat
gene was inserted into the Ap gene of pUCABN3 to produce plasmid pUCABn3-Cm.
Result showed that when ruvAB were induced by growing VIP407 (pUCABn3-Cm) in
IPTG medium, the transcriptional level (measured by (3-galactosidase activity) of the
cell division genes was repressed significantly (Fig. 4.6).

Considering its effect on chromosome replication, overexpression of RuvAB
possibly indirectly caused the inhibition of cell division. It is proposed that
overexpression of RuvAB directly caused the delay of the completion of chromosome
replication, which then caused the inhibition of cell division by repressing the
transcription of cell division genes. This suggests the existence of a mechanism
coupling cell division with chromosome replication. Such a possibility was further

studied in chapter 6.
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4.4. Summary.

This study showed that RuvABC, which are required for the resolution of
recombination intermediates, were involved in chromosome partition in wild type cells
under normal growth conditions. Over-expression of RuvAB caused the inhibition of
cell division in both wild type cells and recA™ cells where recombination intermediates
can not form. It was also found that over-expression of RuvAB could slow down the
speed of elongation of chromosome replication and also caused the repression of
transcription of cell division genes at 2min region in E. coli chromosome. It was
proposed that it was the chromosome replication defect caused the inhibition of cell

division and there might be a mechanism coupling cell division with chromosome

replication.
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Figure 4.1. Chromosome partition in (A) mutant No24 (a ruvB mutant) and (B) mutant

H (a ruvC mutant). In this experiment, overnight cultures were diluted 1:100 into L

broth and grown at 37°C. When OD600 reached 0.2, samples were taken for DAPI

staining and then photograghing.




B

Figure 4.2 (to be continued).




Fig. 4.2. Visulization of chromosome DNA distribution in rzv mutants.
The cells of DL1074 (ruvA60::Tnl0) (A), DL1075 (ruvC33 eda-51::Tnl10) (B) and
DL1076 (AruvAC65 eda-51::Tnl10) (C) were from early log phase cultures (OD600

around 0.2).
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Figure 4.3. Inhibition of cell division by overexpression of RuvAB. In this experiment,
overnight culture of C600 (pUC-ruv4B) in LB + Ap (50ug/ml) + glucose (0.2%) at
30°C was diluted 1:100 into fresh LB+IPTG (20ug/ml) and grown at 37°C for 2-3 hours
(OD600 about 0.3). Samples were then taken for photographing.
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Figure 4.4. Inhibition of cell division by overexpression of RuvAB in strain C600
recA::cat, a recA strain.

In this experiment, overnight culture of C600 recA::cat (pUC-ruvAB) in LB + Ap
(50pg/ml) + Cm (20pg/ml) + glucose (0.2%) at 30°C was diluted 1:100 into fresh
LB+IPTG (20pug/ml) and grown at 37°C for 3 hours (OD600 about 0.3). Samples were
then taken for photographing.
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Figure 4.5. Southern blotting of chromosomal DNA from C600 and C600 (pUCABn3) to

detect the oriC (~83min) and fer (~30min) regions.
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Figure 4.6. Repression of transcription of cell division genes at 2min region in E. coli
chromosome by the overexpression of RuvAB.

In this experiment, overnight cultures of VIP407 and VIP407 (pUCABnN3-Cm)
in LB+Ap (50pug/m)+IPTG (8ug/ml) [also with Cm (20ug/ml) for VIP407 (pUCABnN3-
Cm) to maintain plasmid] were diluted 1:100 into fresh media and grown at 37°C with
shaking. The cultures were kept at early log phase (OD600 lower than 0.2) by serial
dilutions. At 185min the cultures were split and to half of each of them IPTG were
added to a concentration of 100pg/ml to induce the expression of RuvAB. OD600 (a)

and B-galactosidase activity (b) were measured at indicated times.
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Chapter S. Overexpression of dsbB and frilL genes

5.1. Overexpression of dsbB causes cells to become

spherical.

5.1.1. Introduction.

DsbB was first isolated as a helper for protein disulfide bond formation in E. coli
(Bardwell et al., 1993). So far six Dsb proteins forming a family of thiol-disulfide bond
oxireductases have been isolated in E. coli (see a review by Raina and Missiakas 1997;
and an article on dsbG by Andersen et al., 1997). In their primary structure they all carry
an active site containing two vicinal cysteines, Cys-X-X-Cys. This site is essential for
their dsb function. Among them, DsbA and DsbB are central to the well studied thiol
oxidation reaction that takes place in the periplasm. Periplasmic protein DsbA is the
direct donor of disulfide bonds in secreted proteins and integral membrane protein DsbB
reoxidizes DsbA to restore its activity. Recent study shows that disulfide bond
formation is coupled with the electron transport chain in E. coli. DsbB uses quinones as
electron accepters, allowing various choices for electron transport to support disulfide
bond formation (Bader ef al., 1999). What I found here is that overexpression of dsbB
can cause cells to become spherical, possibly by affecting cell division or peptidoglycan

synthesis protein(s).
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5.1.2. Results.

During the construction of the E. coli chromosomal DNA library, I found that
fifteen of the transformants grew very slowly. In some of them this is probably due to
the toxicity of the cloned fragment. The morphology of the cells in each of the fifteen
colonies when grown at 30°C on LB+Ap (50ug/ml) plates is listed below.

Nol: most of the cells are filamentous.

No3, 6: Some big and swollen cells.

No4: only a few short filaments.

No5: a few long filaments

No7: some filaments.

No8: Most of the cells are clearly longer than normal cells.
No12: many long cells or short filaments.

No13: a few filaments.

No2,9, 10, 11, 14, 15: normal-sized cells.

Plasmids from 1, 3, 6, 8 and 12 were extracted separately.

5.1.2.1. Sequencing of the pSWO3 plasmid.

The plasmids from No3 and 6 were further sequenced. These two plasmids were
named pSWO3 and pSWOG6, respectively. Sequencing results show that the inserted
fragments in the two plasmids overlap. The insertional fragment in pSWO3 carries
umuD ’-umuC-dsbB-nhaB-fadR-ycgB-dsdA-dadX’ genes (Fig. 5.1).

At 30°C C600 (pSWO3) cells were long and swollen (Fig. 5.2). pSWO3 caused
C600 cells to form big spheres (at 42°C) or lemon-shaped cells (at 37°C) and then lyse
(Fig. 5.3).

Because ampicillin can cause wild type E. coli cells to become swollen, it is
possible that the above phenomenon is in some way due to the existence of Ap in the

media. To test this possibility, an overnight culture of C600 (pSWO3) in
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LB+Ap(50ug/ml) was diluted 1:100 intd LB without ampicillin and grown at 37°C with
shaking. Three hours later when the culture’s OD600 reached 0.3, the cells were still

swollen. Therefore, the cell’s round shape is not due to the presence of ampicillin.

5.1.2.2. Dissection of plasmid pSWO3.

In order to identify the gene causing cell swelling (temporarily named swo),
pSWO3 was partially digested by 7aq I and Sau 3A. The fragments between 0.7 and
1.0kb, 1.0kb and 2.5kb were separately purified from agarose gel and then ligated to
pACYC177/Cla I-BamH 1. Finally, six colonies from the 0.7-1.0kb ligation were
isolated: these all consisted of spherical cells. The six plasmids from the colonies were
purified and named pS1, 2, 3, 4, 5 and 6. These plasmids caused cells to become
spherical, but were not lethal at any tested temperature. The morphology of C600 (pS2)
at 37°C is shown in figure 5.4. At 42°C C600 (pS2) is round and bigger than at 37°C.
Four colonies were obtained from the 1.0-2.5kb ligation. One of the four was as
temperature sensitive as pSWO3-containing cells: it formed big swollen cells and then
lysed at 42°C. The corresponding plasmid was named pSB (B means big spherical
cells). As estimated by electrophoretic mobility on agarose gel, pSB is about 1kb bigger
than plasmids pS1-6. Therefore, it is proposed that the lethality of pSB in C600 at 42°C
is due to the existence of swo’s native promotor(s).

Another colony from the above ligation consisted of filaments (Fig. 5.5) and the
corresponding plasmid was named pF.

It seems that the long swollen shape (at 30°C) or lemon shape (at 37°C) of C600
(pPSWO3) is caused by the combination of the spherical shape of C600 (pSs) and the
long filamentous shape of C600 (pF).

5.1.2.3. Identification of the swo gene as the dsbB gene.

Sequencing of the above pSs plasmids showed that it is the dsbB gene that
caused the spherical cell shape.

The genes in the D90753 fragment of E.coli are: bp2513-2932: umuD, bp2932-
4200: umuC, bp4246-4782: dsbB, bp4922-6463: nhaB, bp6684-7403: fadR, bp7455-
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8987: ycgB, bp9317-10615: dadA, bp10625-11695: dadB. A Blast search of the
sequences of the inserted fragment in pSs showed that in D90753 their locations are

bp4122-4967 in pS2 and bp4126-4960 in pS5, while that in pSB is up to bp6030.

This clearly shows that the swo gene is indeed a known gene, dsbB.

In order to confirm the above result, plasmid pSWO3 was digested by BamH 1,
Hind TII and Sgf I separately, and a car gene from pUCAT18 (digested with Hinc II and
Ecl1361]) was inserted into the sites. The ligation mix was then used to transform C600.
The plasmids produced were called pSWO-cat/BamHI, pSWO-cat/HindIIl and pSWO-
cat/Sgfl, respectively (Fig. 5.1). It was found that C600 (pSWO-cat/Sgfl) and C600
(pSWO-cat/HindIII) filamented only, while C600 (pSWO-cat/BamHI) became swollen
and filamented, just as C600 (pSWO3).

These results confirm that it is the overexpression of dsbB that caused cells to
become spherical. It also suggests that the gene which caused cells to become
filamentous is not umuC or nhaB, which flank dsbB, but probably the ycgB gene of

unknown function.

5.1.2.4. Knock-out of dsbB.

In order to see what would happen to cell shape if dsbB is deleted, I tried to
knock out this gene from the E. coli chromosome. Plasmid pSWO-cat/sgfl was used for
this purpose. pPSWO-cat/sgfl was digested with Hind III and the fragment containing the
dsbB::cat/sgfl structure without any vectoral sequence was isolated and used to
transform C600. Six Cm® colonies (C600 dsbB::catl, 2, 3, 4, 5 and 6 ) were obtained.
To make sure that they were not transformants with plasmid pSWO-cat/sgfl, I streaked
them on LB+Ap (50pg/ml) and LB+Cm (20pg/ml) plates and grown overnight at 30°C.

It was found that all the six colonies were Cm! ApS.
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Strains C600 dsbB::catl and 2 were further studied. They could grow up at 30,
37 and 42°C on LB+Cm (20pg/ml) plates and cell shape was quite normal, except that
at 30°C cells were very short and small, and at 42°C a little bit long.

To confirm the above deletion result, dsbB::kan mutants were obtained from
Dr., JC Bardwell (Bardwell er al., 1993). Observation of the cell shapes of these
mutants showed that they are similar to those of dsbB::catl and 2.

The conclusion is that deletion of dsbB does not have a significant effect on cell

shape.

5.1.2.5. Over-expression of rod4A and pbpA does not suppress the morphological
effect caused by the dsbB gene. .

Because DsbB is required for the folding of some periplasmic proteins by
promoting proper disulphide bond formation, the spherical shape is probably due to the
inactivation of a cell envelope synthesis-related protein(s). The known genes that can
cause cells to become spherical are rodA, pbpA, dacA, bol4 and mreB. Inactivation of
rodA, pbpA or mreB or overexpression of dacA or bolA can cause E. coli cells to lose
their rod shape and become spherical. Therefore, I decided to see if overexpression of
rodA and pbpA could reverse dsbB’s effect.

For this purpose plasmid pBS44 was used (Begg et al, 1986). pBS44 is a
pSC101-based kan® plasmid with a 7kb insertion of a Sal I fragment containing rodA
and pbpA. This plasmid is compatible with pACYC177-based pSWO3 and pSB
plasmids. Therefore, if pBS44 co-exists with one of them in C600, the genes on these
two plasmids should be able to be overexpressed at the same time.

First of all, pBS44 was transformed into C600. Then C600 (pBS44) was
transformed with pS2, pSB and pSWO3, separately. The transformants were then grown
overnight at different temperatures on plates and their shapes are listed in Table 5.1. The
results suggest that over-expression of rod4 and pbpA could not reverse the effect on

cell shape caused by overproduction of dsbB.
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Table 5.1.

Strains senl;ietrir\lrri)teyr z;ttu;{;oc Morphology at 30°C | Morphology at 42°C
(pBS4SI':,6 g(s)wo3) Ts Spheres Big Sli}yfirses and
(pBSC‘:&(?(;)SB) Ts Spheres Big Sli;lseir:S and
(PBSC464(3(;>S2) Not Ts Small round cells Sr(’;lggsaiz S(?COO
(p%680f4) Not Ts Normal Normal

5.1.3. Discussion:

It is not clear why over-expression of dsbB causes cells to become spherical.
Perhaps overexpression of its function in disulfide bond formation and its location in the
cytoplasmic membrane inactivates (or even activates) a cell shape maintenance protein,

or blocks such a protein’s transport to the periplasm.
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5.2. Over-expression of frilL.

The gene causing cell filamentation in plasmid pSWO3 is named friL
(filamentation of recA-independent).

According to the observations described in 5.1, the gene that causes cell
filamentation when over-expressed is fadR, ycgB or dadA. Then plasmid pF causing
C600 to become filamentous (Fig. 5.5) was sequenced by Auste Geddes in this lab
showed that it again contains the fadR, ycgB and dadA genes.

Because the SOS response, which can be directly or indirectly induced by many
factors, can inhibit cell division, the plasmid pF was transformed into recA4- strains to
test whether or not the filamentation is caused by SOS. It was found that both C600
recA::cm (pF) and DH5a (pF) filamentated at 37°C. The morphologies of C600 (pF)
and C600 recA::cm (pF) were similar. Their cultures at 37°C were mixtures of normal
sized cells and filaments (Fig. 5.5). However, almost all DH5a (pF) cells at 37°C were
undivided long filaments (Fig. 5.6). The reason for the difference is unclear. It may be
because DHS5a grows slower than C600 and C600 recA::cm. Because its effect on cell
division is rec4 independent, this gene was named friL. Then, which of the three genes
is fril ? ‘

FadR is a global transcription regulator of fatty acid metabolism in E. coli. It acts
both as a repressor of fatty acid degradation and as an activator of fatty acid
biosynthesis. The FadR regulon is also interconnected to the universal stress response of
Escherichia coli. FadR, long-chain fatty acyl-CoA, long-chain acyl-ACP, ppGpp and
cAMP together are key players in regulating the activities of enzymes and expression of
genes involved in fatty acid and phospholipid metabolism in dividing and ageing E. coli
cells (for reviews see DiRusso and Nystrom, 1998; Cronan and Subrahmanyam, 1998).

dadA and dadX form the D-amino acid dehydrogenase (dad) operon (Wild et al.,
1985). This operon is required by E. coli for growth on L- or D-alanine as its sole
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carbon and energy source (Wild and Klopotowski, 1981). dadA codes for one subunit of
D-amino acid dehydrogenase and dadX for the alanine racemase (Wild and Obrepalska,
1982; Wild et al., 1985). The expression of the dad operon can be induced by the
presence of either L- or D-alanine (Wild and Obrepalska, 1982). Recent studies show
that this operon is also regulated by cyclic AMP-CRP and Lrp protein (leucine-
responsive regulatory protein) (Lobocka er al., 1994; Mathew et al., 1996; Zhi et al.,
1999).

From this information, I do not think overexpression of dadA4 and/or fadR should
affect cell’s morphology.

The function of the remaining gene ycgB is unknown. Analysing its protein
sequence by eye, I found that there are two putative leucine zipper structures in its C-
terminal region (see Table 5.2). Using its protein sequence to run Blast Search at NCBI,
I found SpoVR from B. subtilis shared significant similarity (about 30%) with YcgB.
Interestingly, SpoVR also has a leucine zipper structure, which corresponds to YcgB’s
second one (see Table 5.2). It was also reported that the two proteins share a potential
helix-turn-helix DNA binding motif typical of transcriptional regulators and that both
might be cytoplasmic proteins (Beall and Moran, 1994).

spoVR was found by screening for sigma-E dependent promotors in B. subtilis.
Mutations in this gene cause an increased proportion of cortexless spores and the
SpoVR protein is proposed to be involved in cortex formation indirectly, possibly by
functioning as a regulator. It was reported that the expression of spoVR was initiated at
the second hour of sporulation from a sigma E-dependent promoter (Beall and Moran,

1994),

I propose that friL is the unidentified ycgB and that its name be changed to friL
in this thesis. The Fril protein might function as a transcriptional repressor of cell
division genes.

It has been shown that the combination of rodAts or pbpAts with cell division
mutations (such as fisZts and fisAts, etc.) can be used to detect the septation step at

which the selected cell division protein functions (Begg and Donachie, 1985). Since the
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morphology of C600 (pSB) at 37°C or 42°C is very similar to that of rodAts or pbpAts
mutants at non-permisive temperature, the dsbB gene in pSWO3 may work similarly to
rodAts and pbpAts in estimating the stage of a cell division defect. Therefore, when
grown at 37°C or above a C600 strain carrying plasmid pSWO3 should tell us the stage
at which septation is blocked by the overexpression of friL. When grown at 37°C (Fig.
5.3) or 42°C (data not shown), C600 (pSWO3) formed big spherical or lemon-shaped
cells. According to the earlier studies, this means that over-expression of f#iL blocks cell
division at a very early stage. So far only ffsZ and fis#W mutants are known to be blocked
at such an early stage (Begg and Donachie, 1985; Khattar et al., 1994). Therefore, FriLL
may control cell division by regulating the mra region. This could be tested easily by
over-expressing friL in reporter strains such as VIP407 and VIP490 (the strains are
shown in chapter 6).

To further study its function, other work should be done such as to delete this

gene from the chromosome or to make its expression controllable.
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Figure 5.1. Genetic organization around dsbB gene in E. coli and some plasmids used in
this work. The gene organization map was drawn according to data from "the Colibri
World-Wide Web Server" on the Netscape. The DNA fragments inserted into BamH I
and Cla 1 double digested pACYC177 were shown on the left and the names of the

corresponding plasmids were listed on the right.
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Figure 5.2. Morphology of C600 (pSWO3) cells grown at 30°C. In this experiment,
overnight culture was diluted 1:100 into L broth with Ap (50ug/ml) and grown at 30°C
for 4 hours. Then samples were taken for photographing. Scale is shown by indicating
the width of each picture at their left corners.
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Figure 5.3. Morphology of C600 (pSWO3) cells grown at 37°C. In this experiment,
overnight culture was diluted 1:100 into L broth with Ap (50ug/ml) and grown at 37°C
for 3 hours. Then samples were taken for photographing. Scale is shown by indicating
the width of each picture at their left corners.
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Figure 5.4. Morphology of C600 (pS2) cells grown at 37°C. In this experiment,
overnight culture was diluted 1:100 into L broth with Ap (50ug/ml) and grown at 37°C

for 3 hours. Then samples were taken for photographing. Scale is shown by indicating

the picture’s width at its right corner.
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59.75 um

Figure 5.5. Morphology of C600 (pF) (5a) and C600 recA::cm (pF) (5b). In this
experiment, overnight cultures at 30°C were diluted 1:100 into L broth with Ap

(50ug/ml) and grown at 37°C for 2 hours. Then samples were taken for photographing.

The scale is shown by indicating the width of each picture at its left corner.
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65.8 um

Figure 5.6. Morphology of DH5a (pF). In this experiment, overnight culture at 30°C was
1:100 diluted into L broth with Ap (50ug/ml) and grown at 37°C for 2.5 hours. Sample
was then taken for photographing. Scale is shown by indicating the width of the picture

at its left corner.
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Table 5.2. Alignment of E. coli FriL (YcgB) with B. subtilis SpoVR. The underlined
leucines (L) indicate the putative leucine zipper structure(s): two in FriL and one in SpoVR
(this work), and a possible DNA-binding motif is underlined by double lines (Beall B and
Moran CP Jr 1994).

Seq1(1>510) Seq2(1>468) Similarit Gap Gap  Consensus
FriL-51 SpoVR-BacSu-46 Inde Number Length Length

(25>497) (9>454) 27.6 15 29 474
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Chapter 6. Cell division is co-ordinated with
chromosome replication at the transcriptional level
in Escherichia coli

6.1. Introduction.

The main processes in the cell cycle of all bacteria are genome replication,
segregation of the replicated genome and cell division. These events are normally precisely

co-ordinated.

The best known example of the co-ordination of chromosome replication and cell
division is probably the inhibition of cell division by SfiA protein through SOS response
after DNA damage (Lutkenhaus J.F. 1983, George J. et al 1975, Huisman O et al 1981,
1984, Mizusawa S. ef al 1983). Damaged DNA leads to the activation of RecA protein
which facilitates the auto-proteolytic cleavage of LexA protein. This in turn leads to
derepression of the SOS genes (including sfi4), which are normally repressed by the LexA
protein. The SfiA protein, in elevated concentration, blocks cell division by targeting FtsZ
protein and destabilising its polymerisation at cell division sites (Bi E. and Lutkenhaus J.
1993, Trusca D. et al 1998). The formation of the FtsZ ring is one of the earliest detected
steps in cell division (Bi EF. and Lutkenhaus J. 1991).

Another putative mechanism has been suggested for many years. In this model,
termination of chromosome replication might release a positive signal that would trigger the
initiation of cell division (for reviews see Pardee A.B. et al 1973, Donachie W.D. ef al 1973,
Jones NC and Donachie WD 1973). However, this idea has not yet been confirmed. Studies

on E. coli cells have shown that blocking chromosome replication by thymine starvation in
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thymine auxotrophs leads to a halt to cell divison and the production of filamentous cells as
growth continues (Donachie W.D.1969, Donachie W.D. ef al 1968). Slowing down the rate
of chromosome replication by reducing the concentration of thymine also causes an increase
in cell length (Pritchard R.H. and Zaritsky A. 1970, Meacock P. and Pritchard R.H. 1975,
Begg K.J. and Donachie W.D. 1978). Experiments involving the interruption of
chromosome replication by removal and subsequent readdition of thymine or by changing
the initiation rate of chromosome replication, have suggested that a minimum DNA/mass
ratio is required for the recommencement of cell division, ie. cells will elongate without
division if their DNA content is not sufficient (Donachie W.D. 1969, Botello.E. and
Nordstrom K. 1998). However, it is not clear whether all the above phenomena were caused
by SOS induction. Studies on Bacillus subtilis have shown that completion of chromosome
replication is not required for septation but that the central localization of FtsZ ring is
affected (McGinness T. and Wake R.G. 1979, 1981, Wu L.J. et al 1995, Harry E.J. et al
1999). It is also reported that, instead of the termination of chromosome replication, it is the
amount of newly replicated chromosomal DNA that determines the frequency of premature

septation in germinating spores of B. subtilis (McGinness, T. and Wake, R.G. 1981).

In this study we found that even under conditions in which SOS induction was
prevented — in a recA strain, blocking chromosome replication still caused filamentation in

E. coli. This suggested that filamentation might be due to lowered expression of the cell
division genes. Among the nine known cell division genes in E. coli, six of them are
clustered at the 2min region (also named dcw or mra cluster ). These genes are contiguous
and co-transcribed in the same direction. There are no transcriptional terminator sequences
before the last gene (envA4) (Fig. 6.1). FtsZ and possibly also FtsW are the earliest detectable
proteins to localize at cell division sites to initiate septation. They are then rapidly followed
by other cell division proteins, including FtsA, ZipA, FtsQ, Ftsl, FtsL, FtsK and FtsN, ezc
(Begg K. et al 1985, Addinall S.G. 1996, Khattar M.M. et al 1994, Boyle D. et al 1997,
Wang L.. et al 1998). Because of the importance of these genes in cell division, we decided
to test whether their transcription was affected by a block to chromosome replication. In

strain VIP407 and its derivatives, the expression of B-galactosidase reflects the native
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transcriptional level of the ftsZ gene. Since there is no transcriptional terminator between
mraZ and fisZ, these strains are expected to indicate the total transcriptional activity of this
region (Fliardh K. et al 1998). Because of the insertion of strong transcription terminators
into the ddIB gene, the B-galactosidase activity of strain VIP490 and its derivatives will only
reflect the activity of promotors lying between ddIB and fisZ, i.e. ftsQ2plp, fisAp and
ftsZ4p3p2p promotors (Flardh K. ef al 1998). In strain ,Tp8503 ARWS100, lacZ is under the
control of fisAp and fisZ4p3p2p, sited on ARWS100 (Smith RW. et al 1993) (Fig. 6.1).

6.2. Materials and Methods.

Strains:
The following E. coli K12 strains were used.

C600: leuB6 hsdR thr-1 lacY1 thi-1 supE44 fhuA21.
MC1061: hsdR mcrB araD139 A(araABC-leu) AlacX74 galU galK rpsL thi.

VIP407: MC1061 fisZ::KFV116[D(fisZ-lacZ) bla lacI9 tacp-fisZ].
VIP490: MC1061 A(gal attl bio uvrB) nad::Tnl0 fisZ::pKFV116[D(fisZ-lacZ) bla lacIQ
tacp-ftsZ) ddIB::Q (pKFV122).

ME8448: F- ilv-145 metE46 his-4 trpC3 pro thi thyA::Tn5 thyR mtl-1 malAl ara-9 galK?2
lac114 rpsL ton.

TP8503: A(lac-proB) leu- thi- supE42 fhuA.

TP8503 ARWS100: TP8503 lysogenised with ARWS100.

ED419: TP8503 dnaAts4é6.

ED100: ED419 ARWS100.

The following strains were constructed during this work.
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(1). C600 recA::cm, VIP407 sfid::TnS, VIP407 recA::cm, TP8503 recA::cm ARWS100 and
ED100 recA::cm were constructed by transducing sfid::Tn5 or recA::cm to the respective
strains with P1 transduction.

(2). Thymine auxotrophs of VIP407 were selected as described by Miller (1972). One of
them, named VIP407 thya? was used in the experiments shown in this paper. recA::cm was
introduced into it to produce strain VIP407 thya2 recA::cm.

(3). VIP407 thyA::Tn5 and VIP490 thyA::Tn5 were constructed by P1 transduction. The P1

lysate was grown on ME8448. The transductants selected on Kan (25ug/ml) plate were

further tested for Thy- phenotype by streaking onto M9 + CAA + Maltose + MgSO4 +
Thiamine HC1 + Ap + Kan + IPTG plates with or without thymine (40pg/ml).

(4). ED419 rodAts was constructed by co-transducing rodAts with a proximal Tn10 (Begg
K. et al 1985).

Growth conditions:

Overnight cultures were always grown in L broth, supplemented as required with
antibiotics (Kan 25pug/ml, Cm 20pg/ml and/or Spec 25pg/ml), thymine(40ug/ml) and/or
IPTG. For the production of log phase cultures, the overnight cultures were diluted 1:100
(unless otherwise indicated) into fresh medium. Minimal medium (named
M9+CAA+Maltose) was M9 + casamino acids (CAA)(Smg/ml) + Maltose(0.2%) +
MgSO4(1mM) + Thiamine-HCl(4pg/ml) + Ampicillin(40pg/ml) + IPTG. Thymine was used
at a final concentration of 40ug/ml. The working concentration of IPTG was 8ug/ml for
VIP407 and its derivatives and 20ug/ml for VIP490 and its derivatives. For the log phase
growth, OD600s were always kept below 0.2 by periodic dilutions. For blocking

chromosome replication, nalidixic acid was used at a final concentration of 20ug/ml.

Assay of B-galactosidase:
The activity of B-galactosidase was assayed and specific activities (Miller Units)

were calculated according to Miller (1972).
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6.3. Results.

6.3.1. recA-independent filamentation caused by nalidixic acid

treatment.

Nalidixic acid (Nal) blocks chromosome replication by targeting the GyrA
subunit of DNA gyrase (for review see Cozzarelli NR 1980).

It is well known that when DNA is damaged or chromosome replication is
blocked, the SOS response is induced and cell division is inhibited through the action of
SfiA and/or SfiC proteins on FtsZ (D'Ari R et al 1983, Maguin E ef al 1986). Here we
show that in a rec4 mutant, in which the SOS response cannot be induced, blocking
chromosome replication by nalidixic acid still causes cells to filament (Fig. 6.2). A
small difference between Nal-treated C600 and C600 recA::cm cultures is that the latter

cultures had some small or normal sized cells. Most of these cells were anucleate. This

is probably due to DNA degradation in rec4- strains (Skarstad K and Boye E 1993).

6.3.2. Co-ordination of transcription of cell division genes in the mra

region with chromosome replication.

In order to test if the above filamentation was due to the repression of cell
division genes in the mra cluster, chromosome replication in the reporter strains was
blocked by different methods.

6.3.2.1. Blocking chromosome replication with Nalidixic acid.

After Nal was added to the VIP407 culture, its growth rate slowed (Fig. 6.3a)

and the Miller Units of the culture (B-galactosidase as a proportion of cell mass)
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dropped quickly to about one quarter of the level of the control grown without Nal (Fig.
6.3b). Total B-galactosidase activity (per ml of culture) increased in direct proportion to
the OD600 (cell mass per ml of culture) in the absence of Nal, but, as soon as Nal was
added, the synthesis of total enzyme (relative to increase in total cell mass) first slowed
and then stopped (Fig. 6.3c). Therefore, transcription of the distal cell division genes in

the mra region was repressed sharply after chromosome replication was blocked by Nal.

Because SOS induction (dependent on RecA activity) blocks cell division
through the binding of SfiA to FtsZ, we investigated whether SfiA and/or RecA were
also involved in coupling mra transcription to chromosome replication. For this
purpose, sfid::Tn5 and recA::cm were separately introduced into VIP407 by Pl
transduction. These strains reacted to Nal treatment in a very similar way to VIP407
(Fig. 6.3). Therefore, co-ordination of mra transcription with chromosome replication is

s5fiA and recA-independent.

In these strains, FtsZ was expressed constitutively under IPTG control. However,
cells of VIP407, VIP407 sfid::Tn5 and VIP407 recA::cm all became filamentous with
nalidixic acid treatment, while without Nal treatment they were quite normal. This
suggests that some other cell division proteins were also being under-expressed,

although only fisZ's transcription was directly measured in our experiments.

In order to test whether promotors in a subsection of this region respond to
changes in chromosome replication in the same way as the totality of mra promoters,
VIP490 and TP8503 recA::cm (ARWS100) were also treated with Nal. (The rec4::cm
allele was introduced into TP8503 [ARWS100] by P1 transduction in order to prevent
induction of the A—prophage during the Nal-induced SOS response.) The behaviour of
VIP490 was very similar to VIP407 when treated with nalidixic acid (Fig. 6.4). This
suggested that the subset of mra promotors in VIP490 (those in the ddIB-fisQ-fisA

region) were repressed after chromosome replication was blocked by Nal.
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Tp8503 recA::cm ARWS100, also showed some repression of lacZ transcription
but the response was much less marked than in VIP407 and VIP490. This might be

because the reporter construct is located in the prophage in Tp8503 recA::cm

(ARWS100).

6.3.2.2. Blocking chromosome replication by thymine starvation.

To substantiate the above conclusions, thymine auxtrophs were isolated and

thymine starvation was used as an alternative way of blocking chromosome replication.

Results showed that the transcriptional levels of thy~ strains of VIP407 (VIP407
thya2 and VIP407 recA::cm thya2) grown in thymineless medium were only about half
of those grown in the presence of thymine. The control thy" strain VIP407 did not show
any significant differences in transcription of the mra::lacZ reporter when grown in
media with or without thymine (Fig. 6.5).

The thyA::Tn5 allele of ME8448 was also introduced into VIP407. It was found
that VIP407 thyA::Tn5 behaved in similar fashion to VIP407 thya? during thymine
starvation (data not shown).

When grown in thymineless medium,both VIP407 thya? and VIP407 recA::cm
thya2 formed filaments (data not shown). Therefore thymine starvation can also cause

SOS-independent filamentation.

VIP490 thyA::Tn5 was constructed in order to test whether the promotors
between ddIB and fisZ would also respond to thymine starvation. Results again showed
that thymine starvation repressed the transcriptional activity of the mra promotors in
VIP490 thyA::Tn3 (Fig. 6.6). In contrast, the transcriptional activity of the same
promotors in the control strain VIP490 was the same, whether grown in medium with or

without thymine (data not shown).
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It is known that transcription of fisZ in E. coli increases significantly when cells
start to enter stationary phase (Aldea M et al 1990, Sitnikov DM et al 1996). We also
found that when VIP407 and VIP490 started to enter stationary phase, the transcription
of the mra region increased to a very high level (data not shown). This is why the
specific level of [3-galactosidase dropped first after dilution from overnight cultures into
fresh medium (Fig. 6.6). We found that both VIP490 thyA::Tn5 and VIP490 grew very
poorly in M9+CAA+Maltose medium (data not shown). Transcription of fisZ’s
proximal promotors is an inverse function of growth rate (Dewar SJ et al 1989, Aldea M
et al 1990, Smith RW er al 1993). Therefore, the observed increase in relative
transcriptional activity following the initial drop is probably due to the decreasing
growth rate of VIP490 thyA::Tn5 in M9+CAA+Maltose (Fig. 6.6). The difference in
relative rates of transcription in the presence and absence of thymine is however quite

clear.

Before I got the above thymine starvation results, I tried to grow the VIP407
thya? or  VIP407  thyA::Tn5  (from  overnight cultures) first in
M9+CAA+Glycerol+thymine medium to log phase and then the culture was
centrifuged, washed once, resuspended in prewarmed M9+CAA+Glycerol without
thymine and then 1:3-1:5 diluted into prewarmed M9+CAA+Glycerol media with or
without thym‘ine (final concentration 40pug/ml). The result I got was similar to the
above: the transcriptional activity of the mra promoters of VIP407 thy” in thymineless
medium could be less than a half of that in thymine medium (Fig. 6.7). Total enzyme
calculation shows that after the cells were shifted into thymineless medium, the

transcription of these genes almost halted (Fig. 6.7c).

Since the cells grew quite slowly in this glycerol medium, I decided to use
maltose as the carbon source. However, when this experiment was exactly repeated,
except using maltose to replace glycerol, sometimes I could get positive results similar
to the above one, but more times [ got results only showing slight repression, or the

repression only happened in a very short time after the cells were shifted into
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thymineless medium. If the cells were diluted into M9+CAA+Maltose medium directly
from overnight cultures (instead of growing them in this medium to log phase first), I
would get the above clear and repeatable result. The reason for this phenomenon is not
clear. It seems that chromosome replication initiation might also play a role in cell
division. Possibly, interrupting of replication initiation would cause the activation of
some promoters in the dcw region. The following study on the dnadts and dnaEts

mutants seems to support this idea.

6.3.2.3. Blocking chromosome replication by dnaAts or dnaEts mutation.

In contrast to the above description of the coupling between fisZ transcription
and completion of chromosome replication, a former report showed that blocking the
initiation of chromosome replication can cause fisZ transcription to increase (Smith et a/
1996). 1 repeated one of the experiments in that publication with strain ED419, a
dnadts46 mutant and got a similar result. In this dnadts mutant, chromosome
replication can be initiated normally at 30°C, but not at 42°C. I found ED419, ED419
sfid::Tn5 and also ED419 recA::cat filamented at 42°C (data not shown), although the
transcription level from a DNA fragment containing promoters fisApftsZ4p3p2p (Smith
et al., 1996) was increased. In order to ascertain at which stage cell division was
blocked in this case, a rodAts allele was introduced into the ED419 mutant. When
grown at 42°C, this double mutant formed spherical or lemon-shaped big cells (Fig.
6.8), indicating that cell divisio