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Abstract

Spontaneous mutagenesis in stressed Escherichia coli

Mutaﬁon processes.occurring in starving or stressed bacteria are different from those
that are found in growing bacteria. The mutagenic response of E.coli £o a number of different
stress coﬁdiﬁons, including amino acid starvation and challenge with the antibiotic
streptomycin has been examined. In an E.coli pr23 strain starved for tryptophan, the
formation of small in-frame. deletions’ was stimulated by the persistence of oxidatively .
damaged guanine and uprepaired mismatches in the DNA. Most (75%) of the deletions had
direct repeats at each termini, one of which was lost in the deletion process. The deletions -
restored ﬁmétionality to the product of the trpA gene enabliqg the mutants to form slow
growing coloﬁies on minimal plates lacking tryptophan.

During starvation of an E.coli tyrAI 4 strain WU3610 for the amino acid tyrosine, a new
phenotypic suppressor gene (7as) was isolatéd that specifically complemented the absence of |
prephenate dehydrogenase activity. The géne is necessary for the process of starvation-.
associated mutagenesis in this strain; mutants do not arise during starvation in a tas deletion

A high prt;ponion ‘(ub to 20%) of aﬂcillary mutations within the rpsL gene of E.coli
have previously been found iﬂ newly arising streptomycin dependent mutants and have been

_shown to confer a selective advantage in established strains. This study shows thz;t they also .
"confer an advantage in mutants containing mixed wild type and streptomycin dependent
_ ribosomes in tﬁe presence and absence of streptomycin. However, this selective advantage is
still not enough to accouﬁt for the rate at which these ancillary mutations are recovered and

we need to assume a mutation rate of 10° to 10™*/genc/replication to cxplain the observed

frequency.



1 Introduction

Hentable genetic infonpétion is stored as a sequence of five nucleotide bases adenine
(), cytosine (C), guanine (G), thymine (T) and uracil '(U) whose structures are shown

in Figure 1.1. In the majority of organisms and exclusively in higher organisms the

information storage molecule is deoxyribonucleic acid (DNA) and does not normally

include uracil. The information, or genetic code, stored as a sequence 'of the four
bases along a DNA strand is ultimately interpreted by the transcriptional and
translational machinery of the cell to form the structural and catalytic molecules

“necessary for life.

Storage molecules and the information contained within them need to be maintained
and accurately replicated for life to continue and for organisms to reproduce.
However, even in organisms where fidelity and repair processes are fully functional

there is still a small probability that errors will be introduced into the genetic

material, a.process termed spontaneous mutagenesis. Under most conditions, bacteria -

~can reduce this spontaneous error rate to around 10™*° mutations/base pair/replication
(Drake, 1991a; 1991b) although many factors can influence this figure. While a full

review of  spontaneous mutagenesis falls beyond the scope of this thesis, the

introduction will highlight some of the causes of, and mechanisms that bacteria use _

to reduce the effects of spontaneous mutagenesis. For more detailed accounts see

reviews by Friedberg.ef al. (1995), Hutchinson (1996) and Miller (1996).



Figure 1.1

Structure of the five nucleobases
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.‘Slructures of the five b’as?.ﬁ commonly found in nucleic acids,"thy'mipe (1), uracil ('L:J),”
’cy‘tosi‘ne (C), adenine (&) and guanine (G). When tlflé. group R = .deoxyribose 5'-
monopﬁoéphate ';h{e corﬁpoimcis become the cofrésponding nucleotides; thymidine (TMP),
uridipe (UMP), cytidine (CMP), adénosiné (AMP) .a.nd (guanosine A(GMP) de;oxyrib(')s;e
1 monoﬁhophates. Under noﬁnal condition_s, uracil is not incorporated into DNA but may be

formed in situ by chemical processes. It is however, incorporated into RNA in place of

thymine.

Errors in the genetic material can arise from three main sources i) démage, both
physical and chemical, to the nucleotide bases or nucleic acid structure, ii) replicative

errors introduced By poiymerases copying the genetic material or iii) errors .in" -




recombination and repair processes. While many DNA repair processes such as
. nucleotide excision repair and mismatch repair have counterparts in higher

organisms the focus of this introduction will be exclusively on bacteria.

Most of the information about mechanisms and effects of mutagenesis in bacteria has
been obtained from cells that are actively growing i.e. during the logarithmic growth
phase. In the last ten yearsA, focus has increasingly switched to the processes
' occurring in bacteria that are starving or under some other form. of pﬁysiological
 stress, perhaps a situation more akin to that experienced by bacteria in natural
environments. The process of stationary phase mutagenesis will also be discussed in
the latter parf of this introduction. The mutagenic effects _6f stress situations' on
bacteria are ‘also considemd in the results sections of this thésis where three quité
different responses to adverse conditions are described. Finally; while a high rate of
spontancous mutations would ultimately be deleterious to an organism the
evolutionary process requires there to be genetic variation between individuals. The
evolution and role of mutator alleles in populations of E.coli have been assessed both
: expéﬁmentallj' and theoretically (Sniegowski et al., 1997, Taddei et al., 1997c).
Populations containing mutators evolve much faster than “normal” populations and
'there.may be selective péssm for the evolution of bacteria with increased mutator
activity during periods of stress or extreme selection. Once mutator activity is
present, there is some selective pressure for its maintenance, providing that the
deleterious effects of increased mutation rate does not-exceed the benefit gained by

increased rate of adaptation (Mao et al., 1997; Sniegowski et al., 1997).



1.1 Origins of spontaneous mutations
1.11 Chemical and physical modification to DNA structure

As well as external mutagenic chemicals entering the; cell and causing damage to
nuéleotides, normal metabolism may also be a major source of intrace_l!ular,
mutagens. Sargentini and Smith (1986) found that the metabolism of the amino acid
bhenylalanihc could be mutagenic and that the process was dependent on error-prone
repair. Métabolism of sorhe other amino.acids has also been sﬁown to give rise to
endogenous mutagens (Quinones and Piechocki, 1985; Glatt, 1990). As well as
amin_o acids, sugar metabolism m;iy gi\'re rise to compounds that interact and modify‘

‘ - DNA bases (Lee and Cerami, 1990) again potentially leading to mutagenesis.

Oxidative rﬁetabolism gives rise directly or indirectly toa number.of highly reactive
and potentially mutagenic species such as hydrogen peroxide (H;0,), superoxide |
radical (O‘z'),‘ singlet oxygen (102) and fhe hydroxyl radical (OH’), collectively
known as reactive oxygen species (ROS). These can react with DNA, in reactions
often mediated by metal ions such as iron, to modify bases and p;'oduce abasic sites‘
or 'stra.nd breaks tYu and Anderson,_1997). Thg oxidised base analogue that has
received most altentioﬁ is 8-ox0-7,8,dihydro-2'-deoxyguanine (8-oxo-dG) which has
a similar propensity to pair with adenine as with cytosing (Wood et al., 1990;
Shibutani et al., 1991; Moriya et al., 1991) and can ultimately result in G:C—T:A

transversions. Considering the effort that bacteria invest in repair systems to deal



with the effects of oxidatively damaged guanine (three separate enzymes), perhaps :

the cell also views 8-0x0-dG as particularly worthy of attention.

ROS also attack nucleotide bases other than guanine, the major oxidised product of A
is 8-0x0-7,8,dihydro-2'-deoxyguanine (8-0);o-dA), however, this product largely pairs
with T and so is not considered to be mutagenic (Shibutani et al., 1993). The most
| common oxidised form of 'thymine is thyfnine glycél which can 'block soine
polymerases and can thus be toxic in the absence of excision repair but is relatively
non-mutagenic as it mainly pairs with A (Basu et al,, 1989; Hayes et al., 1988).
Oxidisation of cytosine can lead to the formation of 5-h9droxycytosine, and of uracil
to S-hydmxyﬁracil and‘uracil glycol (Wagner et al., 1992). In vitro these 5-hydroxy-
pyrimidines can mispair with adenine or cytoéine giving rise to C:G—T:A transitions
or C:G-G.C trans{rersiohs. A wide range of ROS induced mutations have been found
iﬁ various systems including base substitutions, frameshlfts deletions and insertions :
(McBride et al., 1991; Tchou and Grollman, l993;lvan den Akker et al., 1994; Ono

etal., 1995).

As with all chemical systems the component bases of DNA are in a state of constant

flux. This can lead to spontaneous alterations of their chemical structures and in
some cases to mutageriic hof;pots. Each of the four bases of DNA can exist as two
tautomeric forms (Watson, 1976). Guanine and thymine ﬁormally exist in the keto

form (C=0), at the C-6 and C-4 positions respectively, but they can infrequently

T

change to enol tautomers (C-OH). Similarly, adenine and cytosine form either amino

(NH_) or imino (NH) forms at the C-6 and C-4 positions respectively, with the amino




form being dominant. Undér normal physiologic;l cohditiohs, ﬁe enol and imino
forms are rarel but transitions between ‘the t§vo tautomers of each base do occur
spontaneously. The enol form of guanine péirs well with thymine and vice versa,.
while'the iminé form of cytosine pairs yvith normal adenine and vice versa. If a base‘
happens to be m the rare form when it encounters a replication fork, the probability ’

of mispairing is high and a mutation is likely to result.

'A number of alterations to the DNA primary structure inclﬁding' formation of -
épurinic/apyrimidinic (AP) sites and cyclobutane pyrimidine dimers or p)"rimidine-
pyrimidone (6-4) photoproducts can lead tb the formation of pre-mutagenic sites.
AP-sites result from the" cléav,age of the bond linking the base to the deoxyribose ‘in
the sugar phosphate backbone of DNA. They can occur spontaneously or after
alkylation of the base, which weakens the bond linking Base and backbone and
increases thé probability of spontaneous base loss (Loeb and Pres-ton, 1986). They .
are also formed as intermediates by some repaﬁ enzymes e.g. MutY, 3-
methyladenine-_l)NA—gl)"cosylasc and uracil-N-Glyéosyla;se. Lindahl (1979) has
calculated' ﬁat the spontaneous rate of depurination is lapproiimatel.y one per E.coli
genome/hour, assummg one replication per .hour. Depyrimidation occurs less
frequently at about /204 that of the rate of depurination. AP-sites are non-coding
. lesions and are pre-mu’tageﬁic sites usually resulting in base subs_fitutions but also

leading to base deletion or addition.

Cyclobutane pyrimidine dimers (CPD) are formed by covalent linkage between two

adjacent pyrimidines TT, CT, TC or CC and are induced upon exposure of the DNA




to ultra vic}let uv) light‘.-' Studies have indicaled that thése lésipns are induced, by
254nm UV, in approximate ratios of 68:13:16:3 with TT dimers being the majority
and CC dimers oécurring relatively inﬁ'equcntly (Friedberg et al., 1995). The UV
portion of the spectrum has been split into three wavelengtl; bands, UV-A (400 to
320nm), UV;B (326 to 290er1) and UV-C (290 to 100nm). While most studies have
utilised 254nm UV light to introduce lesions in DNA, this portion of the spectrum is
not relevant to spontaneous mutagenesis, as UV-C is effectively filtered out by the
atmospﬁae. Howe\'/er, some UV-B and most UV-A wavelengths do rgach the earth’s
surface and will induce similar photolesions ‘in DNA, only less efficiently than do

UV-C wavelengths.

In some situations, CPD’s -can be highly lethal. In the absence of an induced SOS
résponsé and in an excision repair defective strain, a single CPD in single stranded
M13} based vectors effectively blocked survival of 99.5% of the DNA molecules
(Banerjee ez al., 1988; 1990). Upon SOS induction, a 50-100 fold. increase in survival
was seen. Lethality is thought to be-due to difect blockage of the replication fork by
the photodimer (Banerjee et al., 1988). However, Rupp (1996) has advanced the
hypothesis that DNA replication forks can proceed past many photodimers before
_éoming to a halt. A consequence of bypass in double stranded DNA is the productioﬁ
of single strand gaps, which are then subje& to post replicative recombination repair
and synthesis. Whether the polymerase physicaﬂyf dissociates from the DNA strand
and reinitiates downstream from the dimer or: whether it éontiriues past the dimer
- without active polymerisation is unkndwn. In either case, the observed lethality is

thus the result of processing or repair of the structures created by bypass events.



Despite the efﬁciency with which CPD’s .can interfere with replicatioﬁ they do not
appear to be highly mutagenic, with only seven percent of bypass events in SOS
induced cells leading to a mutation (Banerjee et al., 1988). However, the mutations
ébtained were targeted to the site of the lesion and consisted of single base deletions, |

T—A transversions and T—C transitions.

Another UV induced lesion ié the pyrimidine-pyrimidone (6-4) photoproduct. Thesé
lesions have mainly been found at TC sequences and less frequently at CC and at TT
sequences but cannot be détected at CT sites. In general,. they are induced less
frequently than cyclobutane pyrimidine dimers. in most sequence contexts but in |
contrast to CPD’s, (64) photoproducts are highly mutagenic with up to 90%. of
bypass events resulting in a mutation (LeClerc et al., 1991; Horsfall and Lawrence, .
1994). (6-4) Photoproducts can exist as two different isorﬁérs the so-called normal
isomer and the Dewar valence isomer, both of which can be produced by UV
irradiation ‘(Douki et al., 1991; Douki and Cadet, 1992). Thé.mutational spectra
produced by these two forms of (6-4) photoproduct are different and illustrate that
the chemical nature of the lesion influences the nature of the mutations that are
produced. The normal isomer is extremely mutagenic with 91% of bypass events
resulting in a targeted mutation of which 93% were 3' T—C transitions. The Dewar
isomer was less mutagenic, only 53% of bypass events resulting in a mutation, and
less specific in the mutations produced 46% being 3' T—C transitions (LeClerc ef al,

1991).

Three of the four bases in DNA contain amino groups. These bases; adenine, guanine



and cytos;ne and its fnodiﬁed derivaﬁve "S-methylcy.tlosine can spontaneously Idose
their afnino groups to form hypoxanthine, xanthine, uracil ﬁnd thymine respectively ‘
* (Lindahl, 1979; 1993). The resulting base analoéues can give risé to errors from
mispairing with deamination of cytosine to uracil, producing a G:U mismﬁtch, being
the ttllost, frequent event. Subsequent replication may 'thgn produce a G:IC—AIT base
pair mition by vinue of j:he pairing affinity of uracil for adenine. Cytosine |
deamination is known to be of b.iological importance since E.coli deficient in
removal of uracil from DNA exhibits increased spontax_xeous' mutation frequencies
(Duncan and Weiss, 1978). In -single-stranded DNA the half-life of a cytosine residue
was calculated as about 200 years (i.e. a rate of around 2 x 10"°/§). The rate of
Icytosine deamination in duplex DNA is only about i% of that in single stranded
DNA (Lindahl and Nybex;g, 1974) so in the E.coli chromosome consisting of 4.7Mb
~ and assuming 50% G:C conteﬂt a spontaneous deamination @y AOccur. évery 200,000
seconds (2x107'9/2.35x10%/100 or -one évent every 55 hours. - Transcription,
reblication and spontaneous DNA denaturation or “breathing”, where DNA ‘
transiently exists in the single stranded state, would all be expected to affect the
localised rate .of_ cytosine deamiﬁation. Sorﬁe evidence for this comes from the work
of Fix and Glickman (1987) where 77% of the G:C—A:T transitions (presumably
produce& by deamination of cytosine) occurred in thev non-transcribcd strand of the
lacl gene in an ung sﬂ'ain of E.coli. Somé of the cytosine residues (about 0.75%) in'
E.coli exist in the modified form 5-methylcytosine mulﬁng from the action of the
Dcm methylase. Upoh deamination this base analogue fo@ thymine giving rise to a
T:G mispair. These mispairs appear to be less efficiently repaired than other mispairs

and can eventually result in C:G—T:A transitions (Duncan and Miller, 1980).
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.5-methylcytosine is the site of mutational hotspots in the lac/ gene of E.coli and ¢/ in

A prophage (Coulondre et al., 1978; Lieb, 1991) and so is biologically important as a

" source of mutations.

The deamination of adenine and guanine bases also oécurs but at a rate very much .

lower than that for cytosine. Deamination of adenine would lead to the formation of
hypoxanthine giving the potential for A:T—G:C transitions (Lindahl, 1979). Xanthine
arising from deamination of guanine wouid not'appear to code for either cytosine or
thymine and so must be considered a non-instructive DNA lesion leading to error-

prone bypass of the lesion and a range of mutational events.

Methylation of bases other than cytosine can lead to mutation. S-

Adenosylmethionine is a donor of methyl groups for a number of biosynthetic
pathways in E.coli including the methylation of adenine and cytosine in DNA by
Dam methylase and Dcm methylase respecﬁvely. It also has the potential to alkylate

other basqs forming 3-methyladenosine and 7-methylguanine (Rydberg and Lindahl,

1982) alﬂlouéh these do not. appear to be mutagenic. Other highly mutagenic .

alkylated products include O°-methylguanine leading to O°%G:T mispairs and

G:C—A:T transitions and O°-methylthymine giving O‘-T:G mispairs leading to

T:A—»C:G transitions also occur but the mechanism of their formation does not

appear to involve S-adenosylmethionine (Lindahl, 1993).

Finally, while not strictly considered as a form of damage it is necessary to consider

'the effect of primary and secondary structure on DNA replication and mutagenesis.

11.
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'The infor.m'ation con@ed m DNA is vstored as a sequence of the four bases A, C, G
and T, which form the primary structure of the two strands composing the double
helix. However, the DNA molecule can adopt higher order or secondary structure
depending on for example local sequence or supercoiling of the two strands. The
level of supercoiling is affected by a number of proteins including the histone like
proteins, H-NS_and HU, and the DNA topoisomerases such as DNA gyrase. Strains
deficient in hnsd4, which. codes for H-NS, show an increased mutator activity
specifically for long Aeletions (Lejeune and Danchin, 1990) the formation of which is

‘recd independent.

The DNA duplex normally exists in the nght-handed B-form double helix under..,..:_:- o

- physiological condmons The two chains run antiparallel to each other w1th the
suggr-phosphate backbones orientated in the §' to 3' direction in each strand. Each
| tum of the double ﬁelix contains 10.5 base pairs per tum and the nucleotides in B-
form DNA are exclusively in the anti-conformation with respect to the orientation of
the N-glycosidié bond between base and sugar. The DNA double helix can adopt two
other recognised conformations; the A-form which is probably not relevant under .

physiological conditions and the Z-form which does occur in some contexts.

The lefi-handed Z-form of DNA differs from the B-form in having a 12 base pair
ﬁelix repeat and the bases have alternating anti and syn conformations about the
base-sug;zr boﬁd. The Z-form i; favoured by sequences containing éltema_ting purine
and pyrimidines bases, preferentially at CG repeat sequences although AT sequences

have also been shown to adopt this structure (McLean et al., 1986). Change in
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coﬂfémation is prombted by increased superhelicity, with the Z-form effectively

‘reducing the local supgfhelicity of the DNA. The formation of Z-form DNA may B |
, hﬁve a number of consequences among which is the inc‘;reased accessibility of certain
atom; in the bases, for example O°, N’ and C-8 positions in guanine. This may
increase the availability of these atoms as alkyl group acceptors or to. attack by
oﬁdﬁﬁve species. A high incidence of deletions has alsé been observed near to
blocks of alternating CG sequences (Freund e al., 1989; Bichara et al., 1995) which

may be related to local secondary structure formation.

Where palindr'omic.sequences occur they can lead to the formation of hairpins ;md -
when these occur shﬁdtmeously in both DNA strands this is termed a crucifofm
structure. Processes of hﬁirpin formation initiatjon are uncertain although it is
thought to be tﬁe result of a centre dependent mechanism (Chalker et al., 1993;
Davison and Leach, 1994a; 1994b). Processing of hairpins fof example by SbcDC or
: .Rqu endonucleases could lead to structures prone to deletion formation, for
. -example b); fd;maﬁon of pseudo-single-stranded regions of DNA after degradaﬁon
of 'a hmrpm s’u'ucture-on one straﬁd of the duplex leaving the othér hairpin intact.
Processing of hairpins: by SbcDC requires RecA or RecBCD functionality for
viability (Leach ez al., 1997) suggesting afecdmbinational mechanis;n. Altefnaﬁvely,
@dr of mismatches in pseudopalindromes could lead to point mutations if they

were subject to repair by one of the migmiatch repair systems Figure 1.11.1.

13



" Figure 1.11.1

Repair of pseudopalindromes to produce base substitution mutations
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Stable secondary structure

Pseu'dop#lindromes may form secondary s'tru.ctures in vivo, depending on parameters sucﬁ as
thermal stability or frequency of DNA replication or transcription. Pairing of heterologous
sequences will create ‘mismatches, which can be substrates for a variety of repair
mechanisms e.g. MMR, MutY or VSP. Repair of such mismatches, that do not destabilise
the secondary structure, could result in point ;nutations occurring duriﬁg subsequent rounds

of replication or recombination.
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As well as pal‘indromes’.(also known as inverted repeats) other sequences such as
tandem repeats, interspersed direct repeats, simple repeat sequences or trinucieotide
repeat sequences have also been l‘inkedAto mutagenesis (Albertini et al., 1982a;
1982b; Levinson and Gutman, 1987a; Ji et al., 1996, Wells, 1996). Representations
of potential deletogenic mechanisms are shown in f‘igure 1.11.2. Direct repeats can
lead to template switching or copy choice errors by'the. mplicaﬁné polymerase
(Kunkel, 1990; Bi énd Liu, 1996) a process that mostly results in deletion formation.
Unlike normal recombixllation,' this prdcess is ixidependefit of almost all’
mconibination functions, requires minimal homology and displays a distance
~ dependent frequency of recombirllaﬁon (Bi and Liu, 1994). Direct repeats may glso
~ provide alternative regions of homology during repair of double-strand breaks by
RecBCD when single-stranded regions éf DNA are produced by degradation ﬁom

double-strand blunt ends.
1.12 Polymerase errors

Most repl_icafive synthesis of the bacterial chromosome is petforméd by DNA
polymerase III holoenzyme (Pol III) with the polymerase o subunit coded for by the
dnaE gene. However, approximately -one in every 10° to. 10* incorporations
performed by Pol III results in a mismatched base pair (Petruska and Goodman,
1985; Perrino and' Loeb, 1989). This is far higher than the 10® to 10" %errors/base
pair replicated measured in vivo and suggests that there are mechanisms other than
selection of the correct nucleotide to maintain replication fidelity. Pol III is a highly

brocessive enzyme and achieves a synthesis rate of about 1000 nucleotides/second.
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Putative deletion mechanisms involving repeat sequences

Putative deletogenic mechanisms involving a) direct repeat sequences subject to
| misalignment during replication and involving the formation of a deletion
encompassing one of the repeat sequences. b) Inverted repeats forming a stable
‘Thairpin structure on one or both strands. Processing of the hairpins may lead to
deletion of one or both repeats. c¢) Pseudopalindrominc DNA forming a substrate for
initiation of DNA synthesis. The result of which is two perfect-inverted repeats that
may be subject to further repair or processing'. The perfect palindromes may have
increased thermal stability enhancing their ability to participate or initiate
deletogenic events. Re-pairing of the newly synthesised region with the sequence on
the complementary strand of the duplex DNA will produce mismatches which may
themselves be subject to mismatch correction, perhaps producing base substitutions

or deletions. Adapted from Hutchinson, 1996.




Figure 1.11.2

Putative deletion mechanisms involving repeat sequences
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Selection of the correct base to pair with the nucleotide on the template strand is the

primary step in polymerisation. Echols and Goodman (1990) have suggested a
“geometric model” of base selection whereby the active site of the polymerase is

designed to accept only the Watson-Crick base pairs A:T and G:C, and rejects those

base pairs differing only slightly from this geometry. There is evidence that Polllis -

more efficient at discriminating against transversions than- it is at recognising
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trans@tioné (Halliday and Glickman, 1991) and this Bias appears to occur at the base -
insertion level (Schaaper, 1993). Correct base pairing could be selécted for at the
transition state if an incorrectly paire_%i. dNTP were to dissociate rapidly before

polymerisation or if there were slowef phosphodiester bond formation for

‘misoriented bases.

Despite this stl;ingent base-pairing requiremen.t,'lSase pair -selection alone is not
sﬁﬁ'rcient to account for the high fidelity of Pol III. A significant contribution to
ﬁdelity comes from other components of the holoenzyme. A second line of defence
consists of the 3'=5' exonucleolytic or “editing” function df DNA polymerase III
holoenzyme, coded for by the dnaQ gene: This.e-subunit removes bases from the ‘
growing strgn_d mm do not pair with the template and is probébly helped by the fact
that chain elongatfon is slowed by a misinserted‘ nucleotide (Petruska et al., 1988;
Perrino and. Loeb, 1989). A 'possible discrimination mechaxﬁsm for the editing
exonuclease is the melting -capac;ity of the mispaired DNA, which will be lower than
that of ful_l_y complementary, sequences (Brutlag and Kornberg, 1972; l;etruska and
. Goodman, 1935). Proof-reading activit& reduces the error r;:te to about 10 to 10
‘errors/base pair replicated and interestingly -has a stronger discrimination against
transversions, as does the base insertion sfep of DNA polym;:risation by Pol III
(Schaaper, 1993). Mutators .e. mutants defective in DnaQ proof-reading activity can
have substantial effects on the mumﬁon rate of the cell, increasing mutation
frequencies up to 10,060 fold. Most of this comes from saturation of post replicative
mismatch repair (Schaaper, 1988; Schaaper et al., 1989; Damagnez et al., 1989,

Schaaper and Radman, 1989; Fijalkowska and Schaﬁper, 1996), which removes any
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- mispaired bases after replication, rather than as a direct consequence of inactive

polymerase proof-reading (Fijalkowska and Schaaper, 1995).

Obviously," factors affecting either the polymerase a subunit DnaE or the proof-
reading function DnaQ will affect the mutation fate of the host. Transient fnutators
could be produced by transcriptional or translational errors, which can occur at a
frequency as high as 10 to 10"/incorporation during translation (Parker, 1989) and |
could occasionally produce an altered polymerase. Because the mutator polymerases - .'
are éroduced occasionally at the mRNA or protein synthesis levels they are not
heritable hence the term transient (Ninio, 1991a; 1991b). Erroneous DnaQ molecules
could be produced at as high a level as 20 per 10* molecules (Miller, 1996); Ninio
:(1991b) has estimated that such transient mutators could account for up to 10% of all

spontaneous base substitutions.

E.coli coﬁtains two other poly;nerase apart from Pol III, these are called Pol I and Pol
1L Pol II will be dealt with further in the section on stationary phase mutation. Pol I
is the @lﬁ@e responsible for much of the DNA repair synthesis in E.C(;li for
example resynthesis of excision tracts produced by MMR or NER mechanisms. A
correlation has been made between the processivity of DNA polymerases and their
accuracy (Kunkel and Bebenek, 1988). Pol I unlike Pol III is not processive i.e. will
not synthesis DNA in huge tracks but tends to stall and can dissociate from the
template. There is evidence that some specific sequences can act as pause sites and
that these sites are regions'of increased mutagenésis. In twoAstudies using Poldl -

mutants of E.coli it was found that the sequences GT.GG were hot spots for mutational
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-events inéluding base substitutions, frameshifts, duplications and deletions (Fix et

al., 1987; Jankovic et al., 1990). This suggests that Pol I interacts with these sites in

some way and prevents mutations occurring under normal circumstances. The GTG

motif may also be a pause site for chain elongation by Pol III, in E.coli, stimulating

misalignment (Mo et al.; 1991). Matsui et al. (1996) have also suggested that some
activated metabolic intermediates can act as site specific endogenous mutagens,
targeting mutations to speéiﬁc pause sites and leading to base substitutions,

frameshifts and deletjons.

1.13 Errors of recombination mechanisms

Sargentini and Smith (1985) concluded “recombination errors do not play a major

role in spontaneous mutagenesis”, which thcy' presumably restricted to include only
. base sﬁbstitution mutations. However, spontanequs framcshifts and delet_ions do
seem. tov result from mechanisms iﬁvolving' recombination and mplicﬁon.
B Recoinbir;gtion plays a major role in certain DNA repair processes but can itself lead
to mutations e. &. recombinational repair of double strénd bréak# is responsible for the
formation of long deletion mutations (Sargentini ana Smith, 1991). Inactive RecBCD
results in an approximately 3-fold ‘reduction in the rate of deletion formation
' (Sargentirili and Smith, 1991) however neither rec4 or recB mutations eliminate all
spontaneous deletions, especially those involving little or no homology at either
terminus. The recA, recB dependent spontaheous long-deletion mutagenesis could be

due to repair of double strand breaks produced metabolically, while the recd, recB-
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* independent production of deletions may be due to slippage and mispairing during

DNA replication or repair (Ripley, 1990).

There is a recA dépendcnt mode of DNA repair, initiated by nucleotide excision tﬁat :
 is mutagenic (Nishioka and Doudney, 1970; Bridges and Mottershead, 1971) and is a

component of the SOS DNA damage inducible repair system. Since wvr strains show

increased mutagenesis compéred to wild type cells this suggeSts that post
,repliéational repair is more mutagenic than is excision repair. Postreplic#tion rgpair
is a multipathway rec4 dependent process for the repair of daughtxer strand gaps and
qf the DNA double strand breaks tim can arise at these gaps (reviewed in West, .

1992; Eggleston and West, 1996, Lloyd and Low, 1996; West, 1997).
- 1.2 DNA repair

In view of the muiﬁtude of ways that the genetic'information can beconie corrupted,'
it is no s,ﬁrprise that the cell invests a great deal of energy in repair systems to
‘maintain the i1.1tegrity of its DNA. Some repair systems such as the SOS response and
nucleotide gxcision repair (NER) fall outside the scope _of this introduction and will
only be considered briefly, for reviews see; Walker, 1995 (SOS); Lin and Sancar,

. 1992; Sancar, 1996 (NER).
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1.21 Methyl directed misinatch repair

Error reduction during rcplicatibn of the chroinbsome has three main components,
base selection and proof-read.ing have been described above and reduce.the rate to
about 10° errors/base pﬁir replicated. 'H'owever, there is a third level of
postreplicative error correction' and this consists of base mismatch correction, the
most important‘component of which is long patch methyl directed mismatch repair
(MMR). MMR.involves the protein products of four genes mutH, mutL, mutS and
uvrD which combine to repair base-base mispairs énd small insertion§ or deletions
(up to about four base pairs) ge.nerated‘ during DNA replicatioh (Dohet et al., 1986;
Léam and Grafstrom, 1989; Parker and Mannus 1992;' Carraway and M;‘inus,

1993; reviewed by Modrich and Lahue, 1996).

. The DNA strand to be repaired is identified by virtﬁe of the state of adenine
‘methylation at GATC sequences (Wagner et él., ,1984;. Kramer et al., 1984; Dohet et
al., 1986) or by persistent strand breaks (Langle-Rouault et al., 1987; Lahue et al.,
1989). Meth)"l.ation at GATC sites occurs within a few minutes of DNA replication
and is performed by the Dam methylase. However, the newly synthesised DNA is
transiently heminiethylated and serves to target mismatch repair to the unmethylated
i.e. new strand. In dam mutants, where neither strand is methylated, rebair is not

targeted to the new strand and dam mutants show mutator phenotypes.

The repair process begins with the recognition of the base-base mismatch by MutS. B

Wﬁile all eight possible base-base mispairs were preferentially bound by MutS
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comp'arcd tb homoduplex DNA (Su andModrich, 1986; Su et al., 1988) thi§ 'does not
necessarily reflect the efficiency with which they were repaired. The range of
eﬁ'lciencies of repair of some mismatches varies considerably, dependiﬁg on the
4 spemﬁc mismatch and on the local sequence context (Jones et al., 1987; Blake et al
1992). Despite this some mlsmatches are consmtently found to be repan'ed more
effectively than others, in partlcular G:T and A:C mismatches which can lead to
transition mutations are very efficiently repaired (Dohet et al., 1985; Lepng-ei al.,
1986). This neatly complements the bias of Pol HI for reducing transversion
mutations (Schaaper, 1993) be its inherent base discrirﬁination and proof-reading ‘
functions. Of the base pairs that can give rise to transversion mutations the order of
~ repair efficiency is generally G:G, A:A > T:T, C:T and G:A >> C:CZ mispairs, which

appear to be subject to little repair by MMR.

While MutS is capable of recognising mismatched bases and will bind cven in the
absence of other proteins, nﬁcleotide excision requifes the combined aétivity of the |
three othe; proteins; MutH, Mutl. and UvrD. The endonuclease activity of MutH is
very low' when presetit alone, however, in combination with MutS, MutL and a
mismatch its activity is stimulated up to 70 fold. Stimulation of the endonuclease
activity correlates 'to the correction efficiency associated with the possible

mismatches G:T > G:G > A:C > C:C (Au et al., 1992). This suggests some form of

- conformation change in the MMR complex stimulated by mismatch geometry. The

" mismatch repair protein complex appears to be able to track along the DNA until it -

recognises a GATC site but still retain contact with the mismatched base pair. MutH

incises the non-methylated strand at the GATC site, if both strands are unmethylated
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ir_lcision can occur on either straﬁd-.‘ -Tracking is bi-directional with respect»t(') the
mismatch and proceeds until the nearest GATC site is found either 5' or 3' reiative to
the mismatch. The bases between the nick and the site of the mismatch are removed,
by a 3' to 5' exonuclease if the mismatch resides 3' to the GATC site or by a 5' to 3'
exonuclease if it lies 5' to the inéision sjte. Tﬁe exonucleases thought to be involved
in these actions were exonuclease I and another unidentified protein supplyiﬁg the 3'
to §' 'exonucieolytic activity with exonuclease VII and RecJ degrading DN[_\_ with 5
to 3’ polarity Figure 1.21;1. However; recently Harris et al. ( 1998) have constructed
a triple Exo I, Exo VII and RecJ mutant and found that its spontaneous mutation rate
was unchanged compared to wild typé cells. This suggests that these enzymes are
-either totally redundant i.e. other activities cén compensate for their absence or that
they are not invoived in mismatch repair and other exonﬁcleolytic_ components exist.
- Excision tracts can be large with the average size being in'the region of 1500 bases.

Tracts of this size are repaired by Pol III and DNA ligase.

~ As well as repairing errors introduced by replicative polymerases, mismatch repair is -
~ also involved in preventingt illegitimate ‘recombination events between diverged
sequences (Rayssiguier et al., 1989; Worth et al;, 1994; Zahrt and Maloy, 1997). - |
Worth et al. (1994) have shown that mismatch repair can dramatically inhibit
recombination between sequences differing by as little as 3%. Loss of mismatch
repair resulted in up to a 1000-fold increase in recombination frequency when

sequence divergence was around 20% (Rayssiguief etal., 1989).
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Figure 1.21.1

Methyl-directed mismatch repair (MMR)
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Representation of MMR showing recognition of a mismatch followed by cleavage at the
nearest GATC site and excision of the unmethylated strand by Exo I, Exo VII or RecJ
nucleases, depending on the site of incision either 5' or 3' relative to the mismatch. Recent
results would suggest that there are other nucleases that can fully complement the absence of
these three enzymes, which are thus not absolutely required for functional MMR. The
excision tract is resynthesised, usually by Pol I, to repair the mismatch. MMR only functions
on hemi-methylated (indicated by green circles) or fully unmethylated DNA. Since most,
newly synthesised DNA is rapidly methylated within minutes of replication, MMR only has

a limited time in which to locate and repair mismatches.

Recombination can be still further enhanced by the production of activated RecA

protein (Matic et ai, 1995) which is thought to increase strand transfer between

donor and recipient DNA molecules.
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In this thesis a vériéty of mismatchj 1;epair deficiencies have béen'shown to increasé
the recovery of deletion mutants in the trpA gene of E.coli. This follows other work
linking defective mismatch repair with instability of DﬁA séquences (Levinson and
* Gutman, 19876) and illegitimate recombination events. The results from this study-

are discussed in more detaii in section 3.1 of this thesis.
1.22 Very short patch repair

E.coli also contains a short patch mismatch repair system typified by excision tracts
of 10 basé pairs or less. The be;st-characterised system is vefy short patch repair
(VSP) mismatch correction which removes thymine from G:T- mismatches. Sitgs
where S-methylcytosine occurs have been shown to be hot spots for mutagenesis
(Coulondre et al., 1978; Lieb, 1991). Methylation of internal cytosines in tﬁe
~ sequence CC(Y1)GG, giving S-methylcytosine, is pcrform?d by the dcm-encoded
methylase. Deamination of 5-methylcytosine result.sbin thymine Mer than the uracil
that results from deamination of normﬂ cytosine and results .in T:G mismatches.
Repair of thes.e specific mismatches is accomplished by the product of the vs» gene
which is an endonuclease that introduces a nick 5' to the T in T:G mis.maiches.
Removal of T and replacement by C is mediatedlby DNA .polymerase I (Pol I). While -
V$P repairs T:G mismatches in the CC(*/7)GG context it will also efficiently repair
_ T:G mismatches in a number of other contexts (f.ieb and Rehm;n, 1995). Thus, there
is overlap between VSP and MMR which also efficiently repairs T:G mismatches, it *
may be that MMR compexisates for VSP when the latter’s concentration is limited or

.in sequence contexts less efficiently recognised by VSP repair.
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1.23 Nucleotide excision repair

NER is a hroad-spectrum repair system that ban target a va.ricty.nf DNA lesions
mainly those that are bulky and distort the DNA strucfure including AP-sites,
psoraleh adducts, CPD’s and thymine glycols (Van Houten, 1990). Unlike more
specific damage repair systems fhat are able to recognise the lesion that is their
specific substrate NER has a different damage location mechanism. The currently
accepted model is that the UvrA,B complex tracks along DNA and flexes the duplex
testing for an atypical response. Once it finds a lesion 'thef UvrBC componént incises
| the DNA 5' and 3' to the damage. The resulting oligonucleotide is then di.éplacéd by
UvrD and the single strand gap repaired by Pol I activity. Like uwr4 and uvrB, uvrD
is damage inducible and is part of the SOS response although there are basal levels of

all the proteins involved in NER. For a recent review of NER, see Sancar (1996).
1.24 Da:hage.inducib_le translesion synthesis

The SOS respénse is a recA dependent damage tolerance and}repair system present in
E.coli. The opehn consists of around 16 genes under the control of the LexA
repressor protein. The SOS inducing signal, which may be arrested reélication forks,
single stranded DNA or secondary effects such as altered hélicity of the
chromosome, leads to activation of RecA protein. This in tum mediates cleavage of
the LexA repressor and induction of the genes under its control. While all the
proteins induced under the SOS mspon'sé are involved in the cells recovery from

DNA damage and resumption of replicatigtf only UmuC and UmuD proteins are
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: neceesary for mutagenesis (Sommer et al 1993) Strains containihg umuC or u)nuD

mutations are largely non-mutable by a variety of mutagens including UV but are not -

so sensitive to their lethal effects as are recd or lexA(ind) mutants. This lack of
mutagenesis does not apply to mutagens or events that produce directly mispairing

lesions and so do not require SOS to result in a mutation.

The precise function of the UmuC and UmuD proteins remain a mystery but they do
increase the ability of DNA pol@eme III to bypass non-coding lesions in DNA, a
“ten fold inerease in bypass of a single lesion was observed in an in vitro system
(Rajagopalan et' al., 1992) and in vivo (Lawrence-et al., 1990; Nepolitano et al.,
: 1997). While the two proteins enable frans-lesion synthesis, there is no evidence that
they interact directly with the polymerase. An eltemative. is that RecA directs UmuC
and UmuD to the site of the lesion and that the proteins will only work on DNA
coated with RecA. There is some evidence that activated RecA tarotein has some
affinity for UmuC and activated UmuD proteins (Freitag and McEntee, 1989; Frank
et al., 1993) but there is as yet no in vivo evidence to suppott this. Some indjcators
point towttrds'UmuC and D proteins being involved in restarting DNA replication
after it has stalled at the site ot‘ a lesion. These proteiits, while not normally involved
in restarting stalled replicatiott forks, are essential to the process in the presence of

certain recA alleles (Echols and Goodman, 1991).

SOS mutagenesis is a process that the cell takes some pains to repress until it
becomes necessary for survival. This is unsurprising as SOS docs increase the

mutation rate of the cell, which is something that is unwelcome under most



circumstances:.v Some récent work has suggested ‘that in situations where E.coli is .
under Qﬁess the SOS response may be induéed resulting in increased levels of
mutagenesis (Taddei et al., 1995; Taddei et al., 1997a). Perhaps amongst its other
functions, SOS provides a mechanism for stationary cells to enhahce their mutation

rate and their ability to adapt to the environment in which tﬁey exist.
1.25 Base excision repair

Base excisién repair (BER) is a multistep process involving release of the damaged
base and leaving behind an AP-site. This isAthcn subject to tﬁe attentions of specific
AP-endonucleases although some BER enzymes have associated AP-endonuclease
activity. Finally, exonucleases process tﬁe exposed 5' and 3' termini to leave very
small excision tracts in the duplex DNA, this may range from a single base up to
about 25-30 bases. The gap is filled by the action of a DNA polymerase and sealed

by DNA ligase.

Base excision repair differs from repair procésses such as MMR and NER because
the enzymes involved are usually much more specific in the type of damage they
recégnise. E.coli contains a large number of such enzymes having specificity ranging
from deoxyuracil in U:G mispairs to 8-0x0-dG to thymine glycols. Becauﬁe BER
encompasses such a wide spectrum of repair activities, only a few selected examples

will be described.

Uracil is problematic for the cell when it occurs in DNA and can lead to C:G—=T:A
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‘ transitions if unrepaired. E.coli contains a glycosylase that specifically recognises
. uracil when present in DNA. Uracil DNA N-glycosylase is the'product of the z)ng
gene and can recognise uracil in single or double stranded DNA buf not in RNA or

RNA/DNA hybrid molecules.

As outlined above, alkylation of DNA bases is also a problem that 'the cell needs to
cope with in order to avoid mutations. E.coli possesses two enzymes involved in
alkylation repair, 3-methyladenine (3-MeA) DNA glycosylases coded for by the tag
and alk4 genes. While the product of zag (3-MeA DNA glycosylase I) is fairly .
specific for removal of 3-MeA and to a lesser extent 3-MeG, 3-MeA. DNA
glycosylase II the product of alk4 is unusual in that it has a very broad specificity
range. Its substrates include hypoxanthine, 5-methyloxidised thymines, 8-oxo-dG,
and ethano or etheno modified purines (Habraken et al., 1991; Béssho et aI.., 1993;.
Bjelland et al, 1994; Saparbaev and‘ Laval, 1994). Recently, Berdal er al. (1998)
have advanced the suggestion that 3-Mea DNA glycosylase II has a general role in
removal of DNA lesions and does so by lowering the activation energy for N-
glycosylic bonds in general with no particulaf base specificity. Excision efficiency is
then a function of the stability of the base attachment to the DNA backbone with
modified bases having a reduced sugar bond stability being released mqfe rapidly
than normal bases. One of the consequences of this model is that the rate at which
normal bases are spontaneously released from DNA would be expected to increase in
the presence of this glycosylase. Berdal et al., (1998) have found such an effect,
whefé overexpression of AlkA resulted in an increased spontaneous -mutation

frequency, with biologically significant release of guanine and other bases from
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DNA. This may provide an explanation why, under normal condition, alk4 is tightly
controlled and is induced only when needed, ie. under conditions of alkylation -

exposure.

A multienzyme repair system is responsible for repairing oxidised guanine residues
in DNA. Known as the oxidised guanine repair system or G, it cohsists of the
products of the mutM, mutY and mutT genes (reviéwed in Miller, 1996; Fowler and
Schaaper, 1997). MﬁtT is a spéciﬁc nucleoside triphosphate pyrophophohydrolase,
converting 8-0x0-dG1P to 8-oxo-dGMP and pyrophosphate and is responsible for
removing the »o.xidatively damaged triphosphate from the nucleotide pool. While not
strictly a DNA repair enzyme iﬁ activity will be considered here. 8-0x0-dGTP is a
potent mutagen in that it is readily incorporated opposite C or A by Pol III (Maki and
Sekiguchi, 1992). Mutants deficient in MutT can have spontaneous mutations rate up
“to 1000 fold higher than normal (Treffers gt al., 1954; Tajiri et al., 1995) and show a
unique spec-i’ﬁcity for A:T—C:G transversions (Yanofsky et al.,, 1966a; Cox' and

Yanofsky, .l 967).

MutT has also been shown to hydrolyse normal dGTP (Bhatnagar and Bessman,
1988) and it is possible that the enzyme is closely associated with the Pol II
replication complex (Bhatnagar et al., 1991). The function of such an a'rrangemént
may be to prevent the incorporation of normal guanine in the syn rather than anti
conformation. Such an event could lead to A:G mﬁspairS during replication and these

mismatches are poor substrates for MMR.
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‘The othef two compqnenfs of the °G system are MutM and MuiY, whicii are. DNA
glycosylases and prevent reciprocal G:C—T:A transver,siéns by the incorporation of
adenine opposite 8-0x0-dG in DNA. MutM has been shown to remove ring-opened
purines and 8-oxo0-dG, generated in situ, from DNA (Chung et al., 1991; Boiteux et
al., 19§2). In contrast to the 8-0x0-dGsym):Bann) 'base pair thch is relatively stable
and is resistant to attack by MutM, the 8-0x0-dG:C base pair is readily cleaved
(Tchou et al.; 1991). The initial step in MutM action is the removai 'of the 8-oxq-dG
base to leave an AP-site.. MutM also has AP-lyase activity cleaving the sugar
phosphate leaving both 3' and 5' phosphoryl groups. 'The resulting single nucleotide
gap is processed fo remove the 3' phosphates, for e#ample by exonuclease III, and

sealed by DNA polymerase and DNA ligase.

If 8-0x0-dG is not removed pﬁor to replication it has a high probability that adenine

will be incorporated opposite it‘ and lead to 8agondG:A mispairs, as has. been stated |
these are poor substrates for MutM. In this situation, it is the activity of MutY that
brcfcrentially removes A when paired with 8-0xo0-dG and when paired with normal G
(Au et al., 19.89; Michaels and Miller,.l992; Tsai-Wu et al., 1992). The AP-site is
then subject to excision by an AP-endonucleasé and the resulting gap seéled. The 8- -
oxo-dG in the opposite strand may code for adenine in which case it again'becomes
the substrate for MutY or for cytosine in which case MutM can excise the 8-0x0-dG |
lesion. In this way, MutM and MutY co-opefate to prevent oxidative lesipns in |
guanine from resulting in heritable mutations (Michaels et al., 1992a; Michaels and

- Miller, 1992; Tchou and Grollman, 1993). The . consequences of 8-oxo-dG

31



incorporation and the mechanisms that cells deal with the consequences are

illustrated in Figure 1.25.1.

Many DNA glycosylases do not contain associat?d AP-endonuclease activity and
leave AP-sites once they have rerﬁqved the damaged base. These sites are subject to
repair by AP-endonucleases whose function is to produce nﬁcleotide gaps repairable

by DNA polyﬁierasc. E.coli has two well-cﬁaracterised AP-endonucleases,
exonuclease III the product of xth4 gene and endonuclease IV coded for by nfo.
. Exonuclease III has a number of different activities iﬁcluding 3t0 5 exonucléolytic
activity on DNA duplex substrate, 3' phosphodiesterase activity, phosphatase activity
as well "as 5' AP-endonuclease activity.' The AP-endonuclease activity may be. the
major function in vivo and could indicaté that while other endonucleases can
compensate for the absence of exonuclease III in some circumstan.ces;' they cannot .
deﬁl with all AP-sites »and‘may become saturated. Exonuclease III may be uﬁder the
control of the &° sigma factor (Sak et al., 1989) suggesting' that AP-endonuclease
activity could be of increased importance in stationary cells perhaps dﬁe to increased

levels of damage.

. The other enzyme, endonuclease IV, is of minor iniportance perhaps comprising only
10% of AP-endonuclease activity from cell extracts. Like exonuclease III,

endonuclease '[V can remove phosphoglycoaldehyde, phosphate and deoxyribose-5-

phosphate residues from the 3' termini of duplex DNA enabling 'them to function as =

extension termini for polymerases. Under normal circumstances endonuclease IV

would appear to be redundant but under conditions of superoxide production,
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The °G oxidised guanine repair system of Escherichia coli

The °G repair system deals with oxidative damage to guanine residues. It consists of
three enzymes; MutM, MutT and MutY. MutT cleanses the nucleotriphosphate pool
by hydrolysing 8-0x0-GTP to 8-oxo-GMP, which can no longer a-ct as a substrate for
subseqﬁent conversion back to the triphosphate form. MutM and MutY cope with the
effects of 8-oxo-dG when it is incorporated or induced directly in DNA.
Incofporation of 8-0x0-dG opposit¢ C provides a substrate for MutM, which removes
the damaged G base. .If the damage escapes repair prior to replication there is a high
probability that A will be incorporated opposite 8-0x0-dG resulting in a mispair.
MutY targets A:G mismatches, épcciﬁcally excising the mispaired adenine, as
illustrated this can result in GC—TA transversions. If 8-0x0-dG is incorporated
-oppositeA during replication MutY can recognise the mismatch but excises the
template N resulting ina A: T—)CG; transversion. Subsequent replication may the
generate 8-0xo0-dG:C pairs which are the substrate for MutM. Based on the relative
mutator effects of the three proteins, under normal circumstances MutT will prevent
incorporation of most 8-0x0-dG during replication. The MutM and MutY proteins
will thus function correctly to reduce mutations from 8-oxo-dG pr_oduced .directly by

oxidative damage of DNA and not themselves act to fix mutations.




Figure 1.25.1

The "G oxidised guanine repair system of Escherichia coli
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its level is increased by 10-20 fold suggesting its importance in dealing with some

forms of oxidative damage.

1.26 Recombination repair

Homologous recombination has been extensively reviewed, for example by West
(1992; 1997) and Kowalczykowski ef al. (1994). There are three main pathways for
homologous recombination in E.coli and these are usually divided into the RecBCD,
RecE and RecF pathways. However, one gene is common to all three pathways and
that is the product of the recA gene. The RecA protein has a number of functions
including cleavage of LexA repressor protein (SOS induction), cleavage of UmuD
protein and catalysis of homologous pairing and strand exchange of single and

double strand DNA.

DNA recombinational repair is critical to cell survival for example when both DNA
strands are damaged (double strand break or cross-linked) the information for
accurate repair must come from another homologous DNA molecule via
recombination. Hence, mutants lacking RecA show extreme sensitivity to DNA
damaging agents. It would seem particularly important in the protection against the
effects of oxidative damage (Dukan and Touati, 1996) perhaps indicating the
propensity of such damage to introduce strand breaks either directly or following
processing by a repair enzyme, or to produce lesions that block replication.
Mutations in genes such as xth, ung, lig, polA and dam that cause an increase in the

number of DNA strand breaks generally exhibit a hyper-recombinogenic phenotype.
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The levels of DNA damage-precipitated breaks and the clear correlation between
DNA damage and rates of genetic exchange (Smith and Wang, 1989) strongly
suggest that genetic exchanges in bacteria are nearly always associated with DNA

damage.

The requirement for strand breaks is clear and is due to the need for single stranded
DNA in order for RecA to assemble and initiate pairing. DNA ends can provide entry
to exonucleases and helicases to expose single strands for synapse formation.
Candidates include the RecBCD enzyme after an encounter with a chi site, Recl
nuclease in conjunction with the RecQ helicase or RecE nuclease to expose a 3’
tailed duplex. All these nucleases produce 3' tailed molecules, which are apparently
favoured by RecA during synapse formation. Exonuclease I which digests DNA in
the 3' to 5' direction is a potent inhibitor of recombination in the absence of RecBC.
Since single stranded DNA is rapidly coated by single strand binding protein (SSB),
RecA must overcome any inhibitory effect of SSB possibly with the aid of RecO and
RecR (Umezu ef ai, 1993; Sandler and Clark, 1994) to coat the DNA in a helical
filament. The DNA/RecA filament searches for homology by an unknown
mechanism and when homology is found the two strands are drawn into alignment.
A minimum homology length of 50 base pairs seems to be required for the major
RecA mediated recombination pathway to operate (Watt et ai, 1985). In
duplex/duplex pairings, the result is a four-stranded Holliday junction, which is then

resolved by RuvAB and RuvC proteins.

Absence of RecA has noticeably less effect on cell viability than does the absence of
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RecBCD, RuvABC or RecG. This implies that double strand breaks are a common -
occurrenée in E.coli and ha;/e to be repaired, by these protein complexes, for fhe cell
to survive. The apparent. d_is;iensabilify’ of RecA may be explained if the major
double strand lesion mcopﬁtemd by grO\;ving cells is a single end formed when a
ﬁplication fork céllapsés (Kuzminov et al., 1994; Kuzminov, 1995a; 1995b).
Blocked replication forks seem to be particularly involved in deletion formation
between long repeat sequences (Louamn et ai.; 1991, Biel_'ne and Michel, 1994) but
may also be involved in promotion of non-homologous illegitimate recombination
(Bi_eme et al., 1997b; Seigneur et al., 1997). In this model, RecBCD-Chi interactions
~ and RecA allow the end to reinvade the intact duplex and restore the replication fork.
In the absence of RécA, the .broken arm can be degraded allowing fcinitiating of

replication at oriC.
1.3 Starvation associated mutagenesis

The physjplogy of bacteria in stationary phase is very different ﬁom that of
logarithnﬁcall.y growing cells (reviewed in Kolter et al., 1993). Clearly, processes
that have been elucidated in growing bacteria may behave quite differently in.
starving cell§ giving rise to so.metimés-unexpected results. Since the work of Luria |
and Delbruck (1943) later refined by Léderberg and Lederberg (1952), mutants have
been thought to arise prior fg challenge with a selective agent ie. they were pre-l
existing mutants that had arisen randomly in the culture. Most investigation into
mechanisms and consequences of the processes invol.ved in mutagenesis have been

performed on cells that are either actively growing or have very recently stopped
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growing i. e. in a saturated dvemight culture. -Measurements of mutation rates are ilso
almost universally made as by Luria and Delbruck themselves using agents that are
lethal to unadapted ’organisms, such as antibiotics or phage resistance. The foliowing
section'will detail sorﬁe experiments that cast doubt over these assumptions. It will
also look at some of thg potential causes and mechanisms behind the observation.s,

which are beginning to illuminate the process of stationary phase mutagenesis.

Luria and Delbruck were fully aware that their system could not reveal any
contribution from adébtive responses; they did after all use a lethal selection. Studies
conducted by Ryan (1955; 1963) using a non-lethal selection, growing his
auxotrophs in media lacking histidine, appeared to show that mutations could arise in
Bacteria that were not actively increasing in number (Ryan, 1963). Other more recent
systems have observed that the rate of araB-lacZ fusions, éaused by excision of Mu,
is increased after a period of selection on arabinose-lactose plates or on glucose
plates followed by plating to Ara Lac medium (Shapifo, 1984; Maenhaut-Michel and
Shapiro, 1994; Foster and Caims, 1994; Macnhaut-Michel ef al., 1997). Activation
of Mu e);c;isibn may be dependent on a physiologically regulated Eellular signal
network including H-NS which is implicated in gené repression as well as DNA
supercoiling and deletion formation (Shapiro, 1993; Gémez-Gomez et al., 1997;
. Maenhaut-Michel et al., 1997). Reversion of amino acid auxotrophies have also been
examined (Hall, 1988; 1990; 1991; Bridges, 1993; 1994) as well as the system that
has received most attention, the reversion of a lacZ allele carried on an F' episome in
‘t_:hc sirain_ FC40 (CvaimS, et al., 1988; Caimns and Foster, 1991; reviewed by Foster,

1993; 1998). In all cases, mutants arose after incubation on selective plates at a rate
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greater than cbuld bé accdunted for by the observed ievel }of celi division and
- appeared to be conﬁngd fd selected genes. Tﬁe paper by Caims et al. (1988) was _
controversial in that it suggested “cells ﬁay have mechanisms for choosing which
mutations will océﬁf’. This stimulafed research and discussion of the mutagenic
prbcesses occurring in starving bacteria variously known as Cairnsian, directed,

-adaptive, selection-induced or starvation-associated mutagenesis.

Initially, because the only mutants detected were thdse that resulted in growth,
'mutagenesis was thought to be directed only at the target gene. Recently this was
shown not to'bg the case; mutations do occuf at an increased rate in some otﬁer genes
and in: a variety of repiicons other than the F', including plasmids and on the
. chromosome (Foster, 1997; Torkelson ei al., 1997). These ﬁndings negate the
hypothesis that mutations other than those reverting the selected génes are .
necessarily transitofy (Cairns et al., 1988; Hall, 1990). The fnu'tations res;lting in
reversion to lactose utilisation have _been shown to arise by single base deletions in a -
run of iterated bases (Foster and Trimarchi, 1994; Rosenﬁerg et al., 1994) and

~ produce a quite different sequence spectrum to mutations arising in growing bacteria.

The reversion of the episomal lacZ allele in FC40 requires RecA and RecBCD
funétions (Cairns and Foster, 1991; Harris et al., 1994) and - expression of F'
conjugation functions althougﬂ not actual conjugation itﬁelf (Foster and Trimarchi,.'
1995a; 1995b). Pol II also has a direct role in producing adaptive mutations in this
gystem (Foster et al., 1995; Harris et al., 1997a). While Pol II has been shown to

synthesise chromosomal and episomal DNA in vivo especially in stationary cells
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(Escarceller et al., 1994, Fdster et al., 1995; Rangarajan et al.,'1997) it does so with
relative accuracy. It is noteworthy however that Pol II is part of the SOS regulon and
Taddei et al. (1995; 1997a) have recently shown that SOS is induced in old colonies

on agar plates. -

The role of MMR is not entirely clear in the formation of adaptive mutations. The

mutation spectrum of gpisomal lac revertants can be reproduced in mismatch -

deficient cells (Longerich et al., 1995) and is typical of unrepaired polymerase errors.

Under normal circumstances single base deletions (or insertions) are corrected by -

MMR which prevents simple repeat sequence instability (Dohet et al., 1986; '

Schaaper and Dunn, 1987; Cupples et al., 1990). In stationary cells, the levels of
MutS and MutH protéins decrease (Feng et al., 1996) altﬁough DNA synthesis levels
also decrease to acomparable level? MMR activity ma)" however be modulated as
Harris et al. (1997b) have found that MutL protein effectively limits mismatch repair
in stationary cells. In this way, MMR may be transiently down regulated or depleted

in starved cells allowing polymerase errors to persist.

A model incorporating the above observations has been pﬁt forward by both
Rosenberg_et al. (1996) and Foster (1998). In brief; a single strand break is produced
at oriT on the episome d_uring initiation of conjugal mplicaﬁon. On encountering .this
single-strand nick a replication fork, initiated at one of the épisome’s vegetative
origins; collapses creating a double strand b;'eak Recombination is then initiated by
RecBCD producing a single strand that invades homologous sequences allowing

replication to resume. Resolution of the resulting Holliday junction towards the



replication fofk creates a tract of d§ubly unmethylated DNA, subje;:t to ra;ndom I
‘ répair by MMR if eﬁom are repaired at all. While non-répair or random repair of
doﬁble stré.nd breaks may account for the appearance of mutations on the episomé ‘
. both in the lac allele and adjaécnt regions (Foster, 1997), it is harder to reconcile this
with the observation of Torkelson_ et al. .(1997). Their observation of unselected

mutations in different replicons implies a trans-acting factor.

The observations of Torkelson et al. (1997) are more consistent witﬁ the.original
suggestion of Hall (1990), that adaptive mutants arise in a subpopulation of cells that -
experiences .a genome-wide hyper-mutation state. In this model, a subpopulation of
cells during selection enters a state of hyper-mutation, producing sequence changes
at a high rate, If a cell generated a useful mutation it would __gxit the stéte and resume
growth. Some of the mutants would also carry unselected mutations, which is exactly-

what Torkelson et al. (1997) and Foster (1997) appear to have found.

Reversion of a lac allele on an episome is perhaps a special case of adaptive
' mutation,.‘inv'olving unique rcquirements ‘and mechanisrﬁs. Other systems have
utilised chromosomal genes to look at reversion of amino acid auxotrophies upder
starvation conditions. Both Hall (1995) and Bridges (1993) have used tryptophan
auxotrophs as test systems almough different alleles were used in each case. Their
results indicate that every system used to measure adaptive mutagenesis should be
treﬁcd individually. Unlike the FC40 system, both found that their systems did not
require functional RecA. However, Bridges (1993; 199§b) found no effect of inactive

NER on the number of mutants arising over time whereas Hall (_1995) found that
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uvrA, uvrB ‘uvrC and uvrD were all selectton-mduced specnﬁc mutator loci
increasing the number of mutants by up to 10,000 fold.

The requtrement for, .or observation of leaky growth in adaptive mutagenesis has
_ been noted in a number of studtes (Bndges 1994; Jayaraman 1995; Galltskl and, .
Roth, 1996; Timms and Bndges 1998) and may be important for the expressnon of
mutants formed under starvation condtttons. This is by no means & universal

observation, foster’ (1994) did not find-any evidence that the number of FC40

bacteria increased duﬁng incubation on minimal lactose plates despite the continued

appearance of lac revertants. Leakiness would have a direct effect on the level of _
protein and DNA synthesis in vivo. Ryan realised early that it was impor’tant to

measure. the rate at which DNA was synthesised in stationary cellsﬁtoassess .whether'
the level of synthesis was sufficient te account for the number of mutants observed.'

When protein synthesis was inhibited by chloramphenicol bacteria were able. to

| continue DNA replication for one to two hours (Nakada and Ryan, 1961), but in

~ bacteria that had been starved for histidine or leueme no DNA synthests was

observed (Ryén et al., 1961) using their densnty labelling techmque Subsequently

other studies, including those of Grigg and Stuckey (1966), Couch and Hanawalt -
(1967) and Tang et al. (1979), have shewn that DNA synthesis does take place in |
stationary bacteria. Tlns synthesis was non-conservative and confined to short
petehes, which is consistent with it being repair synthesis rather_than replicational
synthes1s Tang et al. (1979) showed that most of the synthesis was due to Pol I and
was reduced by 90% in a poIA strain and he estimated that up to 20% of the

chromosome was “turned” over in 24 hours. Compared to other systems, 24 hours is

41



-a short time period and there is evidence that this residual DNA synthesis rapidly -

falls off after the first day or so.

~ All these studies suffer from the same lifnitation, which is tﬁe use of exogenous
label, hence they may all be underestimates .of the true level of DNA synthesis in
cells. DNA turnover in vivo vcould re-ﬁse excised nucleotides as weli as breakdown
products from RNA. Studies b); Bridges (1996a) and ‘Bridges and Eréira (1998),
.using a mutT strain to measure incorporation of oxidatively damaged guanine in vivo,
have shown that the level of DNA synthesis.‘ may be t"ar greater than previously -
t.hoﬁght (reviewed in Bridges, 1997a). The level is still not high etiough to account
for all the mutations observed and interestingly unlike the results of Tang et al.
(1979) does nof appear to be pold dependent (Bridges and Ereira, 1998). The
~ potential re-use of 'endogenous' nucleotides raises the interesting question does the
cell incorporate ﬁbonucleo;idcs into DNA during this starvation-associated
synthesis? Pol I has been shown to possess limited reverse transcriptasé activity
(Ricchgtti and Buc, 1993) and could allow replication past template ribonucleotides.
during DI.\.IA turhover in starving cells. However, subsequent replication of these

chimeric molecules could also lead to targeted mutations (Thaler et al., 1995).

The trpE65 and iyrAI 4 amino acid auxotrophies used by Bridges (1993; 1994) show
starvation-associated mutagenesis. These alleles may respond to endogenous damage
perhaps produced by the oxidaﬁon of guanin'e residues to form 8-oxo-dG (Bridges,
1994; 1995a; 1996a; Bridges er al., 1996) and are quite clearly different from the

mutants that arise in growing cells (Bridges, 1994). 8-oxo-G is implicated in the
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leakiness‘of sorﬁe genet.ic ﬁi&kem -dﬁe t§ Uanééﬁptional €ITors. Oxidativé damége to
guanine can accur in RNAas v»;ell, as DNA and when dam;lge is to the nucleotide
triphosphate precursor pool can lead to misincorporation during transcription Figure'
1.3.1. Such ﬁistrénscription can lead to enhanced production of actiye gene product
and result in ‘some growth of auxotrophs even on starvation plates (Taddei et al.,
1997b; Bridges, 1997b), which has implications for the subsequent production of
heritable stationary phase mutations. Mistranscription may also result in prbductidn
of error prone DNA polymerases and other transient mutator molecules. The role of
endogenous DNA dafnage in the process »of mutagenesis in stationary phase- is

‘considered further by Bridges (1996b)

Could other types .of eﬁdogenous damage be responsiBle for the mutations in
stationary célls? Strains deficient in the two O°-methyltransferases, Ada and Ogt,
- show increased spontaneous mutation frequghcics ¢specially during stationary phase
(Rebeck and Sémson, 1991; Taverna and Sedgwick, 1996). This suggests the
genération of an endogenous mutagen in starving cells Which is normally
coth by increzising levels of Ada upon entry to stationary phase, a process
mediated by the stationary phase sigma factor RpoS. Taverna and Sedgwick (1996)
consider lh.at it fs nitrosation activity catalysed by nitrate reductase that is responsible

for the inferred increase in methylation wivity.
* S-methylcytosine is responsible for mutational hotspots in growing E.coli through

deamination of cytosine producing T:G mispairs. Many, but not all, T:G mispairs are

repaired in groiving cells by VSP in vivo.
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Phenotypic leakiness induced by 8-0x0-rGTP

8-0x0-rtGTP produced by oxidative damage of the nucleotriphosphate pool is
normally cleansed I-Jy MutT. In MutT mutants this damaged base accumulates and is
occasionally. incorporated into RNA opposite template A. The example illustrated |
involves misincorporation, opposite A of an ATC (amber) triplet, in the lacZ coding
. region. This results in phenotypic correction of the mﬁtation, during translation,
leading to a functional /acZ product; (-galactosidase. The amber mutation, which
normally prevents expression of functional B-galactosidase thus, becomes leaky and
allows some growth of the mutant to occur on plates with lactose as a sole carbon

source. Figure from Bridges 1997b.




Figure 1.3.1

Phenotypic leakiness induced by 8-0xo-rGTP
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Using a back mutation system Lieb and Rehmat (1997) demonstrated that the rate of
5-methylcytosine deamination was not greatly different in growing and starving
bacteria but that VSP repair was more efficient under the latter conditions. The
increased efficiency of the repair system probable reflects the increased time it has to

remove T:G mispairs between replications as compared to actively growing bacteria.
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Other forms of.damage may -oc.:cur‘in starving cells. Part of the cells responsé to such
DNA da:nage.is the inducﬁon of the SOS operon. Taddei et al. (1995; 1997a) have
found that old colonies growing on agar plates show SOS inductioh, perhaps
stimulating DNA ‘repair- and recombination ﬁxnctioﬁs, a concomitanf increase in
“unselected mutations to rifampicin resistance was also found. Whether this is the
same process as that observed in the .hyper-mutationi_of I'-'GC4OV under selective

conditions remains to be seen although both processes are RecA dependent.

Apart from processing of double-strand breaks, implicated in adaptive mutagenésis
.of an episomal lac allele what other mechanisms could account for starvation-
associated mutations. The link between transcripﬁod and increased 'mutagenesis has
| been known for along time (Brock, 1971# Herman and Dworkin, 1971). .This is
perhaps not surpﬁ'sing, transcription involves separating the DNA dupléx pfoducing
single stranded DNA_ which is more susceptible to damage by chemical mutagens,
and épontaneous chemical changes e.g. increased depurination or deamination or the
production of aberrant secondary structures. Soon after the paper by Caims et al.
(1988), D;vis'(1989) advanced the hypothesis that the apparent “directed” nature of
adaptive mutagenesis could be explained by transcriptional bias, an idea later
expanded by Wright (1997). The reaction of E.Acoli to starvation for amino acids is
called the 'stringent response which inhibits rRNA, tRNA and cell wall synthesi§
while activating catabolic and amino acid biosynthetic operons (Cashel et al., 1996).
Therefore, systems using amino acid auxotroﬁhieg may well result in induction of the
operons under selection and do not necessarily only lead to mutations at the selected

loci.
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_Translation is a less accurate process than either DNA replication or'transcription,
with an error rate of about 10™/incorporation (Ninio, 1991a; reviewed by Kurland,
1992). When streptomycin is used to. alter the translational ﬁdeli:ty of Wild type and
Sm®? nbosomes a sxgmﬁcant increase in mutation frequencnes can be demonstrated
(Boe, 1992). This may result from the productlon of a'mutator molecule for example
inactive € Pol III proof-reading subunit or o subunit with reduced base selectivity.

Thus a few cells in a culture may have a high probability of producing multiple
mutations during this transient state i.e. prior to degradation of the aberrant protein.
Starvatioq is likely to affect the level of charged tRNA molecules and may affect the
ability of the ribosome to correctly read a gene transcript. Seme sites have been
shown to be inherently less accurately translated in stationary cells than in growing
bacteria and may have implications for. preduction of mutator molecules (Barak et

al., 1996a; 1996b).

Two seetions of this thesis ekemi__ge the effeets of amino acid starvation in E.coli. In
section 3.1 the contribution of p&sisting base pair mismatches on deletion formation
in tﬁe trpA23 gene is eons_idered. The mutational spectrum obtained in starving cells
is different to that obtained in growing cultures and models involving secondary
structure or abmmt replication in deletion formation are considered. Section 3.2
looks at a new gene, tas, that is required for mutation of the #yr414 strain WU3610 to
tyrosine independence under conditions of tyrosine starvation. The requirement for
leaky growth supplied by ta.e and the possible mutational targefs resulting in tyrosine

independent mutants are considered.
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1.4 Multiple Mutations

There are a number of studies -in E.coli, yeast and mmnmgian'systems that have
found a high broportion (up to 20%) of mutants that contain multiple mutations in_
genes under selection (Hampsey et al., 1988; Harwood et al., 1991; Timms and
Bridges, 1993; discussed by Ninio, 1996). These mutations may have arisen as .
simultaneous events e.g. through the action of an error prone-polymerase or by
successive events targeted to a specific area of the genome. Ninio (1991b) calculated
that a small fraction (about 3 x 10™) of an E.coli culture could present a transient
mutator phenotype and would be responsible for most of the double mutational
events. This enhanced mutation may occur over the whole genome or, as seems to be
the case in rpsL (T imms and Bridges, 1993), is confined to a localised region. Ninio
(1996) has advanced the hypothésis that it is repair patches, produced by MMR, that
result in linked mutations. The mutations produced would occur within the size of a

repair patch i.e. within 1-2 kb.

An altcmativé is to assume that lengths of DNA éan become tagged in some way,
perhaps during formation or repair of a pre-mutagenic lesion, which focuses
subsequent mutagenic events to the same region. One possibility i§ that bases are
chemically 'modiﬁed and inherited in a stochastic fashion. The effects of the
targeting would thus become progressively less 'impor'tant in population terms as the
tag was diluted, unless a mutation gave rise to a mutant with a substantial selective
advantage. This appears analogous to the situation observed in rpsL of E.coli v{here

about 20% of newly arising Sm® mutants contain an associated second site mutation

47




in rpsL (Timms et al., 1992).. The mutation fate for these second sites Was Ealcuiated

’ tc; be in the region of 10% té 10”/base bair/generatic;n and no evidence of general
mutator activity was observed. Established strains did not retain an enhancéd
" mutation rate either generally or at the rpsL locus;.

Sécondary structure‘may be important in focusing mutations i.e. théir proccs;ing
generates mutagenic iﬁtetmediates. Formation of palindromes may perturb
r@plicaﬁon leading to complex sequence changes (Glickman qnd Ripley, 1984;
Ripley, 1990) especially if synthesis is iniﬁated from processed secondary structures

or MMR repairs mismatches generated during pseudo-palindrome formation.

The possibility that the protein product of a barticular gene affects l'oéal error rates
must also be considered. This has been deménsfrated in at least two case for reéA |
and mutS mutants that increase the mutation rates of their respective genés by up to
‘ 16‘ fold (Liﬁ and Tessman, 1990; Liu et al., 1993; Liu et al,, 1997). The possibility

that rpsL is also susceptible to such an effect is considered in section 3.3.

2 General methods

This section describes general methodology and unless otherwise stated applies to all -
subsections of the work. Specific methods are described in each individual section,

as are appropriate strain and plasmid constructions.
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. Culture methods

Bacteria were routinely grown overnight with shaking in nutrient broth #2 (@oid
- Ltd? Basingstoke, UK) at 37°C. Wﬁere appropriate, antibiotics were added to »the
media at concentrations given m Teble 2.1. Bacteria required for starvation
expenments were centrifuged, washed twice with 10ml of phage buffer (Boyle and
Symonds, 1969), and resuspended in Smi or 10ml of phage buﬂ‘er as appropriate.
Variable numbers of bacteria were plated according to the requ1rements of each"
experiment. Viabilify determinations, between one and four days, were performed in
one of two ways. Either whole plates were washed with 10ml of phage buffer or
plugs- of agar were taken with a cork berer and resuspended in 10ml of beﬂ'er.
Appropﬁate dilution; were plated on to- rich media plates with antibiotics if
necessary. Minimal agar plates were prepared using the salts solution ef Davis and
Mingioli (1950) supplemented with 0.4% glucose. Unless otherwise stated media
was solidified with 1.5% Difco Bacto agar (Difco Laboratories, West Molesey, UK).

Amino aclds were added, where appropriate, to a final concentration of IOug/ml

Antibiotics and amino acids were obtained from Sigma Ltd, Poole, UK.
Genetic manipulation
P1(cir100) transductions were performed as described By Miller (1992). Standard

DNA isolation and plasmid manipulations were as described in Sambrook et al.

(1989).
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Table 2.1

Antibiotic concentrations

Antibiotic Final concentration ug/m! Abbreviation
ampicillin 100 Ap
chioramphenicol * 150 Cm
12.5

kanamycin 50 Km
nalidixic acid 4 Nal
novobiocin - 500 Novo
rifampicin 100 Rif =

. streptomycin 1200 Sm
tetracycline 15 Tet .

- * Cm resistant plasmids were maintained at the higher concentration, P1(cml)

- lysogens were selected on the lower concentration of chloramphenicol. -

PCR botiling prep

* One millilitre of an overnight culture was centrifuged at 140001pm and, in initial

exbériments, ti1e pellet washed with 1ml of phosphate buffered saline (PBS). In later
- experiments .1ml of double distilled 'water was substitutéd and was found to work
equally well. The pellet was resuspended in 50pl of water and placed at 999°Cina
thermal cyclef for 10 minutes. The cell debris was removed by centrifugation and the

supernatant transferred to a clean tube. Five microlitres of the cleared supernatant.

was used to seed the appropriate Polymerase Chain Reaction (PCR).
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PCR

Reactions were carriéd out in a total volume of 100ul. Initially the PCR buffer
consisted of S0mM KCL, 10mM TRIS-HCL_ pH 8.4, 1.5SmM MgCLz afld 0.01%
gel.atin but in later reactions this was replaced -by a commércial buffer, PARR
(Cambio Ltd, Cambridge, UK), with no apparent effect on amplification efficiency.
The four nucleotides were present at 125uM per nucleotide ahd 100pmol of each
primer was added. Either lu of Tag polymerase (GibcoBRL, Paisley, UK) or 0.5u of
Supertaq (Stratéch Scientific Ltd, Luton, UK) was aﬂded to gach reaction.'The
mixture was covered with 100l of light mineral oil (Sigma Ltd, Poole, UK). Geperal
PCR conditions were: 5 minutes at 94°C then 30 cycles of one minute at 94°C, one
minute at 65°C and one minute at 70°C. A final period of five minutes at 70°C was
ailowed to ensure full extensioﬁ of all product ﬁ'agmemr;. The amplified DNA was -
removed from under tﬁc oil léycr to a clean tubcv and the product clcancd, in éérly
- experiments with the Geneclean II kit (Bio 101, La Jolla, California) and 'lau:erly with
the Wizard DNA Cleanup kit ’(Prom.ega (UK) Ltd, Southampton, 'UK') according to
the manufactlirer’é ihstr_uctions. The cleaned product was resuspéhded in 40ul of

water.
Dynabead capture of amplified PCR product
If the PCR product was required for séquencing, one of the PCR primers was

modified with a 5' biotiﬁ attachment. This enabled the PCR product to be extracted

from solution utilising the high affinity streptavidin-biotin linkage (Hultman et al.,
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- 1989). Twedty microlitres of Dynabeads-M-280 Streptavidin (Dynal (UK) Ltd,
Wirral, UK) were washed twice with 20p,l of TWS (0(17% (W/v) Triton X-100,
lOOmM NaCl 10mM TRIS-HCL pH 7.5, lmM EDTA) and ﬁnally resuspended in
‘ 40|.I.l of TWS The resuspended Dynabeads were added to the cleaned PCR product
and the mixture incubated at room temperature on» a rotatmg shaker for 30 minutes.
*. The Dynabeads and bound DNA were separated using a magnetic partidle separator
| (MPS) and resuspended in 40ul of 200mM NaOH, the mixture was incubated at :
rodm temperature for five minutes. The denaturation step, with NaOH, was repeated
before a final wash with 40pl of TWS and one with water, each time separating the
Dynaeeadé and DNA using the MPS. Finally, the pellet was resuspended in 7ul of

. water in preparation for sequencing.
DNA sequencing

Sequencing Was invariably performed dn single stranded DNA. This was preduccd
~ either from a PCR product, by Dynabead attachment, or from a phagemld using
standard molecular blologlcal techniques. The single stranded DNA was annealed to
" Sng of the appropnate primer at 65°C for five minutes followed by 30 minutes at
37°C. The- prlmed DNA was sequenced using the Sequenase V2.0 kit (Umted States
,Biochemical, Cleveland, Ohio), extension and termination were camed out
according to the -manufacturer’s protocol. The samples were hea_tcd to ‘83°C
: immedietely prior te loading onto a 6% polyaerylamide' gel and run for vayious
lengths' of time. The gel was fixed, dried and exposed to X-ray film,’ usually

overnight or longer depending on signal intenéity.
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* " 3.1 Deletions in the trpA gene of Escherichia coli

The trpA23 strain IC3126 and .its mutY derivé.livc IC3742 were used {o cxaming the .
contribution of the base analogue 8-oxo;7,8-'di_hydro-Z’deoxyguanine (8-6xo-dG) to
mutations arising in starving bécferia. Using the phenotypic characterisation, -
developed by Allen and Yanofsky (1963.). and Yanofsky et al (1966b), mutants
arising in growing cultures of [C3742 were inferred to show a high rate of G:C;)T:l; ,

transversions at the site of the trpA23 mutation (Urios et al., 1994; Bridges et al.,
| 1996). These mutations resulted in an amino acid sul_)stitutiqn giviﬁg a functional
tryptophan synthase o subunit. However, mutations arising in bacferia starved for
tryptophan could not be classified cleanly using tﬁe phenotypic methods alone, there
were conflicts betweeﬁ the phenotypic observations and the predicted sequence
| changes expected to have been induced by 8-0x0-dG:A mispairing. In an attempt to
resolve this apparent discrepancy, mutants arising during starvation were isolated and
sequenced. The seq_uencing study revealed that as well as the expectéd GoT
transversions there wére a hiéh proportion of mutants that contained small in-frame

deletions that restored actfvity to the trpA4 gene.

3.11 Methods

Bacterial strains and plasmids

. Bacterial strains are shown in Table 3.11.1. P1 phage transductions were performed

as previously described. Strain constructions were verified according to their mutator
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'

;~)henoty'pes’ for mutY, mutH, mutL and ﬁu’tS. Aboﬁt 107 bacteria were p'latcd.‘t.o‘
minimal agar plates containing limited tryp_'tophan (1pg/ml) and the number of ”[:rp‘“
colonies arising was compared to the parent strain. Increased resistance tc;' UV
irradiation for uvr4®, excisibn proficient bacteria were able to survive a dése of 10
Jm? UV, which was lethal to excision deficient strains. Increased mutagenesis upon
exposﬁre to UV for umuDC", irradiation with'2 Jm? UV resulted in approximately a
60% increase in the number of Trp* mutants arising in umuDC" strains. Finally by
examination of hydrogen peroxidase activity, in old colonies,_'for rpoS transductants
(Mﬁl_vey et al., 1988). The AsbcDC ailele, although having the kanamycin resistance
cassette, does not have an easily verified and indepéndently selectable phenotype. In
this case, PCR was used to verify the presence of transduced AsbcDC alleles into the
-recipient strams PCR conditions were as previo_usly described with 30 amplification
cycles.  Reactions _ contained 100 | pmoles of pﬁmcrs 'sbeDCAU
(5'CGCCGT»GCGTGACATTTATE') and sbcDCAL (5'TTGGTTACGCGCCCGATTCT?)
to amplify a 930 basé pair fragment across the deletion in sbcDC. Wild type cells
produced a PCR product while sbcDC deletién strains gave no product. Antibiotics

were added where appropriate, concentrations were as previously described.
Starvation experiments
Cultures were spun, washed, and resuspended in a final volume of 10ml of phage

buffer. One hundred microlitres of washed culture (about 10® cells) were plated, for

mutator strains the cultures were diluted 10 fold and 100ul plated (about 10’ cells), -

on minimal agar plates containing minimal salts and glucose. The plates were
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* incubated at 37°C for up to 21 dﬁys and the number of colonies counted each day;
:V_iability determinations were performed over four days using the whole plate wash

off technique and suitable dilutions plated to L-agar plates.
Tr‘pf mutant isolation

Trp' mutants, from growing bacteria; were isolated according to the plating method
of (Newcbmbe 1948), overnight cultures were washed as above and 107 bacteria
were plated to minimal agar plates containing 0.25pug/ml of tryptophan. The plates
were incubated at 37°C and mutant colonies arising between days five to eight were |
isolated for sequencing. Mutants arising between days five to nine on starvation
plates, minimal agar plates without additional .u'yptophan, were pickedldﬁ' at dﬁy
* nine and patched to fresh minimal agar plates and growﬁ at 37°C. In later
experiments, only slower growing mutants (taking more than 36 hours to form a

visible patch on minimal plates) were selected for sequencing.

Phenotyp.i.c characterisation of Trp" muﬁnts

Revertgnts of trpA23 can be chMeﬁsed by correlating their sensitivity to S-methyl-
DL-tryptophan (5-MT) with indole-glycerol phosphate (IGP) accumulation. To test 5-
MT inhibition isolated Trp* mutants were patched to minimal agar c;)ntaining
0.5pg/ml tryptophan and 0.1pg/mi of 5-MT and incubated for 24 hours at 37°C. To
test IGP accumulation, a liquid 'minimal culture of each mutant was centrifuged and .

1ml of the cleared supernatant was mixed with 1.5ml of ferric chloride reagent (1ml
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of 0.5M FeCls, 50ml of watér and 30ml of concentrated H,SO4). Cultures of partial
: revertants givé a pink colour due to IGP accumulation, full revertants give no colour. -
The inferred base pair substitutions associated with each phenotype, according to the

scheme of Yanofsky et al. (1966b), are shown in Table 3.11.2.

Table 3.11.2
Characteristics of trp423 revertants

Revertant class®  Sensitivity to  IGP accumulation  Inferred base pair

sMT® ~ substitution

IFR - R - AT~G:C
AT-C:G

| o AT-TA

IIPR R/S Faint . G:C-CG

[T PR S S+ - GC-TA

*FR, full revertant; PR, partial revertant.
- PR, resistant; S, sensitive; R/S slightly sensitive.

Sequencing of Trp" mutants

Overnight éultures, of Trp" mutants, were inoculated in nutrieﬁt broth, and grown at
37°C with shaking. ‘Boiling preps were prepared as pfeviously described. Five
microlitres of cleared lysate was used in PCR to amplify a 452 base pair fragment of -
ih}e trpA gene, encompassing the site of the trpA23 mutation at codon 211. The PCR

contained 100pmole of primers TRPA] (5'XGCCCGCCAAATGCCGATGACGA3) and
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TRPA2 (5'CGGGGTAAGCGAAACGGTARAAAGATAS'), TRPAL is biotinylated (x) a¥ N
the §' end. PCR conditions were as described previously and 30 émplification cycles
were performed. PCR products were cleaned usiﬁg the Wizard DNA cleanup kit
.(Promega. (UK) Ltd, Southampton, UK) according to the maﬁufacturers instructions.
The cle?med PCR product was attached to Dynabeads-M280 Streptavidin (Dynal
(UK) Ltd, Wirral,. UK) and denatured as previously describéd Sequencing was
carried out using primer TRPA3 (5'AGCATTTTCTCTGGCTCAT3') as previously

described.
3.12 Results

In an attempt to v_erify the predicted sequence- changes resulting in u'yptc;phan
independent mutants, arising during a starvation experiment, 20 mﬁtants isolated -
from the pr23 mutY strain 1C3742 were .sequenced. Phenotypic data and the
“corresponding Wd and actual mutation spectrum for the region of the #rpA gene
adjacent to the site of the rp423 .mutation are shown in Table 3.12.1. Where there
was - disparity. between the 6bserved phenotypes, for 5-MT resistance and IGP
accumulation, the inferred base pair change (G:C—C:G) was thé best available option
amongst those listed in Table 3.11.2 to fit the data. In this experiment, sequencing
data spanned a window of about 130 base pairs encompassing the trp423 site.
~ Changes outside this region, ieading toa Trp" phehotypé, would not have been seen
and are denoted as “trpA23 sequence”. Based on the phenotypic data alone most of

the 20 mutants characterised were inferred to have a G:C—C:G change in the trpA

gene the sequence spectrum, however, shows a completely different pattern.
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Tabic 3.12.1

Phenotypic and sequence comparison in a series of
Trp” mutants of IC3742

5-MT IGP Inferred Observed sequence *
resistance accumulation sequence

+ Faint G:C-»C:G G632T

+ Faint G:C":G trpA23 sequence
++ G:C-»T:A A657(8)-668(9)

4 Faint G:C->C:G G632T

+ Faint GiC"G G632T

+ ++ G:C->C:G G632T

T T+ G:C"C:G A644(6)-646(8)

+ -H- G:C->C:G G632T

+ ++ G:C-»C:G G632T

- ++ G:C->T:A trpA23 sequence

+ 4-H- G:C-K:;0 A650(2)-667(9)

- +-H- G:C-"T:A A644(6)-646(8)

+ -H- G:C->C:G trpA23 sequence

T - Faint G:C->C:G G632T

- +++ G:C-»T:A A646-654

- 4-H- G:C-»T:A A660(1)-662(3)

+ ++ G:C™:G G632T

+ Faint G:C->C:G G632T

+ Faint G:C":G G632T

+ Faint G:C-~:G G632T

*Where the deletion is flanked by direct repeats the possible range of the deletion is

indicated in brackets. Sequence changes refer to the coding strand of #7pA, with the first

base ofthe ATG initiation codon taken as position 1.
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As predicted in a mutY ;train most of the sequence changes found were G:C632T:A
transversions resulting from miscoding events opposite 8-0x0-dG. In this first
experiment the transversions were exclusively at the #rpA23 site resﬁlting in a
mutation changing arginine to isoleucine, which was already known to givé a
functional revertant (Yanofsky et al, 1 9665).
. . ' ./

Amongst the mutants, there was also a high proportion of more complex chianges in
~ trp4 inv;)lvving the formatioﬁ of small in-frame deletions near to thé site bf the
trpA23 mutation. In this first ex.periment, Six dgletions all resulted in an in-frame

fusion presumably giving a partiall.y active tryptophan synthase prot'eih. There were
also three mutants that showed no changes within tﬁe. region sequenced. I; was
apﬁarent dulfing isolation of the mutants, for sequencing, that those found to contain
deletions grcw substantially slower than the majdrity of mutants containing point
mutations, taking 2-3 days to grow on a minimal agar plate. éompared to 1 day. There
were a number of point mutations that also showed slow growth specifically
C:G692A:T and C:G698A:T, however growth rafc was a useful preliminary screen to
eliminate most point mutations prior to sequencing. There is the possibility that the
" occasional fast growing deletion would have been missed. HoweQer based on our

observations, this class would not account for a large proportion of the population.

A second set of 20 mutants was isolated from IC3742, isolated in the same way as
the first experiment except that growth rate was used to screen out fast growing
mutants. The results are shown, along with experiment one for comparison, in Table

3.12.2. In the second experiment we also found a single in-frame deletion out of 10
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ﬁuﬁnm sequenced, the remainder were point mutations. Interestingly 1o of thé |
mutants, identified as slow growing, contained a G:C—T:A trcmsversion. at the site of

the trpA23 ‘mutation. This revertant, with an arginine to isoleucine change at codon

211, was-usually discarded during the growth screen as it was relatively fast growing. '
Their éppearance in this and in other sequenced slow growers may be accounted for
either 1) becaﬁse the growth screen was suﬁjective and tended to veer on the cautious
side, picking excess mutants rather than_ risk missin’g"true slow growers, or ii) the
mismatch repair defective strains produced additional base substitutions and
deletions so functional revertants of trpA23 might also have contained other

mutations.reducing their growth rate.

As a control, the foﬁnaﬁqn of deletions was examined in the mutY" pareﬁt of IC3742
under §tarvation conditions. One hundred and. fort& niné mutants of IC3126, from
two experiments, were characterised accordihg to their growth rate and 18 of thein T
were found to be sibw érowing. Sequencing revealed that 14 of the mutaﬁts carried
. deletions V\{hile three showed no changé in the region sequenced and one was a point |
mutation already known to give a slow growing phenotype Table 3.12.2. The
deletions from both experiments were predomin;mtly of a single type; 10 out of the
14 having an identical mutation, flanked by 2 base pair dirgct répeats one of which
was lost during the mdtaiion process. This particular deletion is the predominant type
found in all the experiments although the variety of deletions. found in mismatch
repair defective strains is greater than that found in the parent strain. The rate of
appearance of tryptophan independent (Trp*) mutants in strains IC3742 and IC3126

is shown in Figure 3.12.1.
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Figure 3.12.1

* Starvation-associated mutation in IC3126 and its rutY derivative IC3742

80 -
- '1C3742
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] IC3126
0

Time (Days)

Starvation-associated mutation experiment with the trpA423 strain IC3126 (e) and its mutY

derivative IC3742 (o). Points are the mean of three independent experiments.

The numbers of Trp" mutants arising in IC3126 is between 10-15% of those arising
in IC3742, despite both strains showing considerable background lawn growth after
14 days. Deletions in IC3742 account for ("/s0) 17.5% of the total number of mutants

arising on starvation plates, the proportion arising in IC3126 is (‘%) or 9.4%.
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Given that the total number of mutants arising in IC3126 is no more than 15% of
those arising in IC3742 the number of deletion mutants arising in [C3126 is 1.4% i.e.

(C*100) x 15) of the total number of mutants arising in IC3742 under identical

conditiohs. Since deletions account for 17.5% of mutants in [C3742 greater than 90%

of the deletions we see must be due to the presence of the mut}Y mutation.

The two strains IC3126 and IC3742 also cérry two markers t_ilat are involved in
generél DNA repair and in mutagenesis. While functional UvrA, UmuC and UmuD
proteins are,'clez.irly not-essential in deletion formation it may be their absence that is
allowing the déletogenic péthway to operate. We constructed a uvr4™ (CM1349) and
a umuDC" (CM1414) derivative of IC3742 to .examine.the. effects of functional
nucleotide excision rgpair (NER) and error prone repair. Sixty four mutants of
CM1349, from a single experiment, wére screened and 22 were found to be slow
growing. Sequencing revealed that there were two deletions present, the remainder -
being point mutations with a single mutant where no change was discernible in the
sequenced window. Screening of CM1414 gave 48 slow growers out of 66 mutants . N
isolated of these, six were deletions ﬁye were outside the sequenced region and the
remainder were point mutations. The results for CM1349 and CM1414 are shown in

Table 3.123.

When the number of mutants arisiﬁg over time on minimal agar plates was followed,
there was very little difference in the numbers or rate of appearance between IC3742

and its uvrA" derivative. CM1349. The: uvr4" derivative of IC3126 (CM1370) is
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~ included for reference; its rate of mutant appearance over time was again similar to
IC3126. Tlie mutY 'umuDC'+ strain CM1414 did show a consistent increase in the
number of mutants that arose during starvation. The results for strains CM134§,
CM1370 énd CM1414 are showﬁ in Figure 3.12.2 the profiles for the uvr4" strains

can be compared to those for the parental strains from Figure 3.12.1.

We constructed a &ecA derivative of IC3742 to look at the effect of RecA protein on
the formation of deletions. Sixty mutants from two sgp@e experiments were
- screened and the resulting 11 s_lo@ growcrs cbnsisted of four deletions Table 3.12.3,
three unchanged sequences and four point mufations.' Whén the recA4 deletion strain,
: CM1343, was incubated under tryptophan starvation conditions Trp* mutants ar@se
" at a slower rate than IC3742 Figure. 3.123. When viability of the two strains was
examined ovér the first 24 hours, by plating 1 x 10° bacteria on minimal platg:s, it
‘was found vthat the parént strain increaséd by a}‘ factor éf 36 while the rec4 deletion
strain only increased by a factor of 6 (data suppiied by B.A.Bridges). Both of these
strains plquluced equally heavy lawns when incubated over the period of a week. The
diﬁ'erencé in viability was presumed to be due to lethal sectoring occurring in the
ArecA strain and is probably the explanation for the lower rate of apf;earance of Trp*
mutants. Again RecA is‘ not essential for the formation of deletions but because of
the uncertainty over inviability, it éannqt be stated that RecA has no effect on the rate
of their formation. Specifically we cannot say whether RecA affects the processing
of deletions with and without terminal dﬁect repeats. Both types were present among

the .four deletions recovered from the ArecA strain but the sample is far too small to

base a conclusion there on. -
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Figure 3.12.2

Starvation-aséociated mutation in the uvrA* (CM1349, CM1370)

120

100

oo
o
J .

Number of Trp* mutants/plate
8 2

and umuDC* (CM1414) derivatives of IC3126 and IC3742

CM1414

CM1349

Ll g ¥ CM1370

T | T
2 4 6 8 10 12 14 -,

Time (Days)

16

comparison with strains; IC3126 ===-~- and its mutY derivative IC3742 = === .

Starvation-associated mutation experiment with the wvrd" derivatives of IC3126 (CM1370,
o) and IC3_7_42 (CM1349, e) and the umuDC' derivative of IC3742 (CM1414, o). Points are

the mean of three independent experiments. Dotted lines are taken from Figure 3.12.1 for
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Figure 3.12.3
- Starvation-associated mutation in the muzY strain IC3742 and its

ArecA derivative CM1343

IC3742

Number of Trp* mutants/plate

CM1343

Ll 1
0 ( 7 14
Time (Days)

Starvation-associated mutation experiment with the Arec4 derivative (CM1343, o) of the
trpA23 mutY strain IC3742 (o) (3 x 10° badéﬁa per plate). Points for CM1343 are the mean

of three independent experiments. Figure from Bridges and Timms, 1997.

The mutY gene in E.coli codes for an adenine glycosylase, specifically recognising
" and removing adenine when it is mispaired with guanine or 8-oxo-deoxyguanine (Au

et al, 1988;1989; Michaels et al., 1992a). 8-0x0-dG has similar pairing affinity with
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cyto§ine or with adenine, the inﬁctive r.nutY in _IC3742 would -thus result in an
increase in the number of 8-0x0-dG:A mismatches persisting in DNA. These would
ultimately result in G:C—>T:A transversio.ns upon DNA replication (Nghiem et al.,
. 1988). Onel hypothesis is that these mismatches in some;way might be related to the

high proportion of deletions we see amongst the slow growing mutants.

The major mismatch correction pathway in E.coliis mgthyl-directed mismatch repair
consisting of the gene products of the mutH, mutL and mutS genes. A mutY mutL
double mutant (CM1331) was constructed to see whether methyl-directed mismatch
‘repair was invoived in the formation of deletions. Among 40 mutants of CM1331,
from two experiments, 10 slow growing mutants were sequenced. Two contained
deletions or 5% of the total number screened, éhowing that the MutL protein is not
essential to deletion formation in mutY bmteﬁa The numbers of mutants arising over
time under starvation conditions is indicated in F: i_gure 3.124, app}oximately double
* the number of mutants arise in CM1331 compared to the mutY or mutl (CM1330)
_ single mutant strains (data supplied by B.A.Bridges). It would appear that the
pathways involving mutY and mutL are working independently, with. their effects

being cumulative on the number of Trp” mutants arising in starving bacteria.

If mutY were inducing deletions by way of .8-0xo-dG:A mismatches, normal
mismatches might also be expected to increase the deletiog rate. A series of strains,
based on IC3126, was constructed which were deficient in one of the three main

methyl-directed mismatch repair proteins MutH, Mutl. or MutS.
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Figure 3.12.4
Starvation-associated mutation in the mutY, mutL and mutY mutL

_ derivatives of the trpA23 strain IC3126

CM1331

3

IC3742

&

CM1330

Number of Trp" mutants/plate

[
o
A

IC3126 -

Time (Days)

Starvation-associated mutation expenment with the mwtL derivatives of the trpA23 strain
IC3126 (CM1330, m) and the trp423 mutY strain IC3742 (CM1331, e). Points are the mean

| of two experiments with 107 bacteria per plate. Figure from Bridges and Timms, 1997.

In the case of CM1330 (mutL strain) two experiments were performed and 11 slow
growing mutants were sequenced. For CM1359 (mutS) and CM1362 (mutH)

tryptophan independent mutants were isolated and screened, for growth rate, from a
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singlé experiment. The sequencing results for thév miém;tch ‘deﬁcient strains are
~ shown in Table 3.12.4. All three strains showed a 9.3-15% proportion of dc[etions

amongst the mutants screened also showing a concomitant increase in the number ‘of '
slow growing mutantS arising over time on minimal plafes withbu’t tryptophan
Figure 3.12.5. As with the mutY strain, uvrd” derivatives weré made of the mutS
strain (CM1371) and mutH (CM1372). The NER proficient phenotype had no effect
on the number or rate of Trp* revertants arising over time on starvation plates Figure
3.12.6. If the level of deletions in the wild typé strain is again taken to be 1.4% of the
number in IC3742, the proportion of deletions attributed tp'the mismatch correction

defects are 91% (“*Y/;5 x 100) for murL, 85% (°>1¥/s3 x 100) for mutS and 86%

(121942 x 100) for mutH.

No small in-frame deletions‘were found in mutants isolﬁed ﬁom growing bacteria
rather than bacteria that were starved, for an extensive period, of tryptophan. Slxty
mutants of [C3742 were examined, isolated using the method of Newcombe (1948)
. where bacteria are plated on minimal agar plates with limited amounts of the
required amino acid. The bécteria grow and form a lawn and normally revertants
arising durjng this growth form colonies in two to three days. Because the deletion
mutants were so slow growing mﬁtants appearing between days five to eight were
isolated to allow deletion mutants time to express and form colonies. Only one
mutant was found that was slow growing and sequencing showed the mutation to lie

outside of the sequenced window.
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Figure 3.12.5

Starvation-associated mutation in MMR defective derivatives of IC3126'.'

100
CM1359

cM1330 - |

Number of Trp" mutants/plate

CM1362
20 =

Appearance of tryptophan-independént mutants with time of incubation on minimal plates
for E.coli IC3126 MMR defective derivativés carrying mutH (CM1362, ®), mutL (CM1330,
o) and mutS (CM1359, 0). 107 bacteria were plated per plate, points are the means of at least

three experiments.
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Figure 3.12.6
Starvation-assoéiated mutation in excision repair proficient derivatives of

mutS strain CM1359 (CM1371) and the mutH strain CM1362 (CM1372)

100

80 — : v . 4
CM1371

g
A

&
1
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Number of Trp* mutants/plate

20 =

6 8 10 12 14 16
Time (Days)-

Appearance of tryptophan-independentA mutants with time of incubation .on minimal plates
for E.coli 1C3126 derivatives carrying mutH (CM1372, @) and mutS (CM1371, o) made
excision repair proficient by transduction of a uvrA” a'.l‘lele. (107 bacteria were plated per
plate, points are the means of at least three experiments). Dotted lines are taken from Figure

3.12.5 for comparison; CM1359, = == =-and CM1362,=-="-= .
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- When combined with other results (B..A'.Bl"idges, per'soﬁal commin'nicaﬁon) it iead§ td
the conclusion that 8-0xo-dG:A mispairs do not give rise to deletions in growing
baéteria within the detection limits 'df our method i.e. they comprise less than 1% of
ﬁe prototrophs that arise; This suggested that, at the very least, .deietion for*nation

was a far more common phenomenon in starving cells than in growing bacteria.

" The stationary phase sigma factor ¢°, encoded by the gene rpoS, is responsible for

the regulation of a large number of genes invplved in survival and adaptation of
bacteria to life in stationary phase (Kolter et al., 1993; Zambrano et al.,. 1993;
Eisenstark et al., 1996, Hengge-Aronis; 1996a; 1996b; Zambfano and Kolter, 1996).
" has been shown to be an absolute requirement for the formation of Mu-ﬁediated
fusion evenfts,- producing Lac-Ara” mutants, dﬁring prélonged starvation (G()mez-
G6mez et al., 1997). A number of 68 régulated genes are involved in the protection
of bactcria.ﬁ'om .the effects of oxidative damage. One particular gene dpsd, an
‘ abundant non-specific DNA-binding protein, Ahas been shownr to be involved in
protection of DNA against the effects of oxidative damage (Almirén et al., 1992;
Martinez and i(olter, 1997). Strain§ deficient in Dps have also been shown to exhibit
an increased level of G:C—T:A mutations when stationary cultures were challenged
with H,O, (Martinez and Kolter, 1997) and the protein has been shown to posses
| slight catalase activity in a Synechoccus species (Marjorette et al., 1995). Because
the rpA23 systém was susceptible to this type of mutational event, a rpoS::Tn/0
derivative of the strains IC3126 (CM1366) and IC3742 (CM1367) were constructed
to examine the number and rate of appearance of slow g_réwing mutants. Results are

indicated in Figure 3.12.7, they show that there is little difference between either
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Figure 3.12.7

Starvation-associated mutation in rpoS ,deriv,g,_ti};es of IC3126 and 1C3742

100 =

80 CM1367

g
1

Number of Trp" mutants/plate
8
T

1

20 CM1366

Time (Days)

Starvation-associated mutation experiment with rpoS::Tnl0 derivati“/es of IC3126 (CM1366,
o) and IC3742 (CM1367, e). Points are the means of at least three experiments. Dotted lines

are taken frori_l Figure 3.12.1 for comparison with strains;_ IC3126 =-=- and IC3742==~-".

strain with or without functional o°. It would seem that in the #7p423 system c° and
the genes it controls have no effect on mutations leading to Trp* revertants. This is

surprising, in view.of the number of genes controlled by o involved in protection
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against oxidative damage. However, it is in agreement with other results where no

effect of 6> could be demonstrated in a different starvation mutation system based on

reversion of an ochre tryptophan auxotrophy (Bridges and Timms, 1998).

Our sequencing primers were originally designed to look at the specific region
immediately adjacent to the site of the trpA23 mutation. All the deletions we
identified during ouf screening of Trp" mutants had termini that lay within our
sequenced region lying between nucleotides 624-627 and 680-683. We only observe
small in-frame deletions in our assay, presumably because deletion of more than a
few amino acids (our longest observed deletion is the equivalent of nine amino acids)
would inactivate the ;l)rotein. The reading frame must also be préserved to give a
functional protein, out of frame deletions at this point in the gene (about 57% into the
“coding sequence) would almost certainly give a non-functional product. Thé
compiled deletion spectrum from all our strains is shown in Figure 3.12.8. Base
substitution mutations are also included, 5ut they do not constitute a complete

spectrum of possible reversion mutations at this locus.

Where deletions have direct repeats at their ends these are indicated, terminal repeats
" varied ﬁom one to four nucleotides and during the deletion procesé, one of the
repeafs was invariably lost. Of the deletions sequenced, 61 ﬁad terminal repeats of
one or more bases and 22 had no diréct repeats at their termini. A different pathway,
not involving repeat structures, may have formed deletions without repeated termini
or the structures mvolved in their formation are not unmedlately adjacent to the

deleted region. .
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Figure 3.12.8

Deletions in the trpA gene of Escherichia coli

-
o <
ale
@ <
oo ® [
o e
< <
o - [T TS}
5} o &5 w
- o CRI I T =
< a|~ < < < <
) ~ = o o ol
a - - [ I I
~ e - Lo
o < < < <
& © [ ] © »
[XEE w (X3 ©
j 5] ) -
< < < < <
[T o - o [ X3
%) -u_-.,a ® o o
< - < < < < -<
al< M < < < < < < <
<]« < < < < < < <
o < a < < < < < <K
R S 55566 o
- v oo
CEER o ®» 0o oo oo
< o < < % < <
=L 0w W
o e
a < % %
a e OB 5o
o TR ) o
o @ & L] LI = I A
=] =] LT = I =
=] L] Lo S e ]
o« o o [Ty ) ©
N ® © & o
[x) o o v o
O i~ o v W
Lol o~ - -
afw -
- - e Lo o -
o § < - <
=] [
] ]
‘© 5
- [ o]
- o-
=
) o (]
- <
© a ©
. € o|- <«
e ~N W
LI 5}
L)
) =
<
W e
=]

’Spectrum of small in-frame deletions, fouﬁd in the trpA gene of Escherichia coli, wh_jcﬁ restore partial
function to a #rpA23 tryptophan requiring strain. The nucleotide sequence of the rpA23 allele,
between bases 622 and 684 relative to the start of the coding sequence, is indicated at the top. The
corresponding protein sequence is shown below. The 7pA423 codon 211 is highlighted green and a
GATC methyl-direécted mismatch repair recognition sequence, which interestingly occurs in the-
middle of the deletion spectrum, is highlighted red. The red line indicates the apices of two potential
| pseudohairpin strué'tures identified in trpf:i and shown in Figure 3.13.1. Purple bases indicate possible

terminal repeat sequences one of which was invariably deleted during deletion formadoﬁ_ '
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Because of the apparent localisation of the deletions, a mechanism was sought that

might act as a target to this region of the DNA.

There is a deletion pathway, in phage A, that operate; via the sbcC and sbcD gené
products and is known to process stem-loop structures occurring in DNA (Gibson et
al., 1992; Leach, 1996). When the DNA sequence adjacent to the #pA423 site was
examined, it was found that there were two potential pseudo-hairpin structures that
inig,ht serve to target deletions to this region. A mutL, AsbcDC derivative of IC3126
(CM1407) was constructed. In thre¢ experimerits a total of 284 Trp* mutants were
screened and the 53 slow growers found were_sequenced, out of these 25 contained
deletions. Sequencing results are presented in Tabl‘;. 3.12.5. 8.8% of the mutants in
CM1407 contained a deletion in #rpd, this is not significantly diﬁ'efent from the
proportion of deletions found in the other misrﬁatch repair deficient strains .and ﬁ'om-
the 15% present in the mﬁtL sjngle mutant. We therefore cnﬁcluded that AshcDC had
no effect on }deletion formation in our system neither did it affect the number of
mutants arising duriné starvation experiments compared to CM1330 Figure 3.12.9

and to CM1406, the mutL* AsbeDC control strain.
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- Figure 3.12.9
Starvation-associated mutation in AsbcDC and AsbcDC mutL derivatives

. Of the trp423 strain IC3126

30 —

-

Number of Trp* mutants/plate
. 1

)
L

2. 4 6 8 10 12 14 16
) Time (Days)

Starvation-associated ‘muta_tion experiment with a AsbcDC derivative of IC3126 (CM1406,
o) and a mutL derivative (CM1407, e). Points are the means of at least three experiments.

Dotted lines are taken from Figure 3.12.1 for comparison with strain IC3126 ===- and

Figure 3.12.5 for comparison with the mutL derivative (CM1330) =-=-- .

81

. . . _— o -
e i ek we v et g wv——— v aa B i



3.13 Discussion

There have been a number of reports linking the oxidaﬁvély damaged base analogue
8-ox0-dG with mutagenesis in starving bacteria. Strains deficient in MutY or MutT,
two enzymes involved m the removal of oxidatively damaged guanine and togeﬁer
with MutM comprising the °G repair system, show an increase in the number of
mutants arising over time when théy are starved for an essential amino acid (Bridges,
1995a; 1996a; Bridges et al., 1996). The exception, MutM, does show a large effect
on starvation associated mutagenesis when combined with either of the other two
deﬁciencies. Slow growing Trp" revertants were previously observed to arise, along
with an elevated level of faster growing G:C—T:A ﬁ'ansversions, when a mutY
 trpA23 strain, IC3742, was incubated on ,minimal"x:'agar platesi lacking tryptophan
(Bridges et al., 1996). -Thg present study began as a characterisation of these slow
growing Trp' revertants using a phenotypic assay developed by Allen and Yanofsky
(1963) and subsequently by sequencing the re'gion. of the #rpA gene immediately

adjacent to the rp423 mutation.

In the first expérimcnt with IC3742, phenotypic classification was used, looking at
sensitivity of the mutants to 5-methyl-tryptophan (5 -MT) and the accumulation of the
synthesis intermediate indole-g]ycerol-phosphate (IGP). This classification scheme
makes it possible to infer the base pair substitutions that lead to the "I‘rp+ phenotype
(Yanofsky et al., 1966b). On the basis of the phenotypic results most of the mutants

from the first experiment were classified as G:C—C:G transversions. This was

surprising as the mutY strain was expected to yield an overwhelming majority of
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G:C;>T:A transversi'ons.. It had previously .been shown tﬁat, in growing bacteria
deficient in MutY, 70-95% bf the phenotypic revertants were inferréd to contain
G:C;-)T:A transversicvms,at thg site of the trp423 mutation (Urios et al., 1994). This
particular base pair substitution, at nucleotide 632, results in a change from arginine
(AGA) at codon 211 (inabtive tryptophan synthase o ;subunit) to isoleucine (ATR)

producing a functional protein (Allen and Yanofsky, 1963; Yanofsky ez al., 1966b).

Sequencing results have been presented showing that most of tﬁe base changes
classified as G:C—C:G; on the basis of their phenotype, were in fact G:C—>T:A
substitutions at- nucleotide 632. However there were also six» deletions in the
sequenced region as well as three mutants that appeared to be unchanged from the

trpA23 sequence.

In most of the mutant isolations a small proportion of slow growing revertants was
picked up that did not show a sequence change within the region. éiamined. It was
assumed that these mutants were either 'intragenié or extragenic suppreséor
.mutations. Tt.lese could range from mutations in‘ ribosomal genes (affecting
| translational fidelity) to mutations and modifications of tRNA resulting in altered
anticodon recognition specificities and in light‘ of our résults. mayA also include
deletions at other points in the #zp4 gene. For a review of the range of suppression
mechanisms operating in bacteria, ﬁm particuiar emphasis on the trpA gene, see
o Murgola (1985). This disparity between the phenotypic and sequencing data, in
IC3742, is a pertinent reminder ﬂiat a large range of mutational mechanisms operate -

in bacteria, not all of which are understood. It is now clear _that it is risky to base
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conclusions pdrely on bhenotypic characteristics iﬁ this system. Thefe is axi;ble
evidence that spontaheous mutational processes Voccurrir'lg in stfessed or starv'mg‘
bacteria are different to those that bccm in growing bacteria (Caimns ‘zind Foster,
1991; Prival énd Cebula, 1992; Bridges, 1993; Foster and Trimarchi, 1994; Mackgy
et al., 1994; Rosenberg et al., 1994; Taddei et al., 1995, Maenhaut-Michel et al.,

'1997). Our results would appear to extend these observations with the inclusidn of a

s

major deletion pathway operatirig in our system during starvation.

Thé strains we uSeq in our study were all characterised by a deﬁciency in a mismatch
repair system.AMutY and the methyl-directed mismatch' repair (MMR) system both
opérate to m@ove mismatched base pairs, their inactivation leads to the persistence

of such mismatches in DNA. Both of these mismatch repair systems have .diﬂ'erent ,
repair specificities and as demonstrated in the results section the eﬁ'ect of each
deficiency is cumulative on the number of mutants that arise during starvation in this
sﬁtem. In ‘isolainn, both repaﬁ deficiencies are virtuﬁlly indistinguishable in the
number or rate of mutants that arise over time. In the slow. grovo)ing Trp* mutants
sequencé(i,. wé found at least three sites t;hat respond to G:C—T:A transversions in
trpA to give a functional revertant (G:C632T:A, G:'C692T:A and G:C698T:a). These
three mutations are all events that could be produced by defects in MutY mediated
mismatch repair and resulting from a misincorporation of adenine oppositg 8-oxo-d§.
Tajiri et al. (1995) produced an estimate of the number of 8-0x0-dG molecules in the
chromosome of wild type cells, this was approximately 6 mbleculés per
chromosome. Assuming that 8-oxo-dG has similar propensity to pair with adeniné as

with cytosine during replication (Shibutani et al., 1991; Moriya et al., 1991) then



tiiere_ could be at least three 8-oxo-dG:A. miomatches per chromosome assuming no
repair. In cells where ail the error correction pathways are opemting normally the
rate of replicative en'ors is about 10° to 10"base pair/replication cycle (Drake,
1991a; 1991b; Schaaper, 1993), the éffect of abolishing mismatch repair is an
approximately 100 to iOOO-fold increase in  observed errors. The resulting error rate
of around 107, in a mutH, mutL or mutS shaim translates to about one mismatch for
every two chromosomes replicated (4.7M base pdiré/chromosomé)., Since the rpA23
aliele can revert by a variety of base substittitions, including bot_h transitions and
transversions, all else boing equal there would have to be at least 18 sites ((number of-
8-0xo-dG:A mismatches per chromosome/number of MMR susceptible mismatches
oer chromosome) x number of sites responsive to G:A mismatches)) »susceptible-to
MMR and that can cause a 'I“rp+ revertant to give parity in ‘mutant generation.
Combining the sequencing resulis obtained in ihis study with those of IYanofsky et
al. (1966b) there are at least 10 such sites, eight of which wei‘e shown to have a slow
growing .phcnotype. Of course, the above takes no account of the range of deletion A
 mutants re_c_:overed in the slow growing revertantsi or of tlie reveitant mutations lying

outside the rogion sequenced. Because MMR .does not reoair most . G:C—)'i‘:A

transversions (Dohet ef al,, 1985; Schaaper ef al., 1989) and MutY is specific for

such events there is no overlap between ihe rep#ir opectra, thns there is 'an additive

effect of removing both repair systems.
In growing bacteria deficiency in mismatch repair results in a large- mutator effect, .

with an increase in the number of base pair .substitution mutations as subsequent

rounds of replication fix the nnrepaired mismatched base (Nevers and Spatch, 1975;
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Luer al., 1983; Pukkila et al., 1983). Howev.cr, when we looked in .st.arving b&ct&ria, .
as well as the expected base pair sﬁbstitutions, we also found a large proportion of
;mall in-frame deletions in rp4. We failed to detect any deletions in spontanéous
Tr;‘)+ mutanis produced in growing cultures, we concluded they must comprise less
than 1% of the mutant population, compared to between 5-17.5% in mismétch.repair ‘

deficient strains starved for tryptophan.

The trpA23 system vw;'ould only appear to be able to detect small in-frame deletions,
the largest deletion seen is only 27 base pairs or 9 amino acids and all occur in one
region of the rpA gehe, larger delétions would présumably inactivate the protein as
would out of frame deletions or frame shifts. It is not unreasonable to assume that
there are perhaps twice as many out of frame delet'ionS that are never seen, as in-
ﬁ'am¢ deletions. The unknown proportion of deletions extending outside the defined
region known to give functional revertants should also be. considered. The DNA
. sequence where we find our deletions spans bases 624 to 683 of the @A gene some
60 base pairs, out of which, 30 are G:C base pairs and‘ potentially‘responsive to 8-
oxo-dG:A.r.ni'sbajrs. In the mutY strain IC3742, 17.5% of the‘ slow growing mutants
are small in-frame deletions and 75% carried transversions. If it is assumed i) there
are twice as many out of frame deletions that are not detected, as in-frame deletions
that are detected, ii) that the deletions originated from mismatches within the deleted
sequence and iii) the average probability of transversions at each of these 30 G:C
bﬁse pairs is the same as that for transversion at the trpA23 site then, in a mutY strain,
 52.5% @3 X 17.5) of events m this region would cqnsist of deletions. The proportion .

for the other mismatch repair deficient strains CM1330, CM1359 and CM1362
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. would be siightly less (30% to 45%), héwever, deletion evenﬁ woula still account
for a éubstantial fraction of the mutations formed. The above calculations are based
“on the number of in-frame deletions that were scored with our assay giving a Trp"
revertzinf. This may be an under-estimate, as the siof\-ver rate' of growth of the deletion
mutants would mean that their appearance would lag vbehind that of transversion
prototrophs arising at the same time. If this is the case then the deletion pathway
could well be the major pathway operating in mismatch repair deficient strains under |
growth limiting conditions.
It is suggested that the high ﬁ'equenclyvof déletipns we see arise from the conjunctibn
of two circumstances. The first is restricted ’chromosomal replication associated with
‘stawation for a required amino acid_. The pr23 conferred auxotrophy is sufficiently
leaky that a lawn of residual growth is visible, on -minimal agar plates lacking
tryptophan, after about seven days. In this case it is correct to say that replication is
restﬁcted rather than absent. Jayaraman (1995) looked at post plating mutagenesis in
several amino acid auxotrophies in the K-12 strain AB1157. He sugéests that
leakiness 1s a'requjrement for starvation as§ociated mutdgenesis and in his system
induces leakiness, in the ‘thr-I and leuB6 alleles, using streptomycin to lower
translational fidelity. In argE3 the allele cannot be qlassiﬁed as leaky and shows a
much lower ‘rate of post plating mutation with the conclusion that some protein

synthesis and concomitant DNA replication is-necessary for starvation associated

mutagenesis.
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The second circumstence‘ is the 'persistehce of mismatched regioﬁs of DNA, this
would seel-n.to be the logical result of inactive mismetc’h repair ‘in the mutY, mutH,

mutL or mutS strains. These regions would elther be with single damaged bases ie.
' 8-oxo-dG A, usually repaired by MutY (Mlchaels et al., 1992a 1992b, Moriya and

Grollman, - 1993, reviewed by Tchou and Grollman 1993), or normal non-
complementary bases or small loops of DNA usually repaired by the MutHLS
system (Klje:her et al., 1984; Dohet et al.; 1985; Su et al., 1988). While MMR can ‘
efﬁcicnﬂy repair DNA loops of up to 4 base pairs (Dohet et al,, 1986; Learn and
Grafstrom, 1989; Parker and Maﬁnus, 1992; Carraway and Marinus, 1993) there was
no evidence that it has any act'ivity on larger loops of say six to 27 ease pairs (Dohet
et al., 1987; Carraway and Marinus, 1993). However, recently Fang et ai. (1997)
have shown that MMR may have a very low actxvnty on larger loops in vitro but this
repair activity declines very rapidly with. mcreasmg loop size. It is pOSSlble
“therefore, that MMR could display a very weak activity on larger loops under
conditions of restricted growth where replication and indeed trahscription are
.inﬁ'equent. Such activity may result in eicision of one strand of DNA allowitig the
. other'.strasld to adopt secondafy stnicture, synthesis across the secondary. structure
might then lead to 'a deletion. Since neither MutY nor the MutH, L or S proteins are
necessary_ for deletion formation, if loops are an essential factor they must be

processed by other pathways.
How would the apparent requirement for persisting mismatches and dysfunc'tional

mismetch repair relate to the deletions that were found in the parental strain, 1C3126,

which is mismatch repair proficient? In sta_rvihg bacteria, the levels of the MutS and
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MutH pfdteins have been found to'decreﬁse (Feng et al., 1996). However, the levél. '
of DNA replication also decreases under these conditions, so these proteins mﬁy
‘maintain their proper ratio with respect to DNA mismatches produced during DNA
replication. Recently Harris et al. (1997b) have shown that functional MutL becomes
limiting, during stationary phase, for mismatch repair activity despité the apparent
maintenance of MutL protein levels. It may be that starving cells are iﬂdeed
functionally mismatch dpfective despite apparently having adequate amounts of the
three proteins to deal with the level of mismatches produced. Schaaper and Radman ’
(1989) suggested that MutL. might be expended during mismatch repair. The protein
would remain present in the cell, after use and prior to break down, but be

functionally useless to the cell. .

Alternatively, MutL may be titrated out by some mechanism thereby reducing its -

~ availability to participate in mismatch repair. Titration of mismatch repair prott;.ins -
has been found in systems where the DNA polﬂme error rate was increased ‘t(‘>~
saturate mismatch repair, either through use of a mutator allele (Schaaper, 1988;
Damagne; et'al., 1989; Schaapei' and Radman, 1989: Schaaper et al., 1989) or

mutagens (Cupples et al., 1990). Titration was also achieved by the over-production

of single stranded DNA with regions of secondary structure containing mismatches

(Maas et al., 1994; 1996). In this case, it appeared to be the level}‘ of MutS that was
affected although since both MutS and MutL are required for functional mismatch
repair the result may be the samé. Our system aiready 'has. very slow growth
~ associated with .it and cbncomitant DNA synthesis must be occurring. Another

alternative is that this DNA synthesis, occurring under adverse conditions, is
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unusually error prone thus satufating the reduced mismatch repair. ébility as
suggested above. If MMR were compromised, mismatches would persist in the DNA
despite the cells being genotypically MMR" and would contribute one of our

prerequisites for deletion formation.

. The strains used ;:ontain mutations in several genes involved in damage répair. i.e.
umuDC and uvrA all of which are responsive to the SOS regulon. We have also
looked at a further gene recd, which is central to control of SOS induction, tﬁe gene
product is involved in c.lea;/age of thg LexA rt;.pressor protei;l.' It was found that a
recA deletion did not appear to have any effect on deletion formation in IC3742,
although it did effect the number of mutants arising over time on starvafion plates.
By removing functional .R.ecA,_we prevented induction of the SOS response and the
induction of all the geﬁes controlled by this regulon. There is recent':evidence from |
Taddei et al. (1995) that the SOS response is induced in aged colonies. on ﬁgar plat_es'
and may be importaﬁt in survival and in ihe producﬁon of mutations in starving: cells.

- While there are at least 26 chrofnosomal genes regﬁlatéd by LexA, only} two are
necessary to promote mutagenesis in £.coli namely umuC and umuD (Somni& etal.,

| 1993). Howéver since the strains already carry a déletion through umuDC, any effect

of recA ‘we see cannot be due to diﬂ’erehtial mutagenic bypass of lesions in the DNA.

While recA strains are viable, mutants grow almost as well as wild type strains, they
.are very sensitive to forms of damage that block DNA replication and that remain
unrepaired. If a damaged chromosome is segregated during division, the resulting

daughter will be non-viable. This lethal segregation would explain the observation



that a substantial la\.#n.was still formed on plates bearing the rec4 dcletion strain
despite the observed decrease in viability. While 8-oxo0-dG does not itself block DNA.
replication (Wood et al., 1990; Shibutani et al., 1991), there may be other forms of .-
lethal  oxidative DNA' damage, for example thymine glycols or.
formamidopyrimidines, that will kill cells unable to repair or bypass them during
replication. Takmg thymlne dimers as another example of damage that blocks
replication, a uvrd recA double mutant can be killed by a smglc lesion per
chromosome compared to the 50 lesmns required to kill a recA excision repair

defective cell (Friedberg et al., 1995).

When a polymerase encounters a blocking lcsion it will stall and replication re-
initiates, perhaps several thousand nucleotides downstream (Rupp and Howard-
Flanders, 1968; Khidhir et al., 1985). The resulting gap is usually repaired by RecA-
dependent homologous recombination, with the sister duplex; during post-replication
repair and is nsually considered error free. However, recent results would tend to
modify this statement. Recombinational repair may not be an inherently error free
mechanism but the mismatch repair system serves to ‘monitor the fidelity of the
process during strand exchange. In the absence of mismatch repair recombination

may occur between sequences that have diverged by perhaps 15-20% (Rayssiguier et

al., 1989; Worth et al., 1994). If deletions are occurring in mismatch repair deficient

cells at the rate observed and as a generalised-process, most of them will also be
lethal to the ArecA host unless repaired. Thus, recombination may be the way that
bacteria maintain their genomc integrity ‘when faced with a nrocess that tends

towards genomic instability. There is usually more than one copy of the bacterial
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chromosome present in individ@ éells even under stationary phase ;:t.)nditic‘msv (Boye
and Lebner-Oleson, 1991; Akerlund et al.; 1995). Availability of homologous
‘regions of DNA would give bacteria the opportunity fo use homologoué
recombination to repair chromosomal deletions and restore viability. Si‘nce all the
small in-frame deletions found allow growth, they may replicate and segregate

before they can be repaired even in rec4” Backgrounds.

The other two repair deficiencies in the #pd23 strains, wvrd and umuDC can be
considered next. Theré is a low constitutive level of f.he excision 'repal;r genes present
in SOS uninduced cells, about 20 molecules of UvrA (Kenyon and Walker, 1981)
compared to about 16 molecules of UmuC and 180 molecules of UmuD (Woodgate
and Ennis, 1991; Woodgate and Levine, 1996). UvrA increases to about 200
molecules per induced cell (Liﬁ and Sandar, 1992) while UmuC and UmuD are
induced to about 200 and 2400 molecules per cell respectively (Woodgate and Ennis,
1991). If, as Taddei et al (1‘995) claim, SOS is iﬁduced in starving cells the levels pf
UvrA, UmuC and UmuD may be intermediate between the basal and induced levels
in starvmg batcteria and may influence the number of mutants we see. UvrA is the
damage recogniﬁon subunit of the NER system. It has a wide repertoire of damage
that it targets for excision, ranging from covalently modified bases to non-covalent
drug-nucleotide adducts (Lambert et al., 1989; Snowden et al., i990; Selby .and .

Sancar, 1991) to apurinic/apyrimidinic sites (Lin-and Sancar, 1989).

There is no evidence that 8-0x0-dG is a substrate for the NER pathway (Wagner et

al., 1997), although Czeczot et al. (1991) found that the UvrABC exinuclease Was
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involved iﬁ the reéair of lesions induced by methylene blue (MB) andlvisib.le light.
As 8-0x0-dG was the only damaged base identified in MB-light treated DNA (Floyd
et al., 1989; Schneider et 'dl., 1990) and the damage formed was a substrate for the
product of the mutM ‘gene (8-oxoguanine DNA glycosylase also called
~ formamidopyrimidine DNA glycosylase), it was suggested that ﬁwABC was acting
upon this damage. Howevér,— in light of other results (Boiteux et al., 1992; Ravanat
and Cadet, 1995) it is likely that the éenotoxic lesion is something other than 8-oxo- |

dG and it is this lesion that is a substrate for NER.

Deletions were found in both the uvr4™ énd kuvrA' baékgrounds, when combined with
mutY, so the gene product was obviously not essential in their formation. However,
since UvrA does recognise other forms of damage.e.g. thymine glycols (Lin and
Sancar, 1989; de et al., 1990), it may have an effect on mutagenesis in starving
bacteria if they are prone to accumulate excess oxidative damage. In our #rpA23
system, uvrA4 alone had no noticeable effect on the number of mutants that arose on
‘starvat'ion plates. This agrees with the results Qf Bridges (1993) who looked at
reversion of an ochre mutation in #pE but diéagrees with the results of Hall (1995).
Hall found that elements‘ of NER were “selection-induced-specific mutator genes”
increasing the post plating mutation rate of a #rp446 allele by a factor of 80. Hall
suggested that in starving cells there is accumulation of damage that is susceptible to
repair by NER and is mufagenic. The trpA46 allele normally reverts at an AT site
(Yanofsky et al., 1966b), if this is also the case under starvation conditions it may bg
a.damaged fonﬁ of adenine or thymine, rather than guanine, that is responsible for

the enhancement seen by Hall. There is difficulty in this interpretation. As the ochre
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strains in Bridges system should also respond to damaged édenine or thymine but no-‘

effect is seen, one has to conclude that the effect, if real, is locus specific.

Tﬁere is evidenc.:e from plasmi& experiments (data not shown), combining UrﬁuDC in
a NER proficient and deficient background, that UvrA may be responsible for
removing some forms of damage, under starvation conditioris, that are otherwise
either lethal or mutagenic. UmuDC is involved, along with RecA, in the error prone
. translesion bypass of DNA damage that blocks replication (Bridges énd Woodgate,
1984; 1985a; 1985b). Stralns proficient in error prone repair were noticeablyv more
mutagenic than their umuDC parents. This result implies that there are forms of
damage, produced in starving cells, which can be recognised by»UvrA and are
removed by 'the NER system. However, when NER activity is absent, this same
damage can be bypasséd by UmuDC résulting in increased mutagenesis.
Overexpressing UmuDC might be expected to increase mutagenesis, perhaps o
because there are other processés occurring in starving cells that will out compete
UmuDC to repair damage, possibly RecA .depen_dent post-replication fecombination

repair.

It is not in the cc'ells‘intefest to promote error prone repair and there are a number of
control mechanisms to ensure that this pathway is the method of last resort. UmuD
must be activated to UmuD' to participate in error prohe repaxr the RecA protein
(Nohmi et al., 1988) accomplishes this. We can speculate that if a plasmid
cdnstitutively expressing umuD' was introduced into @ ww” background then

mutagenesis would be further increased. For there to be.a noticeable effect in our



- system there must be activation of the ‘UmuD protein, perhaps supporting the claim
of Taddei et él. (1995) that there is SOS induction in starvmg cells. An important
point to note here is that in the trpA423 system as well as that of Taddei et al. ( 19955
protein synthesis can occur, albeit at a low level, as both systems are leaky. Protein
synthésis is a vital component of SOS induction and it is possible that SOS can only
be of importance in nutritionally stressed bacteria where some protein synthesis can

occur de novo.

A possible role for SOS also agrees with the obsérvations of Bridges (1§93) who
found that in a uvr” SOS constitufive strain expressing activated RecA*, the number
of slow growing Trp* mutants arising over time was increased. The SOS system has
also been found to play a part in deletion formation in a pla'st‘nid‘ system used by.
Balbinder ét al. (1993). They found that overproductidn of .activated RecA* and
UmuC, in a SOS cohstitutive background, increased the spontaneous deletion
frequency of palindromic inserts in a plasmid gené. Os;erproduction of RecA was not
found to affect the deletion rate of non-palindromic inserts perhaps indicating the
existence .<.)f two separate mechanisms. Their system, as with most éxberixﬁental
systems, examined deletions in growing cells or in cells that had only spent a brief
time in stat_ionary phase. The #rpA23 system in contrast looked at deletion formation
in cells that had spent a prolpnged period under condifions of nutrient privation. It is
possible that in starving cells pathways may display activities that are not detectable -
in short term assays s§ RecA and UmuDC may affect frequencies of palindror_nic and

non-palindromic deletion formation aithough we found no effect of Arecd or

AumuDC on deletion frequency.
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'Many (75%) of the deletions recovered in trp4 were flanked by direct repeats .

varying from a single base pair up to four bases. Termiﬂal direct repeats are known
to blay a role in deletion formation (Farabaugh et al., 1978; Albertini ef al., 1982a;
1982b; Mazin et al., 1_991; Chédin et al., 1994) perhaps stabilising secondary
~ structures or providing regions of homology during slippage and mispairing of
replicating DNA. Contact between direct repeats could facilitate recombinatioﬁ but it
is known to be RecA independent (Jones et al., 1982; Collins et ai., 1982; DasGupta
etal., 198f; Mazin et al., 1991; Lovett et al., 1994), perhaps because the repeats are
below the mirﬁrnum length (30-76 basé pairs) required for RecA mediated
homologous recombination (Watt et al., 1985; Shen and Huang, 1986; King and

Richardson, 1986). This is consistent with the observation that RecA had no effect on

deletion formation in trp4 but did affect viability and ' mutagenesis under our

conditions.

Factors that affect the frequency of deletion between repdats include: repeat length,

' GC content or thermal stability and proximity of repeats to each other (DasGupta et -

al., 1987, Williams and Miller, 1987; Peeters et al., 1988,; Westén-Hafer and Berg,
1989; 1991; Pierce et al., 1991; Sinden et al., 1991; Trinh and Sinden, 1993; Chédin
et al., 1994). The repeats flanking the trp423 deletions vary from a single base pair
up to four base pairs and are-tl.xus shorter than the repeats observed in most other
systems; (four to nine base pairs). It is interesting to note that of the 12 different
deletions with terminal repeats, 10 were predominately composed of GC base pairs.
‘The deletions were all in a defined region of #pA4 and the lafgest deletion observed

spanned 27 base pairs so the terminal repeats in these cases were in close proximity.




ﬁy no means all our deletions weretﬂanked by repeaté, 25% had né homology af ' |
either terminus. Perhaps in these cases more -compléx -'.sé’condaxy structure was
involved in their formation. There proved to be two potential pseudo-hairpins in the-:
' regioﬁ of the #pA23 mutation Figure 3.13.1. These structures are not perfect
. hairpins and the formation of réa_l secondary structure in actively growing cells must
be suspect. However, in starved cells. where the frequencies of DNA replication and
transcription both processes that have the potentiél to “iron out” secondafy structure
are much reduced §ve cannot rule out in-vivo formation of ﬁxése or similar structures.
A proposed model that secondary structure can explain deletions, by juxtapositiori of
deletion endpoints, would account fpr the apparent absence of repéat termini in some
of our deletion sequences (Ripley and Glickman, 1983; Glickman and Ripley, 1984).
In this model, ligation and replication across the base of the secondary structure, wi'th»
subsequent rounds of replication creating homologous. DNA strands bearing the

deletion was suggested.

Altei‘natively, the secondary structure may be processed to produce deletions. It has
been known for some time that plasmids or phages carrying inserts containing large
palindromic structures are unstable in E.coli (Collins et al., 1982; Hagan and Warren,

1983).

Leach and Stahl ( 1983) found that strains deficient in recombination nucleases were
able to maintain palindromic structures and it was subsequéntly discovered that the
only genes required to be dysfunétiona.l were sbcDC (Chalker et al., 1988; Gibson et

al., 1992; Leach, 1996).



Figure 3.13.1

Putative ha’irpin structures in the region of the trpA23 mutation
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Two putative pseudohairpin structures have been found in the region of the t7pA423 mutation.
Only one strand of DNA is shown for each structure. Numbers refer to the #7p4 coding
sequence, position 1 taken as A in the ATG initiation codon. The stability or formation of
such secondary structure in vivo is uncertain, however, should they form even transiently
they may provide targets for mismaigh repair systems or for nucleases _involved in
maintenance and stability of secondary structure e.g. the SbeDC nuclease.
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SbcDC has recently been shown to comprise a processive 'do.uble strand ex<l>nuclease
(Connelly et al., 1997) that targets and resolves cruciform structures in DNA. Because of the
putatiw)e secondary structure in the region where our deletions occur, we looked at the effect -
of AsbcDC on deletion formation. Although there was no effect of this endbnﬁclease on’
deletion formation the effect of other recombination endonucleases such as RecBCD or

SbeB cannot be discounted. If the secondary structure is important perhaps it is processed by |
some other means or is important in a purely structural way i.e. the secondary structure itself

is sufficient to target deletion formation to this region of DNA.

How do we reconcile the two mismatch repair deficiencies, MutY and MutHLS, producing
the same endpoint? Do they operate by one or more different mechanisms? Results in
other systems suggest that there are at least two major pathways for deletion
formation. One is the “copy-choice” pathway origina.liy proposed b& Streisinger et
al. (1966), where strand slippage occurs during DNA replication and usually
involves deletions formation between short repeats (Albertini ¢ al., 1982a; 1982b;
Dianov et al., 1991; Mazin et al., 1991; d’Alengon et al., 1994; Bi and Liu,l 1994;

Lovett and Feschenko, 1996). The other process involves 'enzymes that cut and join
DNA such as.topoisomex;ases and do not involve homologies (Sﬁimizu et al., 1997,
Uematsu et al., 1997). Since both types of deletion event were found in our system,

both models need to be considered.

The viability results with the rec4 deletion strain suggest'that there is damage,
occurring in starving cells, that blocks replication and is fatal if not repaired.
Replication blocking damage, for example AP-sites, would lead to pausing or even

collapse of replication forks and there is evidence that even if the replication fork



survives the replisome complex is slowed to some degree. This_ typé of event has
been heavilly implicated in deletion formation (Asai et al., 1994; Biemne and Michel,

1994; Kuzminov, 1995a; 1995b; Bierne et al., 1997a). |

In this coﬂtext, it would be interesting to look at the effect of the RecF protein in our
system. This prdtein has preifiously been identified as a component in recombination
repair and more recently has been shown to be important to the reconstitution of the
replisome after an encounter with a blocking lesion (Courcelle et c;l., 1997). However
unlike the deletions recovered in the trpA gene, Bierne et al (1997b) have shown that
the activation of a RecF dependent pathway for ‘enhanced deletion formation between
tandem repeats is also dependent on RecA. It is probable that reéF mutants would
have lowered viability during starvation experiinents, but if enough muténts'were
examined it should be possible to tell wheiher this protéin is important to deletion.
formation and whether replication fork collapse is impbrtant in our system. Saveson
and Lovett (1997) have found that an E. coli strain mutant in the & editing sub-unit of
Pol III (d)qu) caused a large incfease in delefion_ formation between large tandem
repeats. Mutants in dnaQ are associated with strong mutator phenofypcs (Echols et
al., 1983; Schaaper and Radman, 1989; Krishnaswamy et al., 1993) due to a large
increase in the number of base substitution mutations. Absence of the editing
function would lead to persistence of mismatches in the newly synthesised DNA and
presumal.)ly more importantly, to us, to a reduction in ﬁne fidelity of témplate choice.
Other mutants in Pol III also increased deletion formation of large repeats possibly
by slowing the replication rate, a process which may favour strand slippage (Bierne

etal., 1997c; Saveson and Lovett, 1997).
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'I'h-ese twb.factors are reminiscent of the situation found in our starving mismatch
repéir deficient cells. Réplication would be expected to proceed at sub-optimal rates
in nutritionally déprived bacteria perhaps because the supply of dNTP’s, energy or a
required protein is liiniting. Thevinitiating event in deletion fonr;ation would thus be
solely due to pausing of the advancing replication fork allowing transient separation
of .the. newly synthesised strand from the template. Re-annealing ‘of the separated
strand would soontake place and could result in a deletion if the; re-annealing is
. erronedus.‘ The € sub-unit of Pol III recognises and edits mismatches, it would
probably have the effect pf terminating illcgitfmate recombination e\./ents, through
inappropriate choice of template. Obviously, its absence would increasé the
likelihood of illegitimate recombinants persisting and leading to deletions. The & sub-
unit does not recdgnise all replicative errors, some are repaired by MMR and MutY, 7
-as demonstrated by the difference in observed error fates‘ in wild type and mismatch

defective cells.

Preirentior_y of illegitimate copy-choice templates would also be expected to have ..a
component of mismatch correction associated with it. Functional mismatch
correction may have the effect of terminating sﬁch events, recognising and excising
the mismatched region, subsequent re-synthesis would more than likély abolish the
deletogenic event Figure 3.13.2. Again it would be interesting to observe ﬂxe e&ect
of a dnaQ and MMR combined deficiency on deletion formation.' Since a cumulative
effect of a mutS and a dnaQ mutation has been observed in a éystem looking at
simple repeat sequence stability (Strauss et a{., 1997), one would predict that the

deletion rate in the rpA23 system would also be increased above that shown by
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Prevention of deletogenesis by MMR

A putative mechanism whereby MMR can abort deletogenic events between
homeologous repeat sequences. During replication or repair synthesis, the 3' end of
the nascent strand becomes detached from the template strand. There is now the
possibility that it can misalign with short lengths of homology, possibly mediated by
recombination proteins such as RecA, in heterologous sequences. Continuation of
synthesis leads to a deletion event. Since the new strand is hemi-methylated, it is a
substrate for MMR mediated repair, which can act on, mismatches generated by
pairing of the heterologous sequences. Incision at the nearest GATC site followed by '
excision of the intervening region may destabilise and abort the deletion process
allowing correct resynthesié of the DNA. A similar result would occur if the 3'
exonuclease proof-reading subunit of DNA polymerase III acc;)mplished the
mismatch recognition and strand degradation steps. Adapted from Lovett and

Feshenko, 1996.




Figure 3.13.2

Prevention of deletogenesis by MMR
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eitﬁer siﬁgle deficiency. A céveat to this brediction is that growth media appears to
modulate the activity of certain dnaQ mutations (Kriéhna_swa‘my, 1993), with
mutagenesis levels on minimal media being very much lower than those observed on
~ rich niedia_ In the trp,;12,3 system, some if nbt most of the mutagenic events
undoubtédly occur on minimal agar plates, in this case would there be any observe&

increase in the deletion levels seen?

It is possible that illeéitimate recombination eveﬁts are relatively common in
replicating cells, especially if the replicaﬁve rate is slower than obtimal. Functional €
(dnaQ) DNA polymerase error correction mechanism and mismatch repair may be
’ | vital to prevent such illegitimate recombination occurring as well as to prevent base
pair substitution mutations. One can see that this mechanism would account for the
situation where short repeats have been found,.t;.hese provide the hémology for the
copy-choice process to work, however our deletions do not all exhibit such repeats..

Are these remaining deletions the result of a different mechanism?

Bierne et al. (1997a) have recently reported. an eﬂ'eqt of DNA topoisomer;:se I on
deletion formation where no direct terminal repeats were found, in contrast a top4
mutant had no effect on deletion rate betweeﬁ direct repeats with 3-10 base pair
homology. In this system replication pausing was also considered to be important, as
' deletion termini were associated with sequences ’that' terminated replication in E.coli.
Topoisomerase I is interesting as i; displays a structural preference for cleai/age sites,

near to the junction of single and double stranded DNA (Kirkegaard and Wang,.

1984). One can speculate that as well as stalled replication forks, secondary structure
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would also provide }regi('ms of single and double stran‘dedDNA? but whether the
enzyme would recognise such structures is unknown. However, since Topoisomerase
I displays both cleévage and ligation activities, it doés have the means to cut and
rejoin DNA molecule;s both ‘functions would be necessary to form viable delétion
mutations. E.coli DNA gyrase has also 'been- demonstrated to increase short

homology independent recombination (Shimizu et al., 1997).

It is harder to associate deficient mismatch repaif with délctions that appmnﬂy do
not require homology ‘and are not therefore sﬁsgeptibl,e to hoineologous
recombination. We are left with the observations that there is apparently no
requirement for terminal homology yet mismatch deficiencies stimulate deletion
formation. While mismatch repair deﬁcicﬂcies significantly enhance RecA
dependent homeologous recombination (Rayssiguier et al., 1989; Petit ;t al., 1991;
Worth et al., 1994, Zhart et al., 1994; Humbert et al., 1995), in the trpA.23 system the
process wﬁs shown to be recd independent. Mismatch deﬁcienciés undoubtedly
enhance deletion formation in the trp4 gene it is not possible to provide a complete

explanation as to the way in which they do so.

The final point to consider is why are deletions observed in this particular region.éf
the #rpA gene. The system studied depends on thé formation of Trp* revertants that
form colonies and that can be isolated for sequencing. All the deletions seen are in-
frame events, if the deletions were irrelevant to the Trp* phenotype we would have
éxpected to find out-of-frame events as well as larger deletions than the ones

observed. This argues that it is the deletions that are responsible for the oBserved‘-
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phenotype. The three dimensional structure of the Salmonella t}phimurium

tryptophan synthase o sub-unit ha; beeh detetmined (Hyde et al., 1988). A |
comparison of the E.coli and S.typhimuriym TrpA anﬁno acid sequence indicates that
they are similar in the region of interest i.e. residue 211 which forms part of the B-
sheet 7 and o-helix7 (Nichols and Yanofsky, 1979). The i7p423 mutation results in a
change from glycine at codon 211 to arginine. Murgola (1985) lists nine amino acid
substitutions at this particular site that will give a functipnal reversion. They vary
considerably in size but all except one lack a polar terminal group the exception,

asparagine, is relatively small.

There are eight other amino acids that are known to result in a dysfunctional protein,
all of these possess a polar side group and/or a bulky ring moiety. It is suggested that
these residues .cbnfer inactiv_ity due to steric hindrance of the active site or ioniéally

intcrfere with the access of indole 3-glycerol-phosphate to the active site.

Thus the function of the small in-frame deletions maybe to restore activity by
lessening the 'proximity of thé charged or bulky residues to the active site. The
structure of TrpA is shown in Figure 3.13.3, the #7p423 mutation is situated on B-
sheet-7, all except one of the deletions occur in a-helix-7 or the adjacent part of [3-
sheet-7. The effect of these deletions may be to pull the B-sheet and the interfering
residue away from the active site. T‘He exceptioﬁal deletion results in the removal of
the trpA23 site and thus removes the arginine residue from the protein. It is known
that as little as 2% éf wild-type tryptophan synthase o activity confers Virtually wild-

type growth rate (see Murgola,‘ 1985).
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Figure 3.13.3

Structure of the a subunit of Tryptophan synthase from Salmonella

Active site region

Codon 211

The structure of the TrpA protein from Salmonella was elucidated by Hyde et al. (1988), p
strands are shown as purple arrows and a helices are green cylinders. Numbers refer to the
positions of p sheets and a helices with 0 being the amino terminus of the protein up to a
helix 8 at the carboxyl terminus. The diagram shows the position of codon 211 (site of the
trpA23 mutation) in p strand 7. Deletions occur in the region encompassing codon 211
extending to the proximal portion of a helix 7. The active site is indicated by the red circle.
Deletions are assumed to decrease the interference of amino acids at codon 211 (either from

charge or bulky side groups) in the access to or functionality of the active region.
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Since the deletion strains havé a slow growing phehotypc th;; activity of the mutant
'tryptophan ’synthase a protein must be relatively inefficient. The occurrence of the
deletions to this particular region of the protein would seem td be related to their -
function in suppressing the effect of the arginine residue at codon 211, although thé

efficiency with which they restore function to the protein is low.

3.2 tas, a gene suppressing the tyrosine auxotrophy

of the Escherichia coli B strain WU3610 |

When about 3 x 10° célls of the E.coli tyrA14 strain WU3610 are plated to minimal |
agar plates laqldng tyrosine, slow growing t_yrosihe independent colonies begin to
arise from day six onwards and eventually number several hundred colonies per
plate. Reversion at the yrdl4 alleleA and at known suppressor loci has previously
been ruled out (Bridges, 1994, and Appcndix I). Therefore, attempts to direcﬂy
isolate the unknowﬁ suppres#of by virtue of> its corﬁplementation of tyrosine.
auxotrop'h'); were. made. A geﬁomic library was constructed from tv‘vo tyrosine
independent colonies and the gene compleménting the yrdl4 auxotrophy was
isolated and sequenced. The gene subsequently -called fas was shown to be
absolutely required for the process of starvation-associated mutation to tyrosine .
prototrophy in WU3610. However, tas does not appear to be the mutational target
responsible for the formation of the slow grbwing colonies as no sequence change or
amplification of the fas gene was found. The process may therefore require a

mutation in another gene possibly involved in regulation of tas expression.
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3.21 Methods

Bacterial strains and plasmids

Bacterial -strains and plasmids are shown in Tables 3.21.1 and 3.21.2. Strain;
WU3610(1ay ;and WU3610(W) are specifically considefed in Appendig IL ‘Pl(cml)
transductions were carried out as previously described with s:election for the -
appropriate antibiotics. Transduction of the phed] 3::Tn1 0 allele was verified by the
inability of strains to grow on minimal media lécking phenylalanine.. Transduction
of the Afas::Km® allele was verified .using PCR, with primers SAMPCRI
(5'ACAAATAAGGTCAGCATCCGGCTGGCC3) and SAMPCR2 (see below), the
deletion allélc produced a fragment épproximately 400 base pairs larger than the wi_ld
type allele. Transduction of rpoS::Tn/ d'was ver'i'ﬁed using the H,O; bubbling assay.
Bacteriﬂ culture conditions were as previously. described. Starvation-associated
mutation fo tyrosine indepéndence was observed when around 3 x 10? bacteria were
plated to minimﬁ agar plates containing glucose and leucine. _Whole.platc wash off
was used in. viability determinations, where 1 x 10° or 3 x 10® bacteria were plated -
on minimal agar lacki_ﬁg tyfosinc br leucineA and :\'iability. follqwed-for four days.

Antibiotic concentrations were as previously described Table 2.1
Construction of tyrosine complementation libraries

Two slow growing tyrosine independent mutants (SAM4 and SAM6) were isolated

from day eight of a starvation-associated mutation experiment. Single colonies from -
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each were grown in-nutﬁent broth with shaking, Chromosomai DﬁA was extracted
and digested with Psfl. The resulting fragments were ligated, in a two to one ratio,
“with alkaline phosp.hatase treated Pstl digested pGEM-3Zf(-). The ligation mixture
' was t;ansformed, intd electrocompetent WU3610, according to the protocol of '
Dower et al. (1988). After expression (one hour) the electroporation mixtures were
spun and washed once with phage buffer and resuspended in 1ml of phage buffer.
The entire uén;foﬁnatién was plated to minimal agar maxi-ﬁlates containing 4
ampicillin and leucine. The piates were _incubated at 27°C for 48 hours. Plasmid
DNA was isolated from several Tyr' colonies from each @sfomation and
tra.nsferred to DHSoF'. Two plasmids bearing the insert m opposite orientations were
selected, ‘pART34 and pART35'3Mfand single stranded DNA isolated. The plasmid
. inserts were sequenced m the':-ir.:;ehtirety; primers were synthesised according to

sequence information obtained by primer walking.
Construction of deletion plasmids

Using resﬁ*iction endonuélease sites identified during sequencing, deletion plasmids
were constructed. All the insert fragments were deriv_éd from pART34 and were
subcloned into the MCS of the pGEM-3Zf{-) vector. Plasmid pART36 was
constructed by inserting the 1.84 kb Kpnl-Pstl fragment into the identical sites in the
vector. Similarly, the 1.37 kb Sspl-Pstl fragment was cloned into Pstl-EcoICR sites
to form pART37, the 1.14 kb £EcoRV-Psil ﬁ"agment into Psf-EcoICR sites to form
pART38, the 1.09kb PstIfEcoRV ﬁagrhent inté Pstl-EcolCR sites to produce

PART39, the 1.06 kb Sspl-Bst11071 fragment into the EcolCR site to produce
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PART40 and the 1.18 kb Sspl-Hpal fragment into the EcoICR site to produce

pART42.
PCR of the i:hrdmosomal tas gene

Boiling steps were carried out as previously describgd. PCR conditions were as
preﬁously described and PCR was run for 30 cycles. Reactions contained lOOémole
of primers SAMPCR2 (5'CGCTGTGGATCTGGCAGCGCCGTCAT3') and SAMPCR?
(S'XCCGGGTGTTCCAGTGATTAC:GTCAT-G3'). SAMPCR3 was biotinylated (X) at the

5' end to allow Dynabead separatio:i and sequencing as previously described.
Genetic complementation of tyrosine auxotrophy

‘The Mo-plmmid system of Kast et.al. (1996) consisted of pKCMT-W (mono-
functional chorismate mutase activity, aroH) and 'pKlMP-UAUC (mono-functibnal
prephgnate dehydrogenase fyr4 and prephenate dehydratase activities, pheC’). The tas
gene was subcloned, from pART34, on a 2 kb Sphl-BamHI fragment into identical
sites in the low copy number vector pACYC184 to produce pARTS1. The plasmid
PARTS2 was derived from bKIMP-UAUC by excision of the Clal fragment,
containing the mono-functional prephenate dehydrogenase gene (tyrA) and
replacement by the fas gene on a 2 kb fragment. This fragment, generated by
digestion of pART34 with Sphl, had previously had phosphorylated Sphl-Clal '

linkers (S'CATCGATGCATG3') added to both ends. Plasmids were introduced
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sequentially into either 'electrocompetent WU3610 or KAlI2 by electroporation

~ according to the prdtocol of Dower et al. (1988).
Generating a chromosomal deletion of zas

Plasmid pAR'f47 was generated b.y digestion of pART36 with Bst11071 and EcoRV,
(both endonucleases produce blunt end cleavage products) deleting 822 base pair
from the tas gene. A unique BamHI site was introduced by hﬁertion of .a
phosphorylated linker (5S'CGCGGATCCGCG3') into the resulting, alkaline phosphatase
treated, pART36 fragment. The BamHI fragment from pUCHK, conﬁnhg ﬁe
kenamycin GenBlock, was inserted into pART47 to produce pART48; The tas
deletion construct was subcloned into pMAK705 on a Kpnl-Sphl fragment to

produce pART50. The deletion allele Atas]::Km® was transferred into the WU3610

chromosome using the protocol of Hamilton et al. (1989).
Probing for tas gene amplification

" Chromosomal DNA was isolated from slow growing Tyr' mutants using the
Genomic DNA purification kit (Promega (UK) Ltd, Southampton, UK) according to
the manufacturers instructions. Five hundred nanograms of DNA were digested with
Psi and run on a 1% agarose gel. The gel was blotted according fo the bmtocol of
Southern (1975). The filter was probed either with a 1200 base pair sz end labelled

- PCR fragment, generated u;c,ing primers SAMPCRI and SAWCRZ for tas, or with a

880 base pair PCR product genérated using the primers;
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RB1(5'CATACCAGTACCAACCAGCG3') and -RB6(5'GCGAAGAAATCGAAGGTTCCG3') for
a control gene (rpoB). Both the 7as and rpoB chromosomal Pstfl fragments were
selected -to be approximately 2 kb in size to alleviate any discrepancy in blotting

efficiency for different sized molecules.
3.22 Results

In an attempt to isolate the gene- responsible for the slow growing tyrosine
independent cqlonies that arose during starvation expériments, Tyr" mutant colonies
of WU3610 were isolated from eight-day-old plates. Genomic libraries were
constructed from two such Tyr" slow growing mutants (SAM4 and SAM6). The
enzyme Pst] was used to digest the extracted chromosomal DNA and the resulting |

fragments were cloned into the high copy number vector pGEM3-Zf{-).

Pstl has a six base pair recog:ﬁtion site and on average will cut every 4096 base
pairs. The E.coli chrpmosome is about 4.7Mb and would equate to about. 1,150 Psil
fragments asshming random distribution of the recognition site. If all the cloned
fragments transform with equal efficiency, a minimum of 1.15 x 10° transformants
™M) would.be needed to cover the entire chromosome. In practice it is recommended
that at least 10 times this number are plated to ensure a 99.9% probability that all
single copy genes are represented in a library. Transformation data for the two
libraries are shown in Table 3.22.1.Transformation with the vector, pGEM3-Zf(-),
yielded just under 10” transformants with a single tyrosine independent colony on the

selective plates. This frequency of tyrosine independence, 1.25 X 10®, is well within
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the range of spontaneous mutation frequencies expected from WU3610. Thus, any
effect of either the vector or the competent cells on the number of tyrosine
independent colonies arising in either of the other two transformations can be

djscounted.

Table 3.22.1

Transformation efficiencies of genomic libraries from two slow

growing tyrosine independent mutants of WU3610

Library Total Trp®  Frequency* T/®
transformants transformants - Trp*

control 8.0x10% - 1 1.25x 10° . NA

SAM4 5.05x10° 463 .9.12x 10* 1.05

SAMS 1.10 x 10° 779 7.08x 10% 0.81

* frequency of Trp* colonies compared to total transformants.
® see results section.

Taking SAM4 as an example, a total of 5.05 x 10° transformants were plated. This is
- 439 (R) times the minimum number of clones required to theoretically cover the
entire chromosome (5.05 x 10°/M). If complementation is due té a single geﬁe then
the expecfed rati§ of the number of tyrosine independe;nt clones (T), on the selective
plates, divided by R should be close to 1. For SAM4 the number of tyrosine
| independent colonies was 463 so T_/R equals 1.05, the equivalent value for SAM6 is
0.81. Both values arc entircly consistent with the complementation of tyrosine

auxotrophy in WU3610 being due to a single gene (fragment).




" Plasmids were .isolated.from scy'erzil tyro’gi'ne.ihdependent colonies from both SAM4
anq SAMG transformations. All the plasmids isolated were found to contain identical
. 2.2 kb Ps/ inserts and two plasmids, pART34 and pART35 bearing the insert in
opposite orientations, weré sequenced. Analysis of the sequence revealed that tt;ere
were two potentialt open reading frames .(ORF) .associated with this fragment of
DNA. ORF I was 346 residues in length and contained regions 5’ to the putative start
cbdon; OREF II was 284 residues long but began only three base pairé in from one end

of the insert and so lacked native promoter sequences.

Disregardiﬁg' read-through from plasmid sequences, it is unlikely that ORF II would
form a functional gene in this context and attention was focused on the other coding
region. .A number of deletion plasmids weré constru;:ted, using defined restriction
endonucleése sites, and their. ability to complement the tyrosine auxotrophy in
WU3610i4) was assessed, the results are shown in Figure 3.22.1. Only plasmids
carrying the entire coding region as well as approximately ‘200 base pairs ' to the
putative start codon were able to complement 'thge auxotrophy. Thus, ORF I had to be
responsiblé fq‘r the observed complementation and carry its own promoter region in
the DNA ﬁnmediately 5' to the coding sequence. Additionally, taking ‘A in the ‘as
initiation codon (ATG) as position -1, there is a potential Shine-Dalgarno sequenée
(5'AAGGA3') between pqsitiOns -8 to —12. It was assumed that the promoter had to be
located between the translational start codon and the Hpall site in PART42, this

being the smallest construct able to complement tyrosine auxotrophy.
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Figure 3.22.1 -

Deletion plasmids cbmplemenﬁng tyrosine auxotrophy in WU3610

. Tyosine
pAFIT34_ . " Com gementation
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Constructiqn of plasmids used tb identify the ORF suppressing thc tyrosine requircment in
WuU3610. Clone;d genomic DNA is indicated by a thick line. The fas ORF is indicated by a
_,.shaded box with an arrow showing the direction of transcription. Relevant restriction sites
| are shown: (B) Bst11071, (E) EcoRV, (H) Hbal, (K) Kpnl, (P) Pstl, and (S) SsplL. The ability
of each plasmid to complement the tyrosine auxotro;;hy in WU3610 is shown thus: (X) | . -

indicates suppression, (-) indicates no suppressioh.
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Examination of this region indicated that there were potential promoter sequencés

available. However, they did not closely match either the —10 or —35 consensus

sequences but they are the nearest matches that can be identified in this region.

-35 . -spacing base pairs  -10
consensus - TTGACA 17 ~ TATAAT

ORF I AGGTCA 15 TAAGAT

Thé spaéing between the two elements is only 15 base pairs rather than optimal 16-
17 base pairs found in most promoters. Utilisation of these two sites as the promoter
for this gene has not been verified experimentally. Transcriptidr_l may well be
initiated at a different site, perhaps one with less homology to known pfomoter
sequences Or at a site outside the region examined. ORF I has_ptjovisionally been

given the name tas (fyrosine guxotrophy suppressor).

The slow growing Tyr" célbnies that arise during starvation experiments take seven
to eight days to reach a diameter of approximatels' Imm. It was obvious during
cloning of tas thaf the plasmids carrying this gene cénferred a far faster growth rate
on WU3610uq4. Colonies of 3-4 mm diameter grew in 48 hours on minimal agar.
piates lacking fyrosine. Thus, having identified | a gene responsible for
complementation of tﬁe tyrA14 auxotrophy when carried on a plasmid, the sequericé
of.the chromosomal gene from wild type WU361014) Was determined. Taking the A -
in the tas initiation codon (ATG) as position 1, the sequence from —240 to +1079 in

the i)lasmid and chromosomal genes was found to be identical. Therefore, the
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tyrosine 'independent ohenotype observed in strains carrying tas on:a _plasmid was
due to the presence of the wild type gene. Six slow growing Tyr™ mutants were
directlg./ sequenced and the fas gene in these mutants was also found to have the wild
type sequence. When tas was cloned into a lower cooy number vector, pACYC184,
and introduced into WU3610(°14) it allowed a slow rate of growth on minimal plates
lacking tyrosine. However, the growth rate was still greater than that observed for the
slow growing Tyr" mutants. Colonies were visible in two days rather than the six to
seven days for the starvation-associated mutants and compared to tﬁe one to two-days
when fas was on the hlgh copy number vector pGEM-3Zf() The eﬁ'ncnency of
~complementation of the tyrosine requlrement was presumably assoclated with the

relative copy number of the two plasmids.

The region we sequenced was originally mapped to 64 minutes on the E.coli genetic
map with the aid of a 89 base pair homology to a sequence (Accession nymber
- L14681) previously identified (Jackowski et af. 1994). Recenﬁy the sequence for the
entire E. colz chromosome has become available and the fas fragment was
unamblguously located to 2978.4 kb on the E coli physical map OREF II could also
be identified and would appear to be the 3 portion of the gene ygeD with its
associated pmomoter lying beyond the boundary of the cloned fas fragment. There
would appear to be a single base pair difference between our tas coding sequence,
obtained from a B/r strain, and the database sequence obtained from E.coli K-12.
This base change does not result in an amino acid change add so the Tas proteins in

E.coli B/r and K-12 are identical.
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The multicopy fas plasmid, pART34, totally faileci to com’plemént a range of other
auxdtrophies due to ochre mutations, including AisG4 and arg]:."3r in AB1157 and
rpE65 in WP2. tas was therefore unlikely to be involved in general ochre
suppression. Neither was the plasmid able to complement a phenylalanine
auxotfophf in the strains 'N3078 (pheA13::Tnl0) or KA12 (ApheA-tyrA-aroF). This
suggested a very specific role for tas in complementation of the defective tyrosine
biosynthetic capability in WU3610(°m.). Examination of the terminal pathways for the -
aromatic amino acids tyrosine and phenylalanine Figure 3.22.2 show that théy are
very similar. An initial common pathway terminates at chorismate where the

terminal pathways for tyrosine and phenylalanine branch.,

Biosynthésis proceeds via bifunctional enzymes with chorismate mutase (CM) and
prephenate dehydrogenase activity in TyrA (T-profein) or an alternate CM and
- prephenate dehydratase acti_vities in PheA (P-protein). The Tas protein sequence
showed significant ﬁomology to several members of the aldo-ket§ reductase
superfamily of enzymes which catalyse reactions involving reduction of carbonyl
groups. ﬁe prephenate dehydrogenase step in tyrosine biosynthesis would appear to
- involve a similar step and could be complemented by Tas if the necessary chorismate
mutase activity was al_sd present in the cell. WU3610 contains a fully functional P-
protein, with associated CM activity, available to complement or supplement the
dysfunctional (or partially functional) CM activity of the T-protein (see below). The
tyfosiné auxotrophy in this strain would therefore appear to be due to a specific lack

of prephenate dehydrogenase activity.
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Terminal tyrosine and phenylalanine biosynthetic pathways

The terminal pathways of tyrosine and phenylalanine biosynthesis are very similar
(as illustrated) with the final products differing by a single hydroxyl group on the
aromatic ring. Both pathways start ‘with chorismate and involve bifunctional
enzymes; TyrA-chorismate mutase/prephenate dehydrogenase and PheA-chorismate
mutase/prephenate dehydratase. In both cases, the terminal amino transferase
reaction is performed by the product of the #y7B gene. In tyrAl4 mutants, a
suppressor. gene fas has been found that can specifically complement the absence of
prephenate dehydrogenase activity (it is unicnown whether NAD is still required as a
cofactor). Chorismate mutase activity is supplied by the functional PheA protein
creating prephenate (dotted red arrow); which can enter both the pathways leading to
phenylalanine and the pathway, mediated by tas (large red arrow), leading to

tyrosine.




Figure 3.22.2

Terminal tyrosine and phenylalanine Biosynthetic pathways
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Thev two-plasmid system of Kast et al.»~(1996) was used to denionsfraté a specific role
'for‘ Tas in complementing the tyrosine auxqtrophy of WU3610. The E.colf strain
KA12 carries a deletion of both the bifunctional syr4 and phe4 gem;.s, conséquéntly
there is no source of éndogt;.nous CM acfivity from either the T-protein or the P-
protein. In the two-plasmid system, when tas replaced the mono-functional
p;ephenaté dehydrogenase (Erwinia herbicola tyr4) gene on pKIMP-UAUC, it
provided ﬁJll complementation of tyrosine auxotrophy in WU3610. In_'K"A.12 when
CM activit.y was also provided, either yyr4 or ras al!owed the strain to grow on
minimal media lacking tyrosine Table 3.22.2. In WU3610, ovcrexpressioni of CM. |
activity had no effect on the ability of the strain to grov? on minimal media but fas

alone was sufficient torestore growth.

Studies with thé pheAl3::Tnl0 tyr4 double mutant strain (CM.1338-) showed that the
tyrA14 mutation may retain some chorismate mutase activity. The tas gene was still
able to complement the tyrosine auxotrophy m the double mutant strain but since tas
complementation requil;ed a functional CM activity- either the pheAI 3::Tnl0 allele
retains thi; activity or the #7414 allele, which is assumed to be unchanged by the

transduction, provides the necessary function.-

In an attempt to discover the normal role of 7as, a deletion strain (CM1355) was
constructed. Growth of CMI355 was indistinguishable from that of its parent
WU361014), when streaked to either L-agar or minimal medium containing tyrosine

and leucine. Clearly, zas is not an essential gene for growth.
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Table 3.22.2

Complemehtation of amino acid auxotrophies

Strain  Plasmids | Media
MIP MT MP MLT ML M
KAI12  pKCMT-W + - - ND ND -
pKIMP-UAUC.  + - - ND ND -
PART34 + - - ND ND -
PARTS1 + ; - N N -
pARTS2 + - - N N -
pKIMP-UAUC _
pKCMT-W + + + ND ND +
pKIMP-UAUC |
pART34 + - - ND ND -
pKCMT-W
pPARTS! ' + - + ~ND ND . -
pKCMT-W -
pARTS2 + + + ND ND o+
WU3610 pKCMT ND ND ND o+ - -
~ pKIMPUAUC N» N» ND +  + -
pARTS1 ND ND ND + + -
PARTS2 ND ND ND + + -

Table indicates the results from suppression studies using plasmids carrying monofunctional
derivatives of enzymes involved in the terminal pathways of phenylalanine and tyrosine biosynthesis.
Strain KA2 carries a deletion through the genes coding for TyrA and PheA. WU3610 carries the
tyrA14 mutation. (M) [s minimal salts agar, (L) leucine, (P) phenylalanine and (T) tyrosine were
added at 10pug/ml. ND indicates test not applicable to that strain. + Indicates suppression of
phenylalanine, tyrosine or combined auxotrophy. — Indicates no suppression, strains did not grow on
minimal agar plates lacking the relevant amino acid. :
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. When the strain was tested for the 'ability' to show mutatiqn unde.r. conditions of ‘
tyrosine starvation, there' was a very prohdunced‘.difference.. CM1355 did not show
any starvation-associated mutation under the conditions normally used for WU3610 |
'Figure 3.22.3. Further expcﬁmenm were performed iﬁ which starvation-associated |
mutation Was exaxhined in mutL::Tnl0 derivatives of WU36104 (CM1421) and
CM1355 (CM1422). Results are shown in Figure 3.22.4. Again, Atas complét’ely
abolishes the appearance of slow growing tyrosine independent mutants despite an
increase in the rate of apbearance andrnumber of colonies in the tas” strain. These
results are entirely consistent with _those obtained by Bridges (1995a) and Bridges et
al. (1996) where the effects of mutY an& mutM mutators in WU3610 were shown to
be vt_)roadly similar to the results bresented above. Unfortunately neither mutY or
mutM derivatives of the Azas strain were examined in this case althpugh there is no

~ reason to believe they would behﬁve any differently to the mz)tL::TnI 0 derivative.

These rcéults suggest three possiblc reasons for the observed effect of fas: i) Atas

strains lose viability faster than parental strains, ii) Tas Iprotein is necessars' for the

mutation process, iii) fas is the targét gene for stationary phase.mutation in this

system.

‘A viability experiment was performed in which CM1355 and WU3610i4) were
plated on minimal media lacking tyrosine at two cell densities, 3 x 10® and 1 x 10° -
per plate. Results for the high cell density plating are shown in Figure 3.22.5. At’
high cell densities both striins béhaved similarly; there was no increase in viable

count over the first two days, after which viability declined slowly.
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" Figure 3.22.3

Starvation-associated mutation in a fas” and fas” strain

WU3610,

300

+ 200

Number of Tyr” mutants/plate

g
]

- CM1355

Time (Days)

A representative starvation-associated mutation experimient showing the appearance of slow-
‘| growing mutants on glucose minimal salts plates containing leucine at 27°C. WU3610. (0)
is the parental ras* strain and CM1355 () contains the Atas1:Km" allele. 3 x 10° bacteria

were plated per plate and incubated at 27°C.
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Figure 3.22.4
Starvation-associated mutation in a muzL derivative of WU3610,14) (CM1421)

and a muzl Aias strain CM1422

400 — -
CMi1421
300- ;
2 1
= !
'.
S ‘
E /
. E '
+\.. 200 = "
e '
Ct ]
15) ‘
Sy [}
)
é ,
3 ,'
z [}
100 = !
‘
)
'
]
CM1422
0 -4
0 ’ 10 ) 20 '

Time (Days)

Starvation-associated mutation experiment with a murl derivative of the tas* strain
WU3610¢uqy (CM1421, =) aqd a mutL derivative of the Atas strain CM1355 (CM1422, o). |
CM1355 (o) is included for reference. Dotted line is taken from Figure. 3.22.3 for

comparison with WU3610qq. The data points are.the means of three independent

experiments performed on minimal salts agar plus leucine at 27°C.
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Figure 3225
Viability of WU3610,4) and its Atas derivative, CM1355

when plated at high cell density on minimal medium lacking tyrosine

10°

10° < CM1355

Viable count/plate

- 107 I T T T I T T
0 1 2 -3 4

Time (Days) -

Viability determination of WU3610u, (0) and its Atas derivative CM1355 (e) when starved
on agar plates for the amino acid tyrosine. About 3 x 10® bacteria were plated at 27°C and
e)ipédmenté were\pérfor‘med using the whole plate wash off procedure. Points are the mean

of three experiments.

If the curves are éxtrapolated there may be a faster decline in the Atas strain after |

three to four days, although viability beyond this has not been tested. It was observed
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that when WU3610 was plated at ‘very low density (about 200 cfu per pléte) onto

minimal agar lacking tyrosine and incqbated-at 27°C, very small colonies were

observable after about 18-20 days, no colonies were visible in the Atas strain. Nearly -

all of the WU3610 cfu plated eventually formed colonies so viability was esséntially
100%. This rfesultj sﬁggesﬁ -i) that ability to grow on rmedia lacking tyrosine is
intrinsic to WU3610 even when a limited number of chromosomal COpies of tas are
present, ii) that inviability of this strain seenﬁ to be associated with plaﬁng density as
at very low density WU3610 maintains complete viability for at least 18 days and iii)

that tas is absolutely required either for long term survival of the cell, for de novo

tyrosine synthesis enabling growth or.for utilisation of a trace nutrient in the agar |

allowing growth.

If the following assumptions are made i) that the same tas dependent process is

resbonsiblc for growth in wild-type WU3610 and the slow growing Tyr" starvation-

associated mutants and ii) that the relative growth rate is indicated by the time at

which colonies become visible and is a linear reflection of protein level in-the cell

then, there is approximately a three fold difference between Tas levels in the wild- N

type cell and the slow growing mutants. Therefore, the lack of stationary phase |

mutation in CM1355 cannot simply be explained purely by differential viability

- between the two strains, at léast over the short term.

When plated at low cell density, WU36104) increased in viable count to a plateau

of about 6-7 x 107 per plate. However, CM1355 did not show any inc'rease' in

bacterial count when starved for. tyrosine although residual growth at low cell density
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~was similar. to thét of WU3610¢14y when stafvation was for le’ucine Figure 3.22.6.
These results provide further évidence that the activity of tas is mquired for residual
growth at low cell density in the absence_ of tyrosine. It also suggests that the ability -
to undergo a very small amount of growth may be neéessary if starvation-associated
mutation is t;) occur at the higher cell density normally used. One obvious conclusion
is that tas confers the potential for a small amount of growth to occur in the absence
of tyrosine, however, the role of fas may not Be Quite this simple. Slow growing
revertants were absent even when plates were spiked with 0.1pg/ml of tyrosine to
stimulate ;some residual growth or, when growth conditions were used as described

previously (Bridges, 1994).

Thérefore the final hypothesis, namely that zas may be the target gene for mutatioﬁ
must be considered. ‘Since no alteration in the sequence of tas or its promoter region .
could he detécted, in the slow growing Tyr" revertants, one possibility was that the
tas gene was amplified m these mutants. This would be entirely consistent with the
observation that fas on a multicopy plasmid confers a Tyr" phenotype. However,
probing of DNA from six slow growing tyrosine independent mutants and two fast
| growmg revertants revealed no sign of amplification of the 7as region compared to a |
'control region (rpoB) Figure 3.22.7. Experimental evidence has thus far provided no
clue to the process whereby tas can result in Tyr' colonies. Possible speculative

mechanisms are thus considered in a later section.

- 129




. Figure 3.22.6

Viability of tas” and tas” bacteria on leucine and on tyrosine starvation plates

when plated at low cell density

10°

Viable'count/plate

10° —

10* =
10° 1= T —T T T
0 1 2 3 4

Time (Days).. .

Viability of WU3610,4) (0) and CM1355 (e) under starvation conditions followed over 4
days. Plates were inoculated with about 10° bacteria and viabilities were determined from
whole plate wash-off expeﬁments. Data points are the means of three or more independént :
experiments. (A) Shows viability of strains incubated on glucose minimal salts: plates
supplemented with leucine. (B) Shows the same strains on glucose minimal slats plates
supplemented with tyrosine. ' '
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Figure 3.22.7

tas gene copy number experiment

wt Trp* mutants

1 2 1 2 3 4 5 6 origin

tas

Trp"* mutants origin

rpoB

Blots of bacterial genomic DNA from two wild type and six independently isolated slow
growing Trp” mutants from starvation-associated mutagenesis experiments. The top tracks
were probed with DNA complementary to the tas gene, while the bottom blot was probed
with a fragment from rpoB. There is some variation between DNA concentrations for each
sample, however the relative intensity of the bands, for the wild type and mutant lanes, was
the same in both fas and rpoB blots. This shows that, within the confines of this system, tas

did not show any amplification relative to an unrelated control sequence.
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Duﬁng an investigation into the effects of rpoS on the fate of starvation-associated
. mutagenesis it was observed that a rpoS mutant of WU3610(new) (CM1376) showed a

faster rate of appearance of the slow growing Tyr" mutants than the rpoS” parént

strain Figure 3.22.8 also sce 'Appendix II A Atas rpoS strain was constructed
" (CM1428) to see if Ath'is effect was tas dependent. In CM1428 as for the other fas
deletion straihs CMI1355 and CMI1415 starvation-associated mutation was totally
abolished'Figure 3.22.9. Examination of the yiabilitiés of WU3616(W), CM1376 .
and CM 1428 show that thé rpoS strain behaves similarly to ﬂlé ;;arent up to day three
although extrapolation of the viability for this strain after day three would appea'r to
indicate a drastic decline tﬁereaﬁer Figure 3.22.9. CM1428 shows an immediate
decline in viability from day one, of about 60%, and then a plateau to day 3 whence
tﬁe Aviability appears to mirror the decline in-the rpoS single strain.While Atas
abolishes starvation-associated mutation in WU3610 it would a1s§ appear to have an
effect on viability over the longer term which is most pmnouﬁced when combined

with a rpoS mutation.
3.23 Discuséion

The results presented have described a new gene fas which, when present on a
" multicopy plasmid,» is able to suppress the tyrosine requirement.of the yr414 ochre
-strain WU36_10. When a tas deletion is present (Atas), it prevents the appearance of |
the slow gfowing tyrosine-independent mutants that normally arise in this strain

during prolonged incubation on minimal plates lacking tyrosine.
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'Figure 3.22.8
Starvation-associated mutation in WU3610@ew)

and its rpoS derivative CM1376

300

;

A

Number of Tyr" mutants/plate
8

Time (Days)

Starvation-associated mutation experiment with the tas™ strain WU3610(gw) (©) and its rpoS
derivative (CM1376, e). The data points are the means of three independent experiments

performed on minimal salts agar plus leucine at 27°C.
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Starvation-associated mutation and viability of rpoS and rpoS Atas

derivatives Of WU3610qcw)

Starvation-associated mutation in the rpoS (CM1376, o), Atas (CM1415, A) and |.
rpoS Atas (CM1428, o) derivatives of WU3610(ew). About 3 x 108 bécteria were
plated to minimal salts plates plus leucine and incubated at 27°C, points are the

means of at least three experiments.

Viable determinations of WU3610pew) . (0), CM1376 (e) and CMI1428 (o).
Experiments were performed by using the whole plate wash-off procedure, points are
the means of three experiments. Viability for CM1376 was followed for only three

days because of the fast arising starvaﬁon-aséociated mutants.




Figure 3.22.9

Starvation-associated mutation and viability of rpoS and rpoS atas

derivatives Of WU3610(new)
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Atas also prevents the appearance of slow growing tyrosine independent colonies in
strains lacking a compdnent of MMR, despite an enhanced level of starvation- .

associated mutagenesis in fas " strains.

The T-protein (product of the #yr4 gene) is a bifunctional enzyme that catalyses two
steps in the tyroéine bidsynthetic paﬂxWay i.e. the chorismate mutase and prephenate
dehydr&genase reactions Figure 322.2 (Kocﬂ et al., 1971a; 1971b; Sampathkumar
gnd Méﬁsoh, 1982). Monofunctional derivatives of the T-protein have been
produced (Dayan and Sprinson, 1971; Rood ef al., 1982) showing that the chorismate
mutase function can operate without concbniitant prephenate dehydrogen.ase acﬁvity.
The tyrosine auxotrophy conferred by the yr4i4 allele is the result of an ochre
termination codon corresponding to amino acid residue 161 within the T-protein (Li
et al., 1991). Some evidence has been presented to shbw that the product of the
tyrdl4 allele in WU3610 may retain chpﬁsmate mutase activity but not the
prephenate dehydrogenase activity characteristic of the'»wild-type product. Since the
chorismate mutase activity has been shown to reside in thé N-terminal portion of the
protein (Hudsbn and Davidspn, 1984), ﬂle region of the gene translated could specify
an active mono-functional protein.' Alternatively, choriémate mutase abtivity may be
complemented in-trans by the fully functional P-protein'in WU3610. Whether or not
one or Soth of these p0ssibilitiés operate, it is clear that zas on a multicopy plasmid'

_can complement the prephenate dehydrogenase deficiency of WU3610.

A database search,fevealed.that Tas had a 35.5% amino acid identity with a putative.

aldo-keto reductase from the protozoan haemoparasite Babesia bovis. It also
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~ displayed limited homology in the region of the active site with, among others, the |

genes for mouse aldose reductase, rabbit aldo-keto reductase and human alcohol
dehydrogenase, which are all members of .the aldo-keto reductase superfamily,
Conservation of certain residues at the active site is wide spread amongst aldo-keto

reductases with very different substrate specificities.

In t_he-Tas protein, there are three regions wﬁere the conservation of sequence is
particularly marked, residues 121-134, 177-180 and 228-238. When these regions are
. aligned wfth the equivalenf sequences in the four proteins‘ meﬁtioned above the
'homology is immediately obvious Table 3.23.1. Based on this ‘conservation of
residues, Tas is probably a member of the aldo-keto reductase superfamily. The step
'in tyrosine biosynthesis catalysed by prephenate dehydrogenase has similarity to a
carbonyl reduétase reaction. If Tas does have carbonyl reductase activity, it is not
unreasonable to assume that the protein has some small ability to act as a

dehydrogenase on prephen&te and thus complement the défect in fyr4. However, the

norrhal function of the gene remains unknown, all that can be said is that it is not

essential under normal circumstances.

Data presented show that tas* bacteria but not those carrying a deletion in fas exhibit

growth on minimal agar at low cell density. When WU3610 is plaIed at 10° bacteria

per plate, growth occurs but viability levels off at about 6-7 x 107 cells _pef plate
Figure 3.22.6. The plateau occurs whether starvation is for tyrosine or leucine and
appears to be a limitation of bacterial density rather than exhaustion of a specific

nutritional requirement.
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- Table 3.23.1

Homologies between Tas and aldo-keto reductases

" Organism Protein Amino acid sequence *
‘Ecoli Tas 12l LQTDYLDLYQVHWEP 134
B.bovis Aldoketoreductase 42 LN TDY I DLL QL HWP 35
Mouse Aldosereductase 100 L K LD YL DL YL VHWP 113
Rat Aldoketoreductase 101 L Q LD YVDL Y I I HF P 114
Human  Alcohol dehydrogenase 106 L Q L E YL DL YLMHW P 119
Consensus' L * DY*DLY *HWEP
E.coli Tas 177 GV S N 180
B.bovis Aldo-ketoreductase 105 G L S N 108
Mouse Aldosereductase 158 G I S N 161
Rat © Aldo-ketoreductase 164 G V S N 167
Human  Alcohol dehydrogenase 159 G L S N 162
Consensus G *SN
- E.coli Tas 2286 VELLAYSCLGEF 238
B.bovis Aldo-ketoreductase 159 I A I L AYAPL AG 169
Mouse *Aldose reductase 205 I AVTAYSPLGS 215
 Rat  Aldo-ketoreductase 211 I VLV AY S ALGS 21
Human . Alcohol dehydrogenase 204 'L E VT AY S P L G S 214
. Consensus x * AYS*LG

* flanking numbers refer to the position of residues within the proteins.

polypeptide within the relevant protein. Where four out of the five sequences contained the.
same residue at a particular site this is denoted as a consensus sequence. * Indicates a

conservative amino acid substitution at that particular position.

Table shows homology between Tas and several other aldo-keto reductase enzymes. Amino | -

acid sequences are listed, numbers flanking the sequence indicates position of the |-




A possibly similar effect was;'observed in continuous culture experiments performed - '
by Munson and Bridges (1964). These experiments, involving the strain WP2 grown
in minimal medium supplemented with tryptophan, demonstrated that occasionally

the cultures were subject to “take-over”. In this process a rare mutation occurred

| alloWing prototrophs to colonise the wall of the culture vessel. While the culture

vessel (wall area 1200m2) could sﬁpport a maximum of 4 x 10° bacteria if they .
were present in a close packed single iayer, the greatést number observed ne\"er
exceeded 1% of this value (4 x 107) (Munson and Bridges? 1964). The equivalent
figure for an #gar plate (area 5944mm?) gives a maximum bacterial density of 2 x
10 ;Qer plate ((**/1200 mm?) x 4 x 107) which is within a factor of three of that
observed. Whether this effect is due to contact inhibition or to some s;oluble signal

molecule is uncertain but it is difficult to see how contac; caﬁ be involved at the cell |
densities observed on minimal plates during starvation-associated mutation

experiments.

It h.as been observed that derivatives of hbméserine lactone are excreted 'm¥o the
growth medi;lm by some bacterial species, e.g. Ps;eudOmonas _ @eruginosa,
Aeromonas hydrophila and Vibrio aqguillamm, when the pdpulation approaéhes
saturation. These compounds serve as indicators of p0pl_11atioﬁ density (quorum-
sensing autoindycers) and consequently lead to a reduction in popﬁla*tion-growth rate.
There is some evidence that Escherichia coli cultures are also sensitive to cell
density (Sitnikov et al., 1996; Langé and Hengge-Aronis 1994). However, a similar
intercellular signal molecule has yet to be found, although derivatives of homoserine

lactone have been shown to act as intracellular signalling molecules increasing rpoS
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transcription in E.coli cultures entering stationary phase (Huisman and Kolter,‘ 1994).
Another possibility is that cCAMP could serve as a signalling molecule, the cell
excfet‘es 99.9% of its cCAMP, production of which is ihcreased in starving combarcd
to growing cells (Buettner et al., 1973; Matin and Matin, 1982). Alternatively, E.coli
could have some, yet unidentified, signal molecule that it releases as it approaches
saturation and is the analogue of quorum-sensing molecules found in other

eubacteria.

Another explanation for the plateau effect may be that there are trace nutrients in the

minimal agar that become limiting as the cells increase in density. In the case of

- tyrosine starvation, utilisation of this trace substance would require that fas is -

present. The fast growth rate of WU3610 carrying fas on a multicopy plasmid would
. tend toAargue against this putative function of fas. If tas is overexpressed and is no
longer limiting for growth the trace substance would become the limiting factor, tﬁis
"doés not appear fo be the case. Plasmid bearing strains form healthy colonies (4-lSrmri
diameter) on minimal leucine fnedia and reaéh a much higher total population per
plate than.that' shown by WU3610 when it is plated at low cell density. Some de novo
synthesis of tyro'sine must therefore be taking place. It is interesting that the same
amount of growth of WU3610 occurs on leucine sta;vation plates, that is not blocked

by tas, possibly there is a tas equivalent to allow leucine synthesis?
Previous work on starvation-associated mutation, in other bacterial systems, has

indicated that there may be a requirement for a certain amount of leakiness in order

for mutants to arise (Mittler and Lenski, 1992; Jayaraman, 1995). In the WU3610
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‘s‘ystém at high cell deﬁsity, .thé number of viablé "bactcria on ﬁle plate does not
.increase. Howéver, examination of the lawn after 2 to 3 weeks showed evidence'éf
population turnover and increase in biomass (lawn growth) 4wi'th numerous small
microcolonies visiBle under the .mic‘roscopc (Bridges, .1'994). If we assume that ﬁe :
leakiness conferred by ¢as occurs at high as well as at low cell density it is rcasonable
to postulate that this property is also the reason why fas™ but not tas™ bacteria show
starvation-associated mutation. Neverthglesé, even under conditions where léaky
gl;owth -was promotéd by the addition of a small amount of tyrosine, there was still .

no evidence of slow growing revertants in the strains carrying the tas deletion.

This ineluctably leads to the conclusion tﬁat tas may be required not only for the
continued viability of the slow growing revertants bﬁt also for their formation and o
raises ﬁle possibility that as is also the target gene for the mutational process.~ A
simple point mutation in the fas coding sequence is excluded by the absence of aﬁy
detectable sequence difference between fas in WU3610 and a number of slow o
growing Tyr" mutants. An alternative, that the rﬁutation responsible ‘for the Tyr"
colonies 1s not a seduence change but an amplification of the fas region, has been
considcreq and e_xﬁmincd experimentally. Data obtained with a related strain show
that deletiqng are prone to occur in starved cells (Bridges and Timms, 1997, and
section 3.1 of this thesis). Therefore, other chromosomal reanangemcnté inclﬁding

duplications might also be expected to occur in nutritionally deprived cells.

~ Gene duplications are by 'no means uncommon in populations of E.cali cells

~ (Anderson and Roth, 1977; 1978; Sonti and Roth, 1989). The population that we
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'plate oh to minimal agar is thus likely fo coﬁtain a proportion of cells with
duplication of the fas region and there would be on the plate bacteria that had tas
duplicatibns at the time of plating and some in which the first duplication arose on
the plate. These bacteria would be expected to have a selective growth advantage by
virtue of the increased ras gene dosage perhaps enabling them to grow into the
observed microcolonies. Within these microcolonies, further duplications could
occur.'un,til a cell was produced capable of giving rise to a visible colony. Similar
processes hav;: been observed in other systems where gene amplification enables
cells to overcome nutritional dgprivation (Horiuchi et al., 1963; Tlsty et al., 1984;
Sonti an;d Roth, -1989).'Based on relative growth rate, a 3 to 4-fold ampliﬁcation of
the tas gene is all that would be required to provide the growth advantage observed
'in the Tyr" mutants. Duplication was also found to be a result of SOS induction or
introduction of constitutively activated rec4 (Dimpfl and Echols, 1989): This may be
significant in view of the findings of Taddei et al. (1995; 1997a) that SOS is induced
in old colonies, althoqgh whether this also applies to starving colonies is unknown.
However,. fas gene duplication could not be demonstrated in a number of slow‘
growing Tyr+ revertants and so this explanati.on must be discarded at least for the tas

gene itself .

Some form of mutagenesis would appear to be involved in this zas dependent proéess
as straihs defective in MMR or °G show large increases in the number of starvation-
associated Tkyr+ mutants. The number of mutants that occur in the mismatch repair
deficient strains suggests that the Tyr" phenotype is due to a forward mutation that

influences tas expression, perhaps a gene inactivation event. Typical forward
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mutation systems caﬁ yield spontaneous mutant frequencies in the range 10* to 10™"!
(Sparling and Blackman, 1973; Andrésson et al., 1976; Timms and Bridge:s,~ 1993)
depending upon the types of event and the number of sites where a mutation would |
result in a mutant phenotype. Therefore, 3 x 10° WU3610 cells could conceivably
contain several‘hundre‘d pre-existing Tyr" mutants which would correspond well with
the number of slow Qowmg colonies observed during starvation experiments. Thus,
a forward mutation could be sufficient to account for some or all of the Tyr™ ¢oloniés
observed on minimal plates in mismatch proﬁcjent strains, although some mufants
subsequently arising on the .plate cannot be discounted. If the mutation is in a gene
other than tas but nevertheless affects tas activity, there are two possible mechanisms
that might‘ be considered; i) the mutation may increase the transcription rate of tas

and ii) post transcriptional factors affect (increase) Tas protein levels.

The first hyﬁothesis is that a mutation increases transcription from tas allowing
growth on minimal medium lacking tyrosine. What factors are iikely to affect
transcriétion levels from tas? The most obvious would be inactivation of a specific
" tas repressor protein much in the manner that inactivation of lac! leads ‘to expression
of the lacZYA operon. Identification of this protein would require identification of the
upstream (or downstrean{)' sequences responsible for interaction with the repressor.
Subsequent isolation of the repressor by virtue of its interaction with this sequence

would then be possible. -

An alternative is that tas expression is affected by one or more of the global

regulators that are recognised. as central to the adaptation of E.coli under various
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env1ronmental conditions. These regulators include; the stationary phase sigma factor

RpoS (c®); the histone llke protein H-NS, the leucme responsive protein Lrp, the

integration host factor [HF, the factor for inversion stimulation FIS and the cAMP-
CRP receptor protein system. The effect of the RpoS s1gma factor on WU3610 has
been exammed in a null mutant. It was found to increase the rate at whlch the Tyr"
mutants appear on minimal plates but it does not seem to affect the number of such
mutants arising; Theréfore, the defective RpoS appears to enhance the effect of an

existing mutation but cannot be the primary cause of the Tyr'+ mutants.

All the remaining proteins have been shewn to be involved in DNA binding and
possibly in chrotndsome organisation (Spassky et al.,’ 1984; Bertin'et al., 1990t
Higgins et al., 1990; Yoshida et al., 1993b; Ussery et al., 1994; Schneider et al.,
1997). CRP, FIS, H-NS, IHF and Lrp have specific binding sites or recognise
specific DNA confortnau'ons (although in some cases with little apparent sequence
specificity) aﬁd may result in bendtng of the DNA at these sites v(l‘hompson and
Landy, 1988; Hodges-Garcia et al., 1989; Gille et al., 1991; Kahn 'and Crothers,
1992; Wang and Calvo, 1993; Pan et al., 1996; Spurio et al.; 1997). Local DNA
bending ntay be a tnajor determinant of the level of gene expression aiong with the
relative level of supercoiling of DNA in the region of gene promoters. Since
supercoiling of DNA is known to be important in regulating gene expression other
proteins including DNA topoisomerase I and DNA gyrase could also potentially have
an effect on fas expression. Another basic histone like protein HU also binds DNA
with less apparent sequence speeiﬂcity but this protein can also affects DNA

structure and gene expression. While CRP, FIS, IHF and Lrp have been found to
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both p‘os'itively and negatively affecf expression of speéiﬁc genes (Schultz et al.,
1988; Newman et al., 1992; Chuang et al., 1993 Wang and Calvo, 1993; Altuvia et
“al., 1994; Xu and Johnson, 1995a; 1995b; 1995c¢; 199;/; Gonzélez-Gil et al., 1996),
H-NS was found to inhibited expression in most, but not all, cases studied (Ueguchi
et al., 1993; Yoshida et al., 1993a; 1993b; Bokal et al., 1997, Donato et al., '1997;
Mukerji and Méhﬁdevan, 1997; reviewed in Atlung and Ingmer, 1997). A mutation
in any of these genes affecting chromosome structure could well have effects on the
level of transcription 'ﬁom the tas gene. Interestingly some H-i;IS mutants have been
found to ‘have’ a slow growth rate (Barth et al.,_ 1995), which is consistent with the
.observation that the Tyr" mutants used to generate the complementation libraries
were also slow growing even in rich medium. It has also been observed that some
genes in hnsA rpoS double mutants have transcription lévels ébdve that séen in hnsA
or rpoS single mutants (Amquxst et al., 1994, Barth et al., 1995; Yamashino et al.,
1995). ThlS is also consistent w1th the obscrvatlon that introducing a rpaS deletion
 allele, into WU3610(.w), increases the rate at which the Tyr* colonies start to appear

| (Appendix I).

The second possibility must be considered in relation to increased stablhty of the Tas
'protem or of the tas mRNA as well as increased translation. There is ev1dence that
some proteins increase in stability as bacteria enter stationary phase. An example of
one su;:h protein is the stationary phase sigma factor (RpoS or 6°) coded for by the
rpoS gene. O’S protein levels can increaSe four to six fold in starving E.coli despite an
. apparent decrease in rpoS transcription and translation (Zgurskaya et al., 1997). In

growing cells > has a half-life of about 1.5 to 2.5 minutes (Lange and Hengge-
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Aronis, 1994) but in stationary cells the'half—life.increa-Se.s' to more than‘ 10 minutés, '
which would adequately -account for the increased protein level. Subsequently
-Schweder et al. (1996) have shown that strains deficient in ClpX, which is a subunit
~ of the CIpP protease, exhibit exponential phase o° levels equivalent to those in
stationary cells. Deficiency in this one subunit would theréfore .appear to be
responsible for the increase in 6° protein levels. E.coli contains zi number of other
v cytosplic protease’s such as Fa, Lon, So and Ti as v;'ell as two other subunits of ClpP
(ClpA and ClpB). Each enzyme has its own substrate specificity although the
proteolytic activities of most overlap. Inactivation of any 6f these enzymes could
affect the nature and rate of proteolysis and could conceivably increase Tas stability |

enough to allow slow growth on minimal media lacking tyrosine.

The rate of appearance of the Tyr" siow growing mﬁtants was observed to increase in
- strains defective in RpoS. Does this mean that functional'o'S may induce a profease
responsible for increased proteolysis in stationary phase? It has been known for some
time that starvation for a variety of required nutrients leads to an elevated rate of
degradation o.f proteins that are stable in growiﬁg cells (Mandelstam, 1960; Pine,
1973).:prrotease induction by_o5 were responsible for this observation, a 7poS null
allele might be expected to increﬁse general protein stability in starving cells. In the
slow grdwing Tyr" mutants, whiéh may already be deficient in one or more profeases
the effect could be to further increase Tas stability in stationary phase and increase

the observed rate at which Tyr" colonies appeared. -

Increased stability of the tas mRNA transcript could also contribute to an increase in
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Tas protein.levels. Transcript half lives of between 46 seconds and 20 minutes have
been measured (Pedersen et al., 1978) but the elements that contribute to stability of
“a particular mRNA are diverse and in some respects little understood. Undoubtedly
primary and secondafy structure of the transcript is very imbortant with features such
as 5’ and 3’ untranslated regions, hairpin formation and polyadenylation all playing a
role in determining the overall stability of the transcript (Belasco et al., 1985; 1986;
Newbury et al., 1987; Emory et al., 1992; Alifano et al., 1994; Xu and Cohen, 1995;
. Kushner, 1996; Carrier et al., 1997). What is clear is that no single mecﬁanism is
" responsible for régulating mRNA decay but fhat each l:;ansclfipt may, be degraded by |
several different pathways the balance of which leads to its nominal relative stability.
Since the increase in the number of mutants in strains deﬁcient in mismatch repair
suggests that there are genetic elements involved in the appearance- of Tyr" colonies
the genes knowh to be involved in mRNA stabiiity must be considered. The most
obvious of these are the exoribonucleases; RNase II (nb), PNPase (pnp) and RNase
~ PH (rph) and the endoribonucleases; RNase [ (rna), RNase III (rnc), RNase E
(rnelams) in the form of the RNA degradosome and RNase M. Most of the above
enzymes lilavé' specific roles in mRNA decay, for example PNPase is the primary
enzyme involyed in degradation of poly(a) tails (O’Hara et al., 1995) but usually one
or more alternative RNases can compensate in null: mut.ants. However, deficiency in
one or more RNases could well lead to increase in the half-life 6f the zas transcript
a_nd_ lead to increased product synthesis. The abqve list is not intended to be
éxhaustivé indeed E.coli may contain as yet unidentified degradativé RNases as well
as those enzyfnes involved in tRNA or tRNA maturation displaying unrecogrlised

activities. Unfortunately, because the termini of the fas transcript have not been
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elucidated expérimentally no comment can be made about potential stability of the

“mRNA molecule or possible degradative pathways.

Th_e above mechanisms must remain speculative at present because little is known
. about tas function or regulation. However, the number of genes available -as
mutational tzirgets is quite substantial and any of them inay affect expression from
tas. What is certain is that if any of theébove mechanisms opemtg'ih"ihe WU3610
swrvaﬁon system they will provide an interesting explanation for the observafions

made with this strain.
33 Multiple mutations in the rpsL gene of Escherichia coli

High level resistance to or dependence on the antibiotic stréptomycin occurs as a
result of mutations in the rpsL gene, which codes for the S12 ribosomal protein.
When spontaneous s&eptomycin-dependent (SmD) ' mutants weﬁ isolated and
sequenced - there was a high proportion that, as well as containing the mutation
conferriné su;ptomycin dependence, also carried another intragenic or ancillary
mutation within rpsL (Timms et al, 1992). It was ;ubscquently shown that the
majority of Sm® rpsL alleles that carry ancillary mutations have a small growth
advantage over single site mutants (Timms and Bridges, 1993). However, this
growth rate advantage of approximately 10 to ‘23% when measured in established
SmP strains was insufﬁcieht to account for the high frequency at which ancillary
mutations were recovered. It was possible that extreme selection occ_urred at some

point during expression of streptomycin dependence allowing ancillary mutants
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selectively to outgrow their single site progenitors. Plasmids, with rpsL under the
control of an inducible promoter, have been used to examine the effects of single and
ancillary mutants under conditions where the cell would contain mixed populations

of wild type and streptomycin resistant ribosomes.
3.31 Methods

Culture methods

Bacterial strains and pla‘smidé. are shown in Table 3.31.1. P1 phage &msducﬁons
were performed as previously described. The A(srIR-recA)306::Tn10 allele, from
RW202, was transferred into the strains CM1242 and CMI1253. Potential
transductants w&e~s®ﬂmd onto L-agar plates ‘containing streptomycin and half of
the plate was irradiated with 10 Jm? UV, Aracd strains are extremely sengitive to UV
and show no growth on the exposed part of the plate after irradiation. Growth
'expenments were “carried out in L-broth contammg kanamycin (uninduced) or
- kanamycin plus ImM isopropyl B-D-thiogalaptopymnoside (IPTG) (induced rpsL
gene). Plating was on to L-agar with additions where éppropfiéte., Growth.
experiments involving CM1292 and CM1293 Were performed in' identical medium
but with the addition of streptomycin. Antibiotic concentrations-were as}areviously

described Table 2.1.
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Construction of pART4, pART6 and pART7

General plasmid and DNA manipulations were as previously described. Cultures of
E.coli strains WP2, CM1242 and CM1253 were grown as previously described. |
CM1242 and CM1253 wére grown in the presence of streptomycin. The PCR boiling
steps were performed as previously-described. The lysate was used to seed a PCR
which was performed as previously described and contained 100pmoles of primers;
SM289 (S'CCAGGAGCTATTCCATGGCAACAG3') and |

SM961 (S'GGCGCACGTTTTCGAGAGCTACTT3). A Ncol site introduced by the
primer SM289, encompassing the initiation codon 6f rpsL, and a BamH]1 site 138 bp

3’ to the rpsL termination codon were utilised to clone the gene into identical sites in

the plasmid pEH1 Figure 3.31.1.

Induction of pART4, pARTG6 and pART?7 in RW202

Approximately 10* bacteria from an overnight culture of RW202, containing one of -
the three plasmids, were used to inoculate 10ml of L-broth containing kanamycin and
IPTG. Growth was followed for up to 12 hours.by plating appropriate dilutions on to
L-agar plates containing kanamycin. Plates were counted after 24 hours.

Growth of CM1292 and CM1293 confaining pEHI1 and pART4

Transformant colonies of CM1292 and-CM1293 were emulsified in phage buffer.

Because of the high spontaneous frequency of mutations to kanamycin resistance in
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Figure 3.31.1

Plasmid pEHI

The structure of plasmid pEHI is shown, including the inducible lacUV5 promoter and the
17 promoter for in vitro RNA synthesis. The plasmid also carries a copy of the lad repressor
to increase repression of the uninduced lacUV5 promoter. The rpsL gene was inserted into

the Ncol and Bam\\\ sites, in the multiple cloning site (MCS) of pEH1.

the two strains, plasmid DNA was extracted from the emulsified colony to confirm

the presence of full sized pEHI or pART4. However, true transformants were

generally readily distinguishable by their larger colony size. Total counts were
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perfonnedAand further dilutions were .made. sucil &m approximately 10* cells were
inoculated into 10ml of L-broth containing streptomycin and kanamycin. The growth
rate wés followed for up to 30 hours by plating appropriate dilutions oﬁto L-agar
plates céntaining kanamycin and streptomycin. The plates were incubated at 37°C
and counted after 24 hours for CMI1293pART4 and after 48 hours for
CM1292pART4, CM1292pEH1_ and CM1293pEH]1 plates were iﬁcubated overnight

before counting.
" 3.32 Results

Sm® mutants, as their name implies, require the presence of streptomycin in the

medium for growth to occur. Thus, there could be severe negative selection for an

expressed SmP mutant prior to challenge with streptomycin. Selection could also be - |

'severe if partially expressed Sm® (or indeed streptomycin-resistant Sm®) mutants‘

with a high proportion of streptomycin-sensitive (Sm®) wild type ribosomes were
challenged with streptomycin. In order to examine the relative selective pressures

under these conditions two strains; CM1242 containing rpsL832 and CM1253

containing rpsL852, which is rpsL832 plus an ancillary mutation, were selected for

further examination.. This pair not only displayed the greatest differential in growth

rate between the single site and the ancillary mutant of the pairs examined Figure .

3.32.1 but this ancillary mutation was also isolated repeatedly.
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Growth of Sm" mutant pairs with and without ancillary mutations

Growth of pairs of Sm” mutants with and without ancillary mutations, incubated
together in L-broth plus 1.2mg ml?! streptomycin from stationary phase inocula.
Strains were spontaneous Sm® mutants derived from WP2, + indicates non-
suppressor tryptophan independent derivatives (®), - indicates origiil.al tryptophan
requiring isolates (0). The tryptophan independent strain, usually the ancillary
‘mutant, and its corresponding tryptophan requiring single site strain were mixed in a

ratio of 1/1000 and grown with shaking at 37°C. O = The ratio during the growth

cycle of viable counts on minimal plates plus tryptophan (10ug ml™) to those on
minimal plates lacking tryptophan, (R = logl0Q viable count Trp™ bacteria — logl0
viable count Trp* bacteria). CM1254, CM1268, CM1267, CM1269, CM1270 and
CM1258 have ancillary mutations. of particular interest to this study is section B
showing the relative growth rates of CM1242 and the Trp® derivative of CM1253

(CM1268) this pair shows the greatest growth advantage of the pairs examined.




Figure 3.32.1

Growth of Sm® mutant pairs with and without ancillary mutations

tr
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Once ribosomes have been exposed to streptomycin, they bind the drug very tightly.
Even when streptomycin is withdrawn from the medium cells can go through several
generations Before growth ceases and -viability eventually declines. The strains
CM1242 and CM1253 undergo approximately five to six doublings, when grown
initially at the standard streptomycin concentration used throughout this work, and
both strains show almost identical growth' curves under streptomycin depfivation.
conditions Figure 3.32.2. This makes the stud.y, of the effect of streptorhycin
deprivation on SmP strains very difficult once the antibiotic has been introduced into
the éystem; To address this problem rpsL832 and rpsL852 as well as wild type rpsL
‘were placed under the control of an inducible promoter on a plasmid. When induced,
the Sm® or wild type protein is produced without tﬁc need for prior maintenance of

the strain in media containing stnepiomy‘cin.

Growth experiments in L-broth in the presence or absence of ImM IPTG were
perfopned on RW202 coﬁtaihing each of the three plasmids. No significant changes
in growth rate were observed among the three strains | in the uninduced state
compared to the host strain RW202 Figure 3.32.3. However, on induction with [PTG
differences in growth rate became apparent. The divergence was most pronpuneed
when the culturés were induced directly upon subculturing’ from a stationary
--ovenjtigh-t—*culturerIﬁdeed;_ induction of the plasmid borne rpsL genes .betiﬁéen one
and two hours after subchlturing, when the host had entered logarithmic growth

phasé, had little effect on the growth rate over the short term (data not shown).



Figure 3.32.2

Residual growth of the Sm® strains CM1242 and CM1253 progenitors

of CM1292 and CM1293 under s‘treptdmycin deprivation conditions -
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Growth of the SmP® strains CM1242 rpsL832 (o) and CM1253 rpsL852 () (progenitors of |
strains CM1292 and CM1293 respectively) were followed in L-broth lacking streptomycin.
-Overnight c‘u"ltures? were Spﬁﬁ and washed in phage buffer. Cultures ;véré:.inoéuiée;i with
about 2.5 x 10° bacteria per ml and viability was followed for eight hours. Viability was

determined by plating appropriate dilutions on L-agar plus streptomycin.
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Figure 3.32.3

Growth of RW202 carrying plasmids pART4, pART6 and pART7

in the absence of IPTC
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| Growth of the strain RW202 (e) alone and with each -of the three plasmids pART4 (o, wild
type rpsL), pART6 (A rpsL852 double mutant) and pART7 (o, rpsL832 single mutant).
-Growth was followed.in L- broth plus kanamycin, with inocula from statlonary ovemlght
.cultures. The plasmid borne genes were in the uninduced state ie. the cultures did not |

‘contain [PTG. V(ability was determined by plating to L-agar plus kanamycin except for

RW202 which plates did not contain antiiaiotic,
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The growth of RW202pART4, containing the wild type 7psL allele on the plasmid,
showed little change on induction, with only a marginal decrease in groch rate and a
slightly longer lag phase (35-45 minutes) compared with the uninduced culture (25-
30 minutes). However, pART6 and pART7 both éonfe&éd a significant reduction in
growth rate compared with the induced wild type-allele and the equivalent uninduced
alleles Figure 3.32.4. Plasmid pART7 cpntaining the single site Sm® rpsL832 allele
resulted in the greatest decrease with a doublihg time of 1 hour 54 minutes compared
to 27 minutes for the induced wild type plasmid. Whereas, plasmid pART6
containing the double mutant 7psL852 resulted in an iﬁtemedime doubling time of 1
hour 20 minutes. Under these conditions, therefore, the presence of the ancillary

mutation would appear to confer a significant selective advantage. .

" Although SmD strains containing only a chfomosomal rpsL832 or rpsL852 allele are
not viable in the absence of stréptomycin and will not form visible colonies on L.
agar plates lacking streptomycin. RW202 éonfaining either of the vtwo plasmi&s
PART6 or pART7 will form colonies on L-agar containmg kanamycin and IPTG,
albeit slowly. RW202pART6 gfows td a colony size of 1-2 mm overnight whereas
RW202pART?7 requires at least 48 hours to attain a similar size. This growth is
ascribed to the continued transcription of the .wild type chromosomal rpsL gene
. providing a-basal level of furictional ribosomes. Even in this thﬁaiioﬁ, rpsL852 with
the ancillary mutation woﬁld appear to be less detrimental to growth than the single |

site allele.
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Figure 3.32.4
Growth of RW202 carrying plasmids pART4, pART6 and pART7

in the presence of IPTG
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Viable counts of RW202, containing each of the three plasmids pART4 (q, rpsL”), pART6

(A, rpsL852 double site) and pART7 (o, rpsL832 single site), upon induction with 1 mM

- | IPTG. Cuhuves weére mocuiated with a dilution from a statlonary ovemlght culture in L broth
plus kanamycin; IPTG (1 mM) was added at zero time. Samples were taken at the indicated

times and plated to L-agar plus kanamycin. A representative experiment is shown.
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| When the strain containing- induced plasmid. pART7 was allowed to continue
growing beyond 12 hour§ the lculture was eventually overtaken between 20 and 23
hours after induction by fast growing mutants. These mutants had a growth rare
similar to the induced wild type rpsL containing strain, the fast growth rate being
transferable with the plasmid. Plasmid DNA isolated from a number of fast growing
mutants appeared to be the same size to that expected of pART7 and restriction
digestion revealed that the rpsL fragment remained intact. Whlle a mutation had
obviously occurred preventing growth inhibition upon expressmn of the plasmld ‘
bomme gene, all that can be said is ;hat it is not due to deletion qf the rpsL codmg

region.

The recd deletion strains CM1292 (containing rpsL832) and CM1293 (containing
rpsL852) have the same differential in ‘growth rate as that observed for their parents
- CM1242 and CMl253, an approximate 20-23_% growth advrantagc of the ancillary
_ mutant. However, when pART4 was introduced into CM1292 it had a dramatic
inhibitory eﬁ'ect_, redur;ing growth rate by a~ factor of 4-5. Inhibition occurred in
uninduced cultures where expression of Sm°® S12 protein was probably very limited
but was still enough to have a pronounced effect. 'fhere was no noticeable effect of
._ uninduced pART4 in CM1293 Figure 3.32.5. Individual experiments involving
CMI1292pART4 showed a wide vanatlon in ultimate growth rate, indicating that '
there was a large selective pressure favouring the growth of cells in which the rpsL
on pART4 was dysfunctlonal. The experiment shown in Figure 3.32.5 presumably
r-ebresents a colony where rpsL on the plasmi-d is fully functional. Dysfunctional

plasmids could be shown to arise in slowly growing cultures of CM1292pART4 at a
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_Figure 3.32.5

Growth of CM1292 and CM1293 carrying pART4
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'| ‘Growth of the streptomycin-dependent strains CM1292 (A, single site rpsL832 mutant) and
¢M1293 (m, double site rpsL852 mutant) containing pART4. Data are from a single
r‘a/representaﬁve"expeﬁment: Cultures Wee inoculated with a dilution of an emulsified é;;iony,
from fresh'transfo'rmaﬁt' plates, into L-broth containing 1.2 mg ml' streptomycin and
kanamycin. No IPTG was added to either strain i.e. the wild type 7psL on the plasmid was

uninduced.
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frequency of about 10" and ohce arisen rapidly dominated the Eulmre Figure 3.32.6.
The CM1292§ART4 éultures that exhibited fast growth either contained deletions,
assumed to be in the rpsL .region, or grew rapidly on medium containing
streptomycin ahd IPTG thus indicating non-expression of wild type »psL product.
Because of the observed difference between CM1292pART4 and CM1293pART it
was found to be unnecessary to induce the plasmid gene with extraneously added
IPTG: growth profiles were thus measiu‘o;d with the plasmid gene in the ‘uninduced’
state. The growth rate of CM1293pART4 was consistent in all experiments
performed, with a mean doubling time of 42 minutes. The growth rate was only
marginally affected whether the rpsL gene on the plasmid was functional as in
pART4 or .whether' it was dysfunctional i.e. an inactive mutant (data not shown).
CM1292pEH] and CM1293pEH1 maintained the same growth rate diﬁ'erentiﬂ as
thé parental strains without plasmid Figure 3.32.7. This élearly shows that the effect
of pART4 on the growth rate of CM1292 .is not caused by the maintenance of the -

plasmid per se but must be due to the presence of wild type 7psL on the plasmid.
3.33 Discussion

The absence of ancillary mutations at fuliy reduﬁdant codon positions amongst newly
arising Sm® mutants argues that the ancillary mutations that have been detected must
be presumed to confer some selective advantage, whatever their rate of formation.
Potentially there are three areas where such selection could operate in the advantage
of the ancillary mutant; i) in a fully expressed Sm® mutant during culture- with

streptomycin, ii) in a partially expressed Sm® mutant prior to the addition of
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Take over of CM1292pART4 cultures by CM1292 bacteria

containing mutant plasmids

Growth of the streptomycin-dependent strain CM1292 (A, single site rpsL832
mutant) containing pART4. Data is from a single representative experiment. The
culture was inoculated with a dilution of an emulsified colony, from fresh
transformant plates, into L-broth containing 1.2 mg ml™”! streptomycin and
kanamycin. No IPTG -was added ie. the wild type rpsL on the plasmid wés
unindﬁced. The graph is an extension of that shown in Figure 3.32.5. Over 99% of
the viable cells in the CM1292pART4 culture at 36 hours were found to have a fast
growing phen;)type when plated to L-agar containing streptomycin, kanamycin and
IPTG ie. grew into large colonies overnight. This fast growing phenotype was
transferable with the plasmid. In some experiments the plasmid recovered from the
culture had obviously undergone a deletion, however, this was not the case in all

experiments where, as far as it was possible to determine the plasmid was full sized.




Figure 3.32.6

Take over of CM1292pART4 cultures by CM1292 bacteria

containing mutant plasmids
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Figure 3.32.7

Growth of CM1292 and CM1293 carrying pEH1

108+

CM1293pART4
© 107 -
1064 CM1292pART4

10°

Viable count/ml

10*-

10°

10? - :
5 7.5 10 12.5

Time (h)

Growth of the streptomycin-dependent strains CM1292 (w, single site 7psL832 mutant) and
CM1293 (A, double site rpsL852 mutant) containing plasmid pEH1. Growth data for pEH1

containing strains is the mean of three independent experiments.
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streptomycin or iii) in a partially expressed Sm® mutant after the addition of
streptomygin. While some growth advantage attributable to the ancillary mutation

has been measured in fully expressed Sm° strains (Timms and Bridges, 1993)
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experiments carried out in the absence of the antibiotic or in cells containing mixed
SmP and Sm® ribosomes in the presence of streptomycin has proved to be more

complicated.

Established str-ep.tomycin dépendent strains require streptomycin for growth. While
some residual growth is observed when external streptomycin is removed from a
liquid culture, this eventually ceases and the viability of the culture deéiines over
time. Here it is interesting that the growth profiles of a single site Sm® r.nutant and its
complementary ancillary mutant are almost identical when both are deprived of -
streptomycin, even though the ancillary mutant shows a berceptible growth
advantage (~23%) when streptomycin is bresent (Timms and Bridges? 1993). Thus,
there would appear to be some limiting factor-common to both strains under
streptomycin deprivation cohditions that cancels any growth. advantage of the

ancillary mutant.:

Once bacterial ribosomes have encountered streptomycin they tightly bind it such’
that it cannot be removgd by simple washing of the culture (Spotts, 1962). Therefore,
" residual growth can only occur until the proportion of remaining functional
ribosomes, with attached streptomycin, falls to a level no longer sufficient to support
continued cell division. Sm® bacteria deprived of streptomycin can undergo about
four to five doublings before growth ceases. This suggests that a cell can. continue to
divide until over 90% of its -r.ibosomes. are non-functional ie. streptomycin free.
There is no partition mechanism for ribosomes so, on cell division, some _indiv_iduals

will receive more ribosomes that are functional and consequently will undergo a
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gréater number éf divisions than others. In addition, it is unlikely that washing would
remove all surplus streptomycin there could be internal ‘stores available to prblong-
the period of growth. While a non-dividing cell may remain viable for some further
period after division ceases, functional ribdsomes are eventually turned over and
degraded. Eventually their replabement with streptomycin free non-functional

ribosomes reduces the protein synthesis capacity to sub-viable levels.

In the bresent work, plasmid-based systems were used to mimic the ‘situation in the
early stages of the emergencé of Sm® mutant bacteria. The first allowed observation
of the effect of expression of SmP alleles in the absence of streptomycin while; the
second allowed expfession of Sm® ribosomes in a SmP background. Both have
relevance to the situation found in formation of spontaneous Sm® mutants where

individual cells contain a mixture of resistant and sensitive ribosomes which affect

behaviour both before and immediately after the addition of streptomycin.

When aAdoub‘ly mutant rpsL gene on a plasmid is expressed in the presence of a
chromosomal rpsL* géne, bacteria can groW faster than when the plasmid borne gene
is singly mutant. In the context of a newly emergent Shl? mutant, growing in the
absence of streptomycin, this would imply a selective advantage for bacteria carrying
an ancillary mutaﬁon in rpsL. This advantage is necessarily limited in durati‘on a-nd
would only apply during the period before Sm® fibosomes accumulate to a level at

which growth would cease anyway. -
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Assuming there are a finite number of divisions that can occur before a Sm® mutant
stops growing the mutation rate would have to be very high, of the order of 10™' to
10 This figure is obtained by extrapolating datta from Sm® strains that are allowed
to continue gi'owing in. media where streptomycin has beon removed. Under these
conditions, established SmP® ‘strains undergo between five and six doublings before
growth ceases, presumably due to dilution of functional ribosomes retaining bound
streptomycin. If this situation were analogous to the accumulation of SmD ribosomes
in newly expressed Sm® mutants in the absence of streptomycin, residual growth
would depend on the relative proportions of Sm® and wild type ribosomes in the cell
perhaps allowing five to six doublings before growth -ceasod. In this case, the largest
clone size of Sm? mutants that could accumulate in a culture lacking streptomycin
would be 64 (2%). Once cultures are plated out on streptomycin-containing agar,
results from our second model indicate that growth of singly mutant SmP® bacteria
..would.ranidly cease in the presence of wild type ribosomes. 'However, those with
. ancillary mutations would continue to grow albeit at a slower rate. Eventually both
types of tnutant would dilute the wild type ribosomes to- a level at which growth -

could resume and the mutants form visible colonies

The selective advantage conferred by the ancillary mutation, m the presence of
streptomycin, is necessarily limited to the period before ribosomes containing wild
type S12 are diluted by oell division or degraded. Moreover, to experience such
extreme selective advantage the ancillary mutation would have to arise during the
early part of this period, soon after the newly expressed Sm° rnutant was plated onto

streptomycin. Cells with ancillary rpsL mutations have frequently been observed to
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oceur in mixed colonies, with cells carrying the same Sm® mutation but lacking the

ancillary mutation. This has also been found to be true of the two alleles studied in

this section. It is presumed that in a mixed colony, the Sm® mutation in rpsL852

must already have been'present at the time of plating on streptomycin agar, and the
ancillary mutation must have arisen subsequently. The selective advanfage conferred
by the ancillary mutation’ in.rpsL852, when established strains are growing in
streptomycin mediufn; was ~23% .(T‘iinms and Bridges, 1993). It was estimated that,
with a 23% growth rate advantage, the ancillary mutation mﬁst h‘a\'}é arisen when fhe
- colony size was between 10° and 10* bacteria. This implies a mutation rate for this

locus of the order of 10 to l'O“/replication (Timms and Bridges, 1993).

If ancillary mutations arose with a frequency as high as <10™ to 10?2, they probably ‘

experience the selective advantage, documented in- this work, when wild type

ribosomal S$12 protein' is present along with Sm® ribosomes. Together with the

previously reported selective advantage for established strains, the expected outcome

would be that bacteria with ancillary mutations would outgrow singly mutant Sm® _

bacteria and would dominate the streptomycin dependent colony. Domination by the

ancillary allele would also be the-likely outcbme if the ancillary mutation rate were

of the order of 107 to 10"/replication. In this case the selective advantage associated .

-with the presence of the wild type ribosomal protein would be very much reduced, as
the Sm® ribosomes would have been diluted by ~7 to 10 bacterial divisions. As
previously calculated, ancillary mutation rates of 10~ to 10 would be likely to result

in colonies containing comparable numbers of singly and double mutant bacteria.

. Therefore, since approximately 20% of newly arisen mutant colonies are detectably .




mixed, it is assumed that the ancillary mutation rate is likely to be nearer to 10 than

10"'. Mutation rates of = 10*/base pair are, of course, far too high to occur over the

whole genome for extendéd periods, the result would be inviability. However, such‘ a
_rate of mutagenesis.could be survived providing either i) it were only transiently

expressed or, ii) it was only effective over a localised area of the chromosome.

One of the predictions of th; traﬁsient model is.that there are factors oper:clting in
newly Variscn SmP mutants that increase tﬁe lﬁutation rate in rpsL. However, 'of;cc the
~ phenotype is fully expressed, the mutation rate is. presumed to revert to a more
typical ~10"'%base pair/replication. What factors exist in a newly expfcsséd SmP cell
that could cause a transient increase in mutation rate? Streptomycin is known to
adversely effect translaﬁonal accuracy, both in-vitro and in-vivo (Davies et al., 1964,
Boe, 1992), by interfering with the proof-reading function of wild-type ribosomes
(Ruuéaja and Kurland, 1984). The resulting misreading of the genetic code can lead
to streptomycin-conditional supbression or phenotypic masking bf some
auxotrophies (D‘avies et al. 1964, Gorini and Kataja, 1964a; l§64b; Gorini, 1971,
Edelmann ﬁnd Gallant, 1977, Bouadlbun et al., 1983; Johnson and Parkér, 1985).
These cﬁ'ecﬁ are only 'seéﬁ when streptomycin i; added to wild type ribosomes miost
Sm® and Sm® ribosomes display increased or hyper-accurate translational fidelity

(Bohman et.al., 1984; Ruusala et al., 1984; Andersson et al., 1986),
In newly expressed Sm® mutants (and in Sm" mutants formed during the last few

gencraﬁons before a culture goés. stationary), there will still be a proportion of wild

type ribosomes in the cell. Boe (1992) found that wild type cells treated with a low
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level Sug/ml of streptomycih showed a 1.()'6 fold drop in viability, however, of the
survivors 0.1% showed measurable auxotrophies. Mistranslation by these
streptomycin-sensitive ribosomes in the presence of streptomycin could result in the
formation of a mutator protein; for example, a DNA pplymerase enzyme with
- reduced proof-reading capabilities. Since the mutator activity would -not be
genetically heritable, thé effectsv would only be transiently expressed until the
aberrant protein was degraded. Removal of the epsilon pfoof-reading subunit from
DNA polymerase 11 typically results in an increase in mutation raIe‘ of between 10?
to >10* fold when E.coli @tDS or dnaQ49 mutants are grown in rich medium at
.37°(.3 (Fowler et al., 1974, Horiuchi et al., 1978; Fowler et al., 1986; Krishnaswamy
etal., 1993). Although high, a mutation rate of this magnitude is still somewhat short

of the 10° to 10° fold increase in rate that is observed in rpsL.

An alternatively is thét the wild type ribosomes ‘poisoned’ by streptomycin could
- have a direct effect on the level Qf mutagenesfs within a cell. Transcribing RNA
polymerases have been linked to transient arrest of _replicatiori forks (Liu and Alberts,
1995; Deshpande and Newlon, 1996) and transcribed regions are prone to enhance&
deletogenesis (Vilette et &1., 1992; 1995; 1996). Perhaps poisoned ribosomes could
interfere with the transcriptional apparatus of the cell leading to blockage of an
advm-ciﬁg replisome and collapse of the réplication fork. Although collapse of DNA
replication forks has been linked to increased mutagenesis (Biemne et al, 1991;
Eieme et al., 1997a; Michel et al., 1997, Seigneur et al., 1997) the mutagenic cven.ts

 described are mostly deletions rather than the point mutations seen in rpsL. However,

because the processes of transcription and translation are so closely linked in bacteria
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su'ch interactions are feasible and a stalled &mscfiptional/ﬂmslational compiex
~w0}1ld be a substantial obstacle to an advancing polymerase or to post replicational
repair mechanisms. There is some evidence that ribosomes and RNA polymerase do
directly effect the activity of -each other, perhaps indicating a physical interaction
between both complexes (Chakrabarti-and Gorini, 1975; Chakrabarti and Gorini,
1977; Schmitt et al., 1995). In addition, the number of poisoned wild type ri'bqsomes
could potentially be very large, providing plenty of scope for multiple interactions

' and increasing the opportunity of mutagenic events-occurring. '

Both of the potential processes oﬁtlined above could result in a general increase in
mutation rate throughout the chromosome but would be limited in duration until the
wild type ribosomes had been dill_xted ﬁ6m the sjstem. Ata mutation'rate'of 10° to -
106(base pair/generation non-selected mutations should be detectéble in newly
arising Sm® or Sm® mutants, ';l'here -are perhaps 100 gf.nes in which a forward
mutation will lead to a detect'ablle- auxotrophy. Screening of sufficient numbers of
Sm®? and Sm® mutants would quickly establish whether the apl;arent increase in
mutations rate in rpsL was also oqcuning elsewhere in the chromosome. Mapping
and analysis of _ady auxotrophs recov.ered could yiela importantb information on the

mutational process. Questions that could be asked include; is mutagenesis confined

rpsL? What rate are auxotrophies recovered, which could provide independent .

verification of the mutagenic rate calculated for rpsL.
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’The sécc:md option is that the increased mutagenesis observed is confined to the rpsL
region alone. There exist examples of preferentially localised mutagenesis e.g. in the
recA gene (Liu and Tessrr'xah,_ 1990; Liu ét al., 1993), in mutS containing a lacZ
insertidn (Liu et al., 1997) and during starvation of E.coli for asparagine resulting in
reversion of asn4 and associated mutations at a linked locus atp (Boe, 1990). In the
case of recA a specific allele, rec41202, exhibits a genefal mutator phenotype
elevating ehromoéomal mutation rates by about 100 fold however, the mutation
frequencies within the rec4 gene itself are increased by 10* .to 10° fold. fn c;>ntrasg
the specific mutS insertion isolated by Liu et al. (1997) exhibits very. l{ighly localised
_increased mutation frequencies with little increase in concomitant general
mutagenesis. Both gene products have DNA binding capabilities; one hypothesis for
their localised eﬁ'ect is that they form aggregations and bind near to their sites of
production (translation) such aggregations may interfere with normal DNA fepair
functions or DNA replication. Could rpsL also agglutinate near to its own site of
production? The Sm® mutations -re'cové_red ﬁndoubtédly confer a coﬁformational
change oﬁ .'the ;'elativels' small S12 protein. If the new conformation were to be
‘sticky” as soon as S12 was produced, it could aggregate to form particles that may
then interfere with repair or replication processes. Presumably once produced, S12 ‘
protéin would be incorporated into nbosomes fairly close to the site of their
productibn. Once in ribosomes the stick effects would be ameliorated localising the
effects on replication or other mutagenic processés. [f this proved to be the case, an
interesting question is; do the ancillary mufatio,ns merely. confer a selective

advantage or do they also reduce ‘stickiness’? If the latter then the effect could be

171



described as localised and transient, in that as soon as a mutation occurred mutation

rates would return to normal,

Wﬁat evidence is there that the rpsL region is subject to a localised increase in
mutation rate? If mutations were occurring randomly in rpsL at the same time that
the ancillary mutations arise, at least some of them should persist in particular at
fully redundant codon positions (roughl.y one: quarter of the total). Most mutations
would result in an amino acid change aﬁd are likely to be deleterious since the Sm°
phenotype can only express itself in e functional protein; these mutations would not -
be seen. In a situation where the mutafion rate for ancillary mutations is 10 (ﬂ1e
lowest of the above estimates), the probability of a mutation occurrihg at a fully
redundant codon positien elsewhere in the gene should be ~‘0.25} x 10*/base pair. 150
base pairs were routinely screened, so the probability of seeing such a mutation
accompanying an ancillary mutation would ee 0.25 x 10™ x 150 = 3.75 x 107 32
Sm® .mutants ‘with ancillary metafions have been screened, mostly using single.
stranded-conformational polymorphism analysis. Assumirig a detection sensitivity for |
a single base change of at least 0.9 then 0.1 (3.75 x 107 x 32 x 0.9) additional
mutations at a fully redundant codon position might have been detected compared to
the .zero observed. Clearly many more mutants (base pairs) would have to be

examined to assert with any confidence that such mutations are absent.
Whether random or not, the rate of occurrence of éncillary mutations in rpsL is many

orders of magrlimde_ higher than the rate expected (~10"'%base pair/replication) if

they were arising totally independently of the accompanying Sm® mutations. These
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mutations are thus teﬁporally clustered, indicating that the rpsL fegion (at least)
experiences periodic episodes of hypermutation. Many questions remain to be
answered about this phenomenon. Pérhaps the most important is whether clustering
is a general feature of spontaneous mutation or reflects a hypermutable stress state
triggeréd by the expressioﬁ of the first mutation, in this case streptomycin

~ dependence.
4 General Discussion

The results presented in this thesis show several WaYs that bacteria respond to the
imposition of selective stress. The types of mutations that arise under conditions of
stress are different from those arising under non-selective conditions as indicated by
“the small in-frame deletions arising in #p4 under tryptophan starvation. They also
imply that the causes of spontaneous mutations -under stan/ation conditions are
different. Most mutations in growing bacteria are assumed to result from polymérase
errors that escape repair by MMR or from repair synthesis following DNA damage.
- The results with the rpA system suggest that oxidative damage is very ifnportant iﬂ
non-growing cells, perhaps because repair processes are corﬁpromised due to the low

rate of protein synthesié. Inducible repair responses such as SOS are also likely to be

' dbnibi’b&iiéedﬁt'&rmthe same reason although induction of SOS has been shown to

occur in old colonies.

While the results do not provide direct evidence, there is indication that DNA

secondary structure is very important in the formation. of some types of. mutations
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especially deletions. E.coli does not tolerate long palindromes, -which are very.

unstable in SbcDC proficient strains. The effect of pseudo-palindromes on viability
. and mutagenesis is less certain. However, all the deletions" obsefved in trp/f occur in
the vicinity of two potential regions of secondary structure. In stationary cells where
the frequency of replicati‘on and presumably of transcription is reduced, DNA may be
more prone to format‘ion of structures that can then provide the targets for
deletogenic mechanisrﬁs. It would 'be interesting to assess the contribution of such
“structures to stationary phase mutagenesis and finding the proteins -or pathways
responsible for producing delefiqns.' An attefnpt has been made to édapt a plasmid
based deletion system for use in starving cells but witﬁ little success._The particular
system involved mutation to antibiotic resistance by deletion of one repéat from a
two direct mbeat structure. In pﬁctice, it was found that expression of antibiotic
resistance was- necessary and that there was too much residual growth during this
¢xpression -period. It -was thus imbossible to differentiate mutations resulting ﬁom

residual growth from those induced during the starvation period.

The persistence of mismatched base pairs has also been shown to increase the yield

of deletions recovered but again whether it is the pres;ence of the mismatches that is
important or the results of "some aberrant repair process is uncertain. Perhaps
- mismatches servé to "stillirepl:iCatibti'f‘orks, a process that may be ‘mutagenic and lead
preferentially to deletions, possibly via tﬁeans of a double strand break. Und_er
conditions of starvation, repair of such breaks may not broceed with such efficiency
as in growing cells. The formation of deletions in #pA did not appgér to require

functional RecA, but the effects of other recombination proteins were not tested in
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particular RécB, RecC of RecD which are important in double 'strand break repair.
Alternatively, the léck of mismatch repair may increase the level of illegitimate
recombjnation between hpmeolggous sequences. Again, whether such récombination
ié stimulated by sccondary structure, single stranded DNA produéeci by repair

processes, repair of double strand breaks, or slippage during replication is unclear.

Several stpciies have sho}ggn that tyrosine independent mutations arise when the
tyrA14 strain WU3610 is incubated for upwards of sii days on minimal agar plates..
Display of this phenomenon has been shown to be dependent on the prlesencv:e‘of the
gene tas, which complements the prephenate dehydrogenase activity lacking in
WU3610. The studies have not shown whether tas is the target gene, although a
direct mutation has been ruled out by sequencing. Regulation of tas gene expression
may thus be responsible for Fhe oﬁservéd phenotype. Mutator activity, in a mutl
strain, increases the yield of slow growing mutants suggestiﬁg that a mutation is
involved in the process. As mutations at the.tas locus .has not been demonstrated a
mutation in aﬁother gene would seem to be fesponsible. There are a nmﬁber of genes
that could affect tas expression by a variety of different mechanisms. These genes
<;ould bé sequgnced directly or, if gene inactivation is responsible, an insertion
library could be constructed providing an effective selection was available for

screening.
Are there comparisons to be made between the tryptophan and tyrosine starvation

systems?. Both indicate the variety of responses that bacteria can muster to overcome

challenges in the environment. The deletion system may highlight an underlying
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me;:hanism that could be harmful to bacteria in most cases. After all, it is. more
difficult to reacquire deleted sequencés than duplicate or mutate them. In this defined
situation, deletions are advantageous but if they occurred elsewhere, deletions may |
be_a major source of inviability in starving bacteria. Compensation of tyrosine
aﬁxotrophy by a gene that presumably is not normally involved in tyrosine
| biosynthesis displays an interesting redundancy in E.coli. Is this a case of good
fortune or does the inhefent non-specificity of many biological reactions indicate that .
in some respects certain enzymes can be jack of all trades, limited onl§ by

competition for substrates?

As individuals E.coli are expend@le and sacrifice of individuals in search of an
adaptatior; may allow the species to expand and exploit available: resources. This
illuminates the quéstion at the heart.of adaptive mutﬁgenesis, which is whether E.coli
(and other bacteria) have a means to enhance mutagenesis under conditions of severe
selection, perhaps this is dependent on”one of thé global regulators of bacterial
physiology. Cell physiology is lik:ely to be very different in starving bacteria and
may affect the fidelity of replication, transcription apd Ummla;ion, all processes that
may alter the rate at which bacteria mutate. There is some evidence that a proportion
of cells under stress can enter a period of hypermutability, increasing the mutation
rate throughout the génome. The result of this is that occasionally mutations are
broduced ina sub-population'that can utilise resources unavailable to the general

population.

The remaining section of the thesis examines the mutations arising in streptomycin



dependent bacteria. A high proportion of newly arising Sm® bacteria shows _ancillary
~ mutations accompaﬁying the Sm? determining mutation. These are recbvered at a
rate far higher than can be accounted for by selective advantage of the ancillary
mutant compared to the bdmary Sm® mutant. This appears to be a directed process in
that a general increase in mutation rate has not been demonstrated in newly arising
SmP bacteria, nor has elevated mutation rates been demonstrated in established Sm®

strains.

Of the ﬂ1ree systems discussed, this one has proved the most refractory to easy
exploration. The techniques of single stranded confo;r'national polymorphism (SSCP)
and sequencing, used in Timms et al. (1992) and Timms and Bridges (1993), are
time and labour consuming and have the disadvantage that they can only screen
relatively sma_l'l DNA fragments. They 'are therefore unsuited to answering somé of
the questlonsthat are presen;ly outstanding. For éxample, if rpsl- in newly arisen
‘SmP bacterig shows hyper-t_nutation, does this Aextend to other parts of the
c'hr'om'osorﬁe or is it localised to rpsL and its immediate surrounds._ One way that this
question may be answered is to screen a number of new SmP mutants for
auxotrophies, it would then be relatively easy to map any mutations found. This
would provide information on the distribution of mutations and possibly on the types
of mutation occurring. If mutagenesis was found to be localised a modified form of
SSCP, looking at larger fragments of DNA, could examine any spatial distribution of -
mutations around the rpsL gene w.ith;mt the need for a selectable mutant phenotype.
In vitro transcription/traﬁslaﬁon systems could also be used to e‘xaxﬁine the

possibility that Sm® S12 protein is “sticky” and agglutinétes near to the site of its
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production. Some form of gel retardation assay would indicate whether this was the
case. Perhaps such a system could be modified to look at possible interactions
between ribosomes and RNA polymerase, and the effects of Sm® and ancillary

mutations on such potential interactiohs. .

'Are these three cases related? Is ‘the apparent hypenﬁﬁtation of the rpsL locus
achieved by the same mechanisms that produce starvation-associated mutations in
the amino acid starvation sysfems? One can attempt to construct a model to explain
some aspects of the phenomena observed based on re;:ent work. Sfatianary phase
mutation in the episomal lacZ system has been linked to the repair of double strand
DNA breaks (Rosenberg et al. (1996). Could these also be involved in‘the starvétion-

associated systems?

Evidence is available to suggest that reélication forks collapse when they encounter
some forms of DNA damage or secondary structure, which causes pausing or
slowing of the replication complex (Kuzminov, 1995a). Michel et al. (1997) l{ave
shown that such events can-lead to double-strand breaks at the stalled replication
complex. The repair of doubie4straqd breaks has been linked to increased
mutagenesis at the site of breakage. One model to explain hyper-mutability at rpsL
also invokes DNA replication fOfE arrest, involving a stalled ribosome/RNA
bolym‘erése complex or agglutinated SmD--rpsL- protein. Iﬁ starving célls, the
probability is ﬁm restrictions in the supply of precursors may cause frgquent pausing

~of the repliéation fork and lead to its collapse. It may be,signiﬁcant that dnaN and



recF, two genes required for the recovery of stalled replication forks, are induced on

_entry into stationary phase '(Villan'dya et al. 1998).

Several starvation-assoéiafed mutation systems including reversion of amino acid
aué&ophies seem to require some leakiness for the appearance of mutants. This
leakiness-may be hecessary to provide energy and precursors for DNA synthesis as
well as expression of the mutant phenotype. Bﬁdges (1996a) has presented evidence
that suggests that there is more DNA synthésis occurring in starviné cells than has |
previously been recognised, presumably this synthesis is prone to frequent
replication fork collapse. This raises the qucstién, what form does this DNA
.synthesis take? Is it for e;(ample i-nitiated“ from oriC, the ghromosomal origin of
mplication? If this is the case, one could éxpect'to see a spatial distribution of
nutations around the origin, with more mutations occurring closer to oriC. However,
-if the synthesis was some form of stable DNA replication ie. not dependént on
initiation at oriC, the mutants could be spread randomly around the chromosome.
Thus, there are still .many- questions that neéd to Be ‘anéwered before links b:etween

~ the systems can be unambiguously identified.
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5.1 Appendix I: The tyrT locus of Escherichia coli B/r

" PCR and Sequencing of &yrT

Culture conditio_ns gnd boiling steps were as previously described. PCR was
performed as previously described fog"30 cycles with 100 pmoles of the following
primers; TT256 (5'XGTTATTCATGTCéATCATACCTACAC3') and primer

TT1625 (S'XTTTTAGTTCACATAGA‘CCCTGCTTCB'). Both prime;s were synthesised
with and withoy£ 5' biotinylation (X) to allow single strand seciuencing of both DNA
strands. Dynabead aided strand separation and sequencing were as previously
describéd. Sequencing primers were initially designed using the E.coli K-12
sequence and supplemented With sequence information produced from strand

walkihg.

It has been reported that tyrosine -aﬁxétropﬁy, in the tyrdl4 E.coli B/r strain
WU3610, can be suppfesged by an unknown gene (Bridges, 1994). The slowly
growing suppressor containing mutaﬁﬁ were detected under conditions of tyrosine:
starvation but they were also shown .to arise in growing bacteria if appropriate
experimental conditions were applied. Most tyrosine independent mutants arising
under growth condiﬁons result from base pair substitutions at the ochre‘ site (Lietal.,
1991) or at tRNA suppressor loci (Osbormme and Person, 1967) and have a fast-
growing phenotype. Because the majority of the tyrosine independent mutants arising
during starvation were slow-growing most of these suppressor or revertant mutants .

could be ruled out (Bridges, 1994) and the base-pair substitution options were

180



narrowed to trans;version at a G:C base pair. A candidate locus susceptible to such a
change is #yrT, coding for tRNA,™ and requiring a G:CoT:A base change to
produce an ochre suppressor (GTA;}TTA). In E coli K-12 strains, mutations at thé
tyrT locus are known to gi;'e rise to both amber and ochre nonsense suppressors
(Signer et al., 1965; Goodman et val., 1968). However, during their study of
suppressor and back mutations of thé tyrd locus of WU3610, Li et al. (1991) did not
find any ochre suppressors that mapped to #rT. It was therefore thought that
mutation at this locus could be a candidate for producing the slow-growing Tyr*
mutants observed in WU36.l-O. The #yrT sequence was determined for ‘six slow
growing Tyr’ mutants, jsolated at day nine from a starvaﬁon experiment, all were
found to be wild type, i.e. they did not contain suppressor mutations in either of the

tyrT o or B tRNA, ™ copies.

PCR primers were designed, using the previously sequenced E.coli K-12 region
(Accession number K01 197),' to give an expected fragment size of 1,393 basé pairs.
It was noticed that when the product from the B(r strain was run.on an agarose gel it
appeared to be 350-400 base pairs smaller than expected, the K-12 PCR product was
of the anticipated size. This deletion, of 357 base pairs, was confirmed when the
product was sequenced and subsequently the entire 57T fragment from the B/r strain
WU3610 was sequenced (Accession number X90989). The structure of the E.coli K-
12 orT region is shown in Figure 5.1.1 alohg' with the equivalent region for
WU3610 as determined by sequencing. Thi§ region is known to be unstable when
carried on the transducing phage ¢80 (Russell et al., 1970; Egan and Landy, 1978;

- McCorkle and Altman, 1982).
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Structure of the fyrT locus from Escherichia coli K-12 and B

The K-12 diagram was adapted from the work of Bésl and Kersten (1991), and the B
diagram follows their conventions. The promoter (P), the 7ko termination sites T, (major)
and t,4, (minor), the two tRNA, ™" genes (darkly shaded boxes), the terminal repeats, and /T
RNA (grey boxes) are indicated in the E.coli K-12 diagram. The dotted line that continues
beyond the t,, terminator indicates the observation that some transcripts are terminated
beyond any of the recognised termination signals. The hatched boxes indicate a 19 base pair
motif (AATCCTTCCCCEACCACCA) that occurs a total of six times in the K-12 sequence, |
including the terminal 19 base pairs of each tRNA, ™ coding sequence. The polypeptide Tpr
is indicated as an arrow in the first repeat. The lower diagram indicates the structure of the
E.coli B locus, showing the absence of repeats 1 and 2. While the possibility that the B
sequence actually derives from either repeat 1 or 2 or portions thereof cannot be ruled out,
the total sequence obtained showed more overall_horﬁology to the third repeat of K-12 than

to the other two.




Figure 5.1.1

Structure of the #yrT locus from Escherichia coli K-12 and B
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Therefore, the possibility that the strain Wﬁ3610 had undergone a deletion at fy»7,
during its derivation, and that the structure of this locus in other members of the B
family corresponds to that in E.coli K-12 was considered. [n our laboratory stocks,
there were two E.coli B strains that were acquired around 1957 (Bareer) and 1969
(Besw) and have not subsequently been manipulated in any wa.y apart from
| propagﬁtion‘ into new stab cultures. PCR was performed on both strains and both
proved to have the éame sized product as WU3610. It is likely therefore that this

deletion is widely present in the B family.

Comparison of the K-12 and B/r sequences indicated that there were 10 base pair
substitutions in the 987 base§ sequenced; eight transitions and two transversions, as
well as one base pair deletion and one base pair insertion. The base pair deletion and
~usertion both occurred in the intervening sequence between the two tRNA genes
. maintaining the._net 208 base pair spacing. The sequences of the two tRNA genes
- were identical between K-12 and B/r strains. The major difference, however, ‘was the

absence in the £.coli B/r locus of two of the 3.14 'terminal repeat sequences.
Genomic DNA from WU3610 was probed using the full length PCR product from an
" E.coli K-12 strain. The blot confirmed the structure of the tyrT région in the B family

and showed that the deleted sequences have not been translocated elsewhere in the

" chromosome.

Termination of #yrT transcription is p (Rho) dependent in £.coli K-12. The sequence,
corresponding to the major and minor p termination sites, (S'CAATCAA3') is present

‘in the second and third repeats of the E.coli K-12 tyrT locus (Kapper et al., 1978;
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Rossi. ez al.,, 1981). However, the equivalent sequence in the E.coli B/r locus
(5'TAATTAA§') contains fwo base changes such that it bears a closer_resemblance. to
the sequence found in the ﬁrst repeat of £.coli K-12 (S'CAATTAAZ). .It is uncértain
whether this site functions as a minor termination signal in E.‘éoli K-12 or whether it
is a ribonuclease-processing site involved in maturation of the tRNA (Rossi et al.,
1981). .Thus, it is possible that vthese'se‘qixences are not involved in transcription
termination and that termination pf the »rT transcript in E.coli B/r occurs at a :
dowﬁstream site. Alternatively the sequence in E.coli B/r may be a"‘p depepdent
termination signal but this would only bcpome épparent were the termini of the n7T
transcript in E.coli B/t determined experimentally. "I;he 33 aminb acid basic
polypeptide (Tpr), coded for within the first terminal repeat in E.coli K-12 (Altman -
etal., 1981; Rossi et al., 1981), would also appear to be absent from E.coli B/r as a |
| termination codon is present 10 residues into the equivalent coding sequence. When
the sequences of the teﬁnhal repeats in E.coli K-12 and those found in B/r were
.'~compared, the E..coli B/r sequence appeared to bear more overall homology to the |
third repeat in K-12 than to either of the other two repeat sequences. The possibility
exists that the E.coli K-12 tyrT locus is the ancestra_l structure while £.coli B/r T
derived from it by a process of unequal recombination, resulting in deletion, after the
two strains had diverged. If this is so, the remaining terminal repeat in E.coli B/r may
be derived from pbrtions of more thaﬁ one rgpeat.- Alternatively, ainpliﬁcaﬁon of the
repeats may have occtixrred’in E.coli K-12 from an ancestral locus similar to that in -

E.coli BIr.

It has been stated that in previous studies, in E.coli B/r, no ochre suppressors have
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been mapped to the #rT locus. While the present work was in progress Urios and
Blanco (1996) reported .the isolation of ochre suppressors at this site in experiments
with strains deficient in mutY. These isolates were able to suppréss ochre nonsense
mutations in the T4 bacteriophage 0c427 and suppression was co-transducible with a
marker linked tb tyrT. One of the{r isolates (IC5015) was obtained and sequenced as
above. It cénﬁrmed that the sequence Qf the y»T tRNA o and B coding regions were
identical to that obtained for WU3610, apart from a G:C—T:A change in the.
anticodon of the &yrT B copy. There are two points worth noting about IC5015: i) it
carries a deficiency in mutY wh.ich .predisposes it to accurr;ulate | G:C—)T:A
transversions (Moriya and Grollman, 1993; Bridges et a/., 1996) which is the base
change required for ochre mutations at #»7T and ii) the strain is a K-12 / B hybrid.
While its t)rT locus is definitely B in ‘origin' at least six exoribonucleases, which may
| have different sequence or structural speciﬁcity‘in K-12 and B strains, are known to
be involved in tRNA maturation in E.coli (Li and Deutscher, 199.6). It is possible that
during hybrid formation K-12 genes specifying one or more of these enzymes may
have been integrated into the £.coli B genome. If they were to affect the processing
of the tyrT precursor, they c;)uld allow expression of a §uppressor phenotype. In this
context, it would be interesting to see Awheth"er the ochre suppressor remained
 functional when it was transferred into a pure E.coli B genetic background.

éurther examination of the results of Urios and Blanco (1996) reveal that in a mut”
strain, in the ' absence of umuDC or functional homologues, there were no
spontaneously occurring ochre sﬁppressors at tyrT. These results suggest that, unless

the mutagenic processes are heavily weighted in their favour e.g inactivation of



mutY or overexpression of mutagenic repair proteins, mutations producing ochre
suppressors at tyrT are rare in the £.coli B background. A further factor may be that
Urios and Blanco (1996) looked at mutations suppressing the #rpE65 allele in their
system, not the tyrAI 4 allele examined by Li et al.. (1991) and in this thesis. A simple
explanation for the non-observance of yrT ochré shppressors, in the yyrd14 system,
is that insertion of tyrosine at the site of the ochre mutation in #r4 does not produce

a functional protein.

If the terminal repeat sequences provide crucial stability to the nascent mscﬁpts,
one-can speculate that the structt-u'e of the nrT locﬁs in E.coli B may affect stability -
of the tRNA precursor. In K-12 strains, both gene copies are processed to mature
tRNA allowing a suppressor mutation in one copy while maintainiﬁg wild-type -
recognition in the other while, in E.coli B strains the locus may be functionally -
_monocistronic. The transcx“iptl may be degraded before prbcessing is .compléte,
requiring the prcéence of two Wild-Wpe tRNA genes for viability, or the mutations '
notéd may affect the proqessing sites required for generation of mature tRNA from
one or both (RNA genes. In this scenario the second tRNA gene.i's more important in
providing stability to thé.transcript and all(.>ws exp;ession of sufficient tRNA, ™" for
Aviabilit'y. Alternatively, the absence of suppressors may be an indirect consequence
of the lack, in B strains, of rtT RNA o the basic polypeptide Tpr. Both of these
appear to be involved in modulation of the cellular response.to amino-acid §tarvation
(Miéhelsen et al., 1989; Bosl and Kersten, 1991) and which ’may affect the

expression of suppressors at the yrl’ locus under certain conditions. -
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5.2 Appendix II: A presumptive 7poS mutant allele |

in an isolate of the E.coli B/r strain WU3610

One of the strains used in this thesis is the £.coli B strain WU3610, whieh is known
to contain two amino acid auxotrophies conferred by the leu308 and tyrdi4 alleles.
However, during an investigation into starvation-associated mutagenesis in this strain
it was suspected that there might be a further mutation present. When the rpoS::Tnl0
allele was transduced into recipient strains it wds standard practice to confirm the
transductant contained the required allele by using a simple phepotypic test. This was
a comparison of the rate at which bubbling occurred on ten day old colonies grown

‘on L-agar plates after addition of a drop of 30% hydrogen peroxide (H;O,). .

E.coii contains two hydragen peroxidases HP I and HP II coded for by the genes
.katG and katE respectively. HP I is constitutively expressed in growing cells and can
be further induced by cil,allenging the cell with H,O,. HP II is only expressed in
stationary cells and is. part of the rpoS regulon (Mulvey et al., 1988). Therefore in
rpoS mutants, HP II is not expressed and the.rate at which H,O, decomposition
occurs in aged colonies is very'much slower in these strains. TypicAally, 'bubbling
from an aged »poS” colony is immediate and vigorous while that from a mutant
coleny is slow with a 10-15 second lag between addition of H,O, and beginning of
bubbling and a feeble rate of bubbling. It was noticed that the WU3610 strain from
laboratory stocks displaYed a feeble response upon HyO; addition compared to nther-

strains,-such as WP2, which showed the expected vigorous reaction. An independent
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isolate of WU3610 was therefore obtained from R. Bockrath (USA) and tested for its.
hydrogen peroxidase activity. It was found that it displayed the typical rpoS™
phenotype, viz. aged colonies bubbled vigorously. It was concluded that WU3610
from our stocks had acquired a mutation, either in rpoS' itself or in the gene coding'
for HP II. Mutations in 7poS would appear to be¢ relatively common (Ivanova et al.,
1992; _Jishage and Ishihama, 1997; Visick and Clark, 1997). Indeed, rpoS mutants
can arise and take over stationary cultures suggesting that in some cases the rpoS null
or defective_ phenotype is advantageous to the cell (Zambrano et al, 1993). The
- WU3610 strain with the presumptivé defect wa_s named WU3610,q) while the newly

acquired Bockrath isolate was named WU3610(ew). -

A comparison was made of the ability of the old and new cultures to undergo
éiarvation-associafed mutation, when starved for tyrosine and the results are shown
in Figure 5.2.1. In general the WU3610.) straiﬁ tends to show earlier appearance of
the tyrosine indepcﬁdent colonies although there appears to be little difference in the
final counts at 21 days (not ghown), tHe results presented show that in these
-experiments WU3610w) exhibited a slower increase in the number of mutants to
day 14. Viability of the two strains was also examined Figure 5.2.2. Surprisingly
- over the first three days, at high cell density, there was no major difference between
| thé two strains although decline in viability of WU3610(i4) wdﬁld appear to be
slightly faster that WU3610ew). Unfortunately, because of the appearance of siow
growing mﬁtants on agar plates, there is no.way of accurately detenn.ining viability .

beyond about four days'.
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Figure 5.2.1

Starvation-associated mutation in the tyr414 strains

WU3610(o|d) and WU3610(new)
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WU3610,,
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WU36 100wy

‘Number of Tyr" mutants/plate
S
i

Time (Days)

Starvation-associated mutation in WU3610us) (®) and WU3610ew (©) followed at 27°C.

| Plates were inoculated with about 3 x 10® bacteria. Points are the mean of at least three

experiments.

Therefore, the two strains may have totally different viable counts, when they have

been starved for a long period of time, and a lower viability of the presumptive rpoS .



Figure 5.2.2

Viability of the tyr414 strains WU3610giq) and WU3610gew)

on minimal salts agar plus leucine
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Viabilities of WU3610(u) (0) and WU3610(uw) (0) followed over four days at 27°C. Plates

were inoculated with about 3 x 10° bacteria. The experiments were performed using whole

" the plate wash-off technique.

strain WU3610.q) might account for the decreased rate of occurrence of Tyr"

colonies after about day 10 of the starvation experiments.’




These results are entirely consistent with those obtained in a rpoS::Tnl0 derivative
of WU3610pewy (CM1376), reported elsewhere. In this strain, Tyr" colonies also
began appearing several days before those in the p-arent:.although ﬁgain the total
numbers were very similar after 14 days. The precise nature of the defect in
WU36104) has not been .determined at a molecular level. However, it would be

consistent with the above observations if the mutation was in the rpoS gene.
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5.3 Appendix III: Gene designations and descriptions

Gene

alkA
argE
aroH
clpA
cipB
clpP
cipX

crp

dem

hisG

hnsA’

katE

Product

AlkA

ArgE

AroH
ClpA
CipB
ClpP

ClpX

CRP

‘Dam

Dem

Pol III
€-subunit

Dps

-FIS

GyrA

“GyiB

HisG

H-NS

IHF

HPI

Description or function

inducible 3-MeA DNA glycosylase II
acetylomithiné deacetylase, arginine biosynthesis
monofunctionﬂ chorismate mutase (B.subtilis)
ATP-binding subunit of ClpP protease
ATP-dependent chaperone subunit of ClpP protease

proteolytic subunit of ClpP protease

protease, activator of ClpP

CAMP receptor protein

DNA adenine methylase

DNA cytoéine methylase .

DNA polymerase III o subunit

DNA polymerase I1I e-subunit (mutD)

stress induced DNA binding protein

factor for inversion stimulation, DNA binding protein
DNA gyrase subunit A

DNA gyrase subunitB

ATP phosphoribosyl_t_ransferase, hiétidine biosyn.thesis :
histone-like DNA binding protein |
inte;grz_ltion host féctor, DNA binding protein

catalase hydroperoxidase .
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katG
lacA
. chI
" lacY |
lacZ
leu
leuB

lexA

lig

mutD
mutH
mutl

mutM

mutT

mutY

nfo

CooriC

phed
pheC

pnp

polA

WP

LacA
Lacl
LacY

LacZ

LeuB
LexA
_Lig

Lrp
g-subunit
MutH

Mutl

bifunctional; catalase-hydrogen peroxidase
thiogalactoside acetyltransferase
repressor protein of the lac: operon

galactoside permease

. p-D-galactosidase

leucine biosynthesis
B-isopropylmalate dehydrogenése
‘global regulator of the SOS operon |
DNA ligase

leucine-responsive regulatory protein
DNA polymerase III e-subunit (dnaQ)
methyl-directed mismatch repair

methyl-directed mismatch repair

MutM (Fpg) formamidopyrimidine-DNA glycosylase

MutS

- MutT

MutY -

Exo IV

P-proteih

PheC

" PNPase

Pol 1

methyl-directed mismatch repair
8-0x0-dGTP/8-0x0-rGTP hydrolase
adenine glycosylase

endonuclease [V

Lénh;dr;ﬁasomali&iéi;{ of_re-phcatlon
chorismate mutase/prephenate dehydratase (£.coli)
monofunctional prephenate dehydratase (P;aeruginosa)
processive 3’-to-5° phosphorolytic RNA degradation

DNA polymerase |
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.recA

recB

recC

recD

reck

recF

recG

recJ

recQ

rho

" rmb

ruvB -

sbeC

sbcD

RecA
RecB
RecC

RecD

" RecE

RecF

RecG

"RecJ

RecQ
Rho (p)
RNase I
RNase Il
RNase III
RNase E
RNase PH

RpoB

Rpo$ (c°)

S12
RuvA

RuvB

" RuvC

SbeC

SbeD

DNA repair and genéral recombination

exonuclease V subunit, DNA repair aﬁd recombination
exonuclease V subunit, DNA repair and recombination
exonuclease V sdbunit, DNA repair and recombination
5' to 3' single-strand exonuclease VIII, in duplex DNA

DNA repair and recombination

junction specific DNA helicase

. single-strand DNA specific 5' to 3' exonuclease

DNA repair and recombination helicasé

Rho transcription termination factor

non-specific RNA cndoribonuclease

RNA 3’-to-5’ exonuclease |

double strand endoﬁbonuclease and RNA maturation
component of the E. cbli RNA degradosome (arﬁs)
RNA phosphorolase

RNA pblymerase B subunit

stationary phase RNA polymerase sigma factor

- 30S ribosomal subunit protein S12

'Holliday junction recognition and branch migration

Holliday junction recognition and branch migration

- Holliday structure endonuclease

pro.ces;ir;g of DNA hairpins

processing of DNA hairpins.
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ssb SSB single-strand DNA binding protein

tag | Tag constitutive 3-MeA DNA, glycosylase |

tas Tas . potential aldo-keto reductase

thr threonine biosynthesis

topA Top 1 DNA topoisomerase I

‘trpA TmpA . tryptophan synthase_subunit A, tryptophan biosynthesis
trpE TrpE anthranilate synthase component, tryptophan biosynthesis

tyrd T-protein chorismate mutase/prephenate dehydrogenase (E.coli)
tyrd TyrA monofunctional prephenate dehydrogenase (£.herbicola)

T tRNA,™  tyrosine tRNA;™ transfer RNA

umuC =~ UmuC error-prone DNA repair
umuD  UmuD | error-prone DNA repair
ung Ung : uracil-N-glycosylase

 uvrd UvrA UvrABC exinuclease subunit A, DNA excision repair
uvr;B UviB UvrABC exinucleaée subunit B, DNA excision repair
wrC  UvrC UvrABC exinuclease subunit C, DNA excision repair -
wrD  UviD DNA helicase II |
vsr VSP very short patch repair endonuclease
xthA Exolll exonuclease III
ygeD YgeD potential, integral membrane protein
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