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ABSTRACT

Bacterial viruses have been an important tool farlecular biological discoveries.
Bacteriophage. is a bacterial virus that has been intriguing aesigers for over five decades.
But still, we are yet to answer many questions abagteriophagé. . genesO andP play an
important role ink replication initiation.A\P outcompetes host DnaC and recruits and directs

DnaB helicase to theorigin of replicationpri.

My study shows thatP expression is lethal to the host cell. The Pigarvcells were
examined and were found to have chromosomal muagtidhis led to the possibility thaP
protein may be involved in elevating the level ahdom mutations of the host chromosome.
These studies explore this possibility. The infleeerof P expression on the appearance of
chromosomal mutations was assessed by using rifampesistance, and auxotrophy as
chromosomal targets. Cellular expression of P feoorypticA prophage or from a ColE1-type

plasmid was employed in this study.

Insertional inactivation oP by recombineering knocked out P-lethality and gb&ential
mutator phenotype among the 42°C survivors. Theuagm mutator phenotype was also lost in
42°C survivors upon induction of a cryptic prophagiéh wild-type O and an insertion it.
When wild-type gend®> on a ColE1l plasmid was replaced by a del&eat a mutated® (P,)
gene, the rate of rifampicin resistance among theC3cfu was significantly lowered. These
observations suggest that there might be a reld@tween P expression and the appearance of
mutations among the P-survivors. My data also suppad extend laboratory findings that two
missense mutations in hodhaB knock out P-lethality and suppress the observegnpial

mutator phenotype.

ColE1 plasmid loss occurred among the P-survivils eghen P was expressed from a
ColE1 plasmid in a wild-type cell. My data suggeéstkat the plasmid-less or cured rifampicin
resistant mutants that arose upon thermal indudidh and the 594 rifampicin resistant mutants
that arose in the absence of P expression wergaesio P-toxicity. However, my data showed

that a 9 base pair deletion in th@oB gene (mutation impoB confers rifampicin resistance



phenotype to the cells) that affected 4 amino awids sensitive to P-toxicity which proved that

the deletion itself did not make the cells resistarP-toxicity.
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1. Introduction

1.1. Summary of Genes and Regulations in Bacteriophageambda

Bacteriophage lambda is a bacterial virus whicls waginally obtained from a clinical
isolate ofEscherichia coli lysogenic for this phage (Lederberg, 1951). PHage&da, being a
member of the lambda-like (or lambdoid) bacteriggh&amily, is temperata,e., its lifecycle
can take either of two developmental pathwaysslgsilysogeny upon infecting a host cell. This
is in contrast to lytic phages (eg., T1, T7, T4.)ethat infect and muliply in the host cells
without being able to lysogenize the cell. In tiigolgenic modé), integrates its double stranded
DNA into the host chromosome via site-specific rabmation mechanisnmi uses positive
control of operons byantitermination (transcription at thgz promoter pastg; into the A
replication initiation gene® andP produces O and P proteins); genes that mediakg lgtc
functions are organized into divergently transafibeperons that are regulated by a single
repressor. The repressor is encoded by a genegpesitbetween the two operons. All lambdoid
phage share a common genome arrangement into doattmodules that when exchanged
within the family, produce fully functional reconmaint phage (Brussow and Hendrix, 2002;
Hendrix et al, 1999; Wrobel and Wegrzyn, 2002). Other lambdddges includeb80, P22,
434, HK97, 21, 82, 933W, HK022, LP-7, etc. (CampldEd71). Lambda has a double stranded
DNA (dsDNA) genome of 48,502 base pairs and has@netric head about 50 nm in diameter
and a flexible tail about 150 nm long (Hendeixal, 1983). The\ tail recognizes the receptor for
phage), LamB, and the contact between the tail tip anchBdacilitates phage DNA injection
into the host. DNA injection is followed by vegetat phagel growth in the host. Generally

lambda is grown on K type hostsof coli, but otherE. coli strains can serve as hosts too.



Figure 1. Genetic Map of Bacteriophage Lambda
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Figure 1. Genetic Map of Bacteriophage Lambda. dpyger part of the figure shows groups of
genes which carry out vegetative functions like gghdnead and tail formation; integration,
excision and recombination; regulation; replicatitate regulation and lysis. The lower part of
the figure shows the regulatory sites and theicfimms. The transcriptional activity is shown by
arrows (Echols and Murialdo, 1978).

The genes that | have been studyi@y P andcl) are grouped under regulation and
replication in the upper part of Figure 1. In lysayg, the phage DNA integrates into the host
chromosome by site-specific recombination and isspaly replicated as a part of the host
DNA. L Int protein aids in the integration of the viraNB into the host chromosome. The
integrated viral DNA is known as a prophage. Irolysny, the repressor protein, Cl (encoded by
the genecl) binds to the two operator sitg3, andOr. Binding toOg prevents the expression of



L replication genesQ and P from overlapping promotempr. Functional Cl is a homodimer
composed of two identical polypeptides, each hatwwdomains (Ptashret al, 1980). Threa
genes play a role in establishing lysogerlycll andclll. » genescll andclll assist genel in
lysogenization. CIl protein (97 amino acids long)saas a transcriptional activator of three
promoterspg, pi and panio Whose expression helps in the establishment oglysy (Kobileret
al., 2002). CllI protein stabilizes the CII proteindaim this way, ClII also plays an indirect role
in establishing lysogeny.

Ultraviolet irradiation inactivates the represgol, thus, allowing the lytic cycle to
predominate. UV induces RecA which causes cleavidgee repressor and allows the phage to
switch from lysogeny to lysis. This is known asuotion. For my experiments, | have used a
repressor with a temperature sensitive mutat@fls]857 in order to be able to induce a
prophage by increasing the temperature above 38f©n induction of the prophage, ClI is
inactivated and\. replication initiation genesQ and P are de-repressed. gene product P
“hijacks” the host replication machinery and intiéigh. DNA replication.\ cro gene encodes Cro
protein, which binds to the same operator sitethasepressor. Cro is another phage regulatory
protein which is required for the lytic cycle toooc. Lambda has two gend$,andQ which are
positive regulators as they promote the transomptf otherh genes (Campbell, 1971). The N
protein promotes the maximum transcription @f and P. The Q gene product increases
transcription of the head, tail and lysis genesioligh the action oint, xis genes, the phage
DNA excises from the host chromosome and is thexkgged into the head followed by the
formation of intact phage particles. Phage bursicisieved by lysing the host cell — an act that

kills the cell immediately.

1.1.1. Regulation of Lytic vs. Lysogenic cycle

Phagel can replicate by either of the two developmentthways, lysis or lysogeny.
Upon injecting its DNA (in double stranded linearrh) into the host cell, the DNA circularizes
through pairing and ligation of the complementa® Hp cos sequences at either end of the

genome (Hershegt al, 1963). Expression of a single protein, Cll dietatvhether the phage



DNA will undergo lytic cycle or lysogenize, i.entegrate into the host cell chromosome and
passively replicate with the host DNA. Cll is knowas the ‘critical lysogenic regulator’ as this
protein plays a vital role in establishing lysogé@ppenheinet al, 2005). If Cll is active, the
phage DNA lysogenizes; otherwise, it goes into littie cycle. The activity of CII protein is
governed by environmental factors. Bacterial pregeadflB destroys CII and this acts as a
trigger for the phage DNA to undergo the lytic pedly of phage development and
multiplication. Lambda CIII protein protects Cllofn being degraded. If Cll is not degraded, it
binds to the promotguge and activates the production of CI repressor wiingn binds to the

operator sites, thus, establishing lysogeny.

Both L CI and Cro proteins bind to the same operatorssig and Og. Operator
occupancy governs the transcription from promotgrsand pr (Ptashneet al, 1980). RecA-
mediated cleavage of the Cl repressor protein meieesperator sites vacant, thus allowing Cro
to bind to the operator sites, thus, preventinthiirlysogenization. Transcription frgo andpg
drives the lytic cycle. Int and Xis proteins aranscribed from promotep. and aid in the
excision of the phage DNA from the host chromosoRmlowing excision, almost all of the
phage genes are expressed and help in the cimotof the phage DNA, and packaging it into
the phage heads. Intact phage particles are prddara the progeny bursts out of the cell. If CI
outcompetes Cro in binding to tl& and Or operator sites, transcription fropp and pr is
blocked, thus, repressing phage lytic growth anthtaming or promoting lysogeny (Ptasheie
al., 1980).

1.1.2. Brief Overview of . Replication

Bi-directional replication of. DNA involves the complexing of several phage andth
proteins at the origin of replication siteori2 which consists of four 19 bp iteron sequences
followed by an AT-rich sequence. Transcription lat pz promoter is extended patgh by the
action of the phage encoded antitermination protgimto thel replication initiation gene®
and P which produces O and P proteins, respectivelyclviaire essential for the replication

initiation step.



To initiate replication, first) replication initiator protein, O binds to tle site forming
an O-some (Dodsoet al, 1989; Alfano and McMacken, 1989). This structbesmds the DNA
around itself. Anothek replication initiation protein, P outcompetes hbstaC for binding to
host DnaB helicase and this hijacking of the hegllication machinery is a vital step in the
phage lytic cycle. The P-DnaB complex binds to @some, i.e., th@rii site bound by O,
forming oriA-O-P-DnaB complex known as the preprimosomal comfBodsonet al, 1989).
The preprimosomal complex is formed by the inteoacof lambda O and P proteins. Because P
inhibits DnaB helicase activity (Biswas and Biswa887), \P protein is removed from the
complex to allow DnaB helicase to unwind the douilanded phage DNA. Activities of host
chaperone proteins, DnaJ, DnaK and GrpE are ratjuioe the removal of P from the
preprimosomal complex to allow DnaB helicase toctiom. After P removal, DnaB helicase is
able to interact with DnaG primase and then thdllPlebloenzyme can start DNA synthesis
(Zylicz et al, 1989).

A replication is bidirectional and formsbastructure. This is called tliemode of lambda
replication. After several rounds of bidirectiomeplication, a switch to unidirectional ermode
of replication occurs, which produces linear coanaric DNA which upon excision between
the cos sites, gives rise to the linear DNA which is then, packaged into progeny phage

proheads.

1.1.3. i Replication Licensing Factor and its Role irk Replication Initiation

Stillman coined the term replication licensingtéac(Stillman, 1994). For replication of
E. coli, DnaC protein acts as a replication licensingdiaas it brings DnaB helicase to the origin
of E. colireplication,oriC. Without DnaC mediated DnaB targetingat@C, bacterial replication
cannot take place. Similarly, for phagethe replication initiation protein P plays théerof the
replication licensing factor as it outcompetes DriaCbinding to the host DnaB helicase and
brings it toori4, thus, drivingk replication. P also needs to be removed from itieefer DnaB

helicase activity to occur.



The A replication initiation protein P is known to indéet with lambda O protein
(Tomizawa, 1971) which binds toril sites (Tsurimoto and Matsubara, 1981); host pmetei
DnaB (Georgopoulos and Herskowitz, 1971; Saitoldckida, 1977; Kleiret al, 1980) required
as a helicase for chromosomal replication; heatlshpoteins DnaJd (Yocherat al, 1978),
DnaK (Yochemet al, 1978), GrpE (Zyliczt al, 1987); DnaA (Wegrzyrt al, 1996; Datteet
al., 2005b; Dattaet al, 2005a), required fdE. coli replication (acting like.O protein to bind at
E. colioriC); and possibly with RNA polymerase (McKinney an@dkisler, 1983).

1.1.4. E. coli DnaB helicase

The hexameric DnaB protein is tlke coli primary replicative helicase (Lebowitz and
McMacken, 1986). DnaB is composed of 470 aminosaaittl has a molecular weight of 52,265
daltons (Nakayamat al,, 1984a). The N-terminal domain of DnaB is involvegrotein-protein
interactions (Nakayamet al, 1984b; Luet al, 1996). DnaB interacts with many proteins; such
as with DnaA (Suttoet al, 1998), DnaC (Wickner and Hurwitz, 1975), DnaG @tal, 1996),
SSB (Biswast al, 2002), ther subunit of DNA polymerase Il (Gao and McHenry02), AP
(Klein et al, 1980), P1 ban (Sclafani and Wechsler, 1981) Bnccoli RNA polymerase
(McKinney and Wechsler, 1983). DnaB forms a comphath DnaC (DnaB-DnaG). In the
complex between DnaB and DnaC, DnaC acts to tabyetB to the bacterial origin of
replication,oriC. Because DnaB and DnaC are produced at similafdethe majority of DnaB
in a cell is bound to DnaC (Biswas and Biswas, )J9BnhaB is capable of unwinding extensive
stretches of double stranded (ds) DNA (Lebowitz 8fuMacken, 1986). By using the energy
obtained from ATP hydrolysis, DnaB helicase proractiee propagation of replication forks
(Lebowitz and McMacken, 1986). McMackest al. reported that DnaB acts as a “mobile
promoter” signal for DnaG protein (primase) to prod many RNA primers (McMackest al,
1977). Others (Kaplan and O'Donnell, 2002; Bujakiw2003) showed that DnaB can promote
branch migration of a synthetic Holliday junctiosuggesting that DnaB may be directly

involved in DNA recombinatioim vivo.



1.1.5. Host-Phage Interactions: P-DnaB Genetics and Biochastry

E. colireplication licensing factor, DnaC binds to Dna#litase in a 1:1 molar ratio in
the presence of ATP or dATP (Kobori and Kornber§82a; Kobori and Kornberg, 1982b;
Kobori and Kornberg, 1982c). 20 hexamers of Dnad @esent in the cell and are known to
form a complex with DnaC (Biswas and Biswas, 1987)eplication initiation protein, P
outcompetes host DnaC for binding to DnaB and thrécto oriA (Konieczny and Marszalek,
1995). This step is crucial fax replication initiation. Malloryet al. showed that when a
preformed DnaC-DnaB complex was incubated whprotein, P-DnaB complex was formed
and DnaC was found as a free protein (Malleryal, 1990). This observation suggested that P
was able to dissociate the DnaC-DnaB complex asiegaa, P was able to form a complex with
DnaB.

Two to six monomers dfP bind to each hexamer of host DnaB protein (Mglkdral,
1990; Osipiuket al, 1993; Learret al, 1997). DnaB does not unwind dsDNA. P allows DhaB
bind to ssDNA. Learret al. showed thakO protein increases the ssDNA binding activity of P
(Learnet al, 1997). It is known thaiP interacts witihO protein (Tomizawa, 1971). But, in
order to interact with or bind to O protein, P shiobbe bound to DnaB (Alfano and McMacken
1989; Dodsoret al, 1989). But, earlier studies (Zyliezt al, 1984; Wickner and Zahn, 1986)
indicated that O and P are able to interact irretppe of the presence of host DnaB.

1.1.6. P-killing Phenotype

Rao and Rogers showed that cell kilhmight be caused by P-mediated titration of DnaB
or by some unknown gene to the righttofRao and Rogers, 1978). This was probably the first
time that someone demonstrated P-mediated cealigilBut, no further characterization of their
finding was carried out. Klinkert and Klein suggabsthat P blocked the initiation stepEfcoli
DNA synthesis (Klinkert and Klein, 1979). They rejgal that host cell division was inhibited by
P expression. But, they suggested that P expredgiomot kill the cells, but slowed down DNA
synthesis. Klinkert and Klein reported that duesémuestering of DnaB by P, host cell DNA



synthesis was inhibited (Klinkert and Klein, 1978).1982, Tsurimotat al. suggested that loss

of cell viability and inhibition of DNA synthesis a8 due to overexpression df P gene
(Tsurimoto et al, 1982), but no mechanisms for Klinkert and Kleimdalsurimotoet al’s
observations were provided. Madét al. also reported P-mediated host cell killing andvata
that P-lethality was not due to the sequestratioDr@B by P (Maitiet al, 1991b). Maitiet al.
isolated rpl (Rsistant to R_ethality) mutants (Maitet al, 1991a) which were later found to
have mutations in hosinaAgene (Dattat al, 2005a). These results suggested that mutations in
host genednaA suppress P-lethality. Our laboratory received pinstrain from Dr. Mandal
which was reported to have a DnaA mutation. Howesequence analysis by our laboratory
revealed that it did not have a DnaA mutation (Hgr2005). So, Horbay, 2005 was not able to
confirm or deny whether mutations dnaA would suppress P-interference, as she named it.
Horbay found that P-lethality was reversible inle@xposed to P for up to five hours, so used
the term ‘P-interference’ instead of ‘P-lethalityiikg’ (Horbay, 2005).

1.1.7. History of grpD55 mutations in hostdnaB gene andr mutations in A P gene

GrpD55 mutations are two missense mutations ihdmsBgene and are as follows:

a) Nucleotide position: 4,263,102; Mutation: GAo
Amino acid change: V256l

b) Nucleotide position: 4,263,612; Mutation: G to A;
Amino acid change: E426K
(Horbay, 2005)

E. colican use DnaBgrpD55 form of the protein for itdicgtion. But, wild-type phage

A is not able to grow on a grpD55 cell.

Saito and Uchida showed that grpD55 mutationgaastiuced witlaroE at 71.5 minutes
and they also suggestegpD as a new locus which was required foreplication initiation

(Saito and Uchida, 1977). Later, it was found ttet grpD55 mapping was done incorrectly.



Bull and Hayes showed that the grpD55 allele cosmaced withmalF3089::Trl0 at 91.5
minutes (Bull and Hayes, 1996). Also, a DnaB-exgires plasmid was able to complement for
the grpD55 mutations. This confirmed that grpD55svem allele ofdnaB (Bull and Hayes,
1996).

Several hosE. colimutants do not allow the growth of wild-typghage (Georgopoulos
and Herskowitz, 1971; Saito and Uchida, 1977; Gepoglos, 1977; Sunshiret al, 1977). The
host mutations have been mapped in three imporgamies required for bacterial DNA
replication, dnaB dnaJ and dnaK (Georgopoulos and Herskowitz, 1971; Saito and tkhi
1978). This phenotype has been referred to as” gnoeéhotype. Specific mutations in geRe
allows\ phage growth on the groRutants. These compensatory mutations in gehave been
referred to ast mutations (Georgopoulos and Herskowitz, 1971; dSamd Uchida, 1977;
Georgopoulos, 1977; Sunshiaeeal, 1977). groPAand groPBare two classes of groRutants
in thednaBgene (Georgopoulos and Herskowitz, 197%Imutants isolated on groPAtrains are
calledwtA mutants andt mutants isolated on groPBtrains are calledB mutantszB mutants
grow both on groPAand groPB strains. But,tA mutants can only grow on groPAtrains.
Reiseret al. reported thattB mutation is an unique kind of mutation mappingsel to otherA
mutants (Reiseet al, 1983). It is possible to estimate the numbetAutation sites. The sites
are scattered asymmetrically withih The N-terminal of P protein lacks mutations as it is
thought to play a role in interacting with the @{&in.7 mutations lie on the C-terminal portion
of the P protein (Reiseat al, 1983). A group of 4-5 mutants have been showbetclustered
around positions 392-413 while others are scatteowehrds the part of th® gene that

corresponds to the C-terminus of the protein (Rasal, 1983).

1.2. Role of Host DnaB Protein in ColE1 Plasmid Replicabn

The colicinogenic plasmid E1 (ColE1) was isolatemin E. coli cells as a supercoiled
DNA molecule with a molecular weight of 4.2X¥18nd as a supercoiled DNA-protein relaxation
complex (Clewell and Helinski, 1969). Host DnaB it&$e is known to promote the
advancement of the replication fark vivo (Lebowitz and McMacken, 1986; McMacken al,

1977). But, in case of ColE1 replication fork preggion, DnaB is unable to dissociate RNA-



DNA hybrids which results in replication fork pangiat silent ColE1 origins (Santamaeiaal,
1998). In ColE1 replication, after the formationtbé initial part of the new L-strand, synthesis
of the new H-strand begins. H-strand is synthesdisdontinously in the 5’ to 3’ direction.
Okazaki fragments of about 1000 bases are formedame subsequenctly linked together.
Synthesis of each DNA fragment is initiated at arsprimer of RNA. ThednaG gene product
(DNA primase) transcribes ColE1 to provide this Rp#mer. ThednaBgene product acts as a
mobile promoter which enable DNA primase to ingiatanscription (McMackeet al, 1977).

DNA polymerase 1l holoenzyme extends the primers.

1.3. Escaping Cell Death followingh Cryptic Prophage Induction

A cryptic prophage is a trapped phage DNA whics been deleted for essentiajenes.
In my work, | used a strain called Y836 which hasrgptic A prophage with a temperature
sensitive €I[Ts]857) repressor which has been deleted fiatrkil and rightward fronren into
E. coli (A431 deletion) (Hayes, 1991) and this deletion duesallow the prophage to be excised
from the host chromosome (as it is deletediribandxis genes) and form intact phage particles
upon prophage induction. Upon induction of the typrophage at 42°C, CI repressor is
inactivated which leads to the de-repression ofitheplication initiation genes) andP. P
outcompetes host DnaC for binding to host DnaB tangets it tooriA. Replication initiation
arises from theril site in the trapped cryptic prophage, but the bage is not able to excise
itself from the host. This causes replicative striesthe cells, and massive cell killing. This is
referred to as Replicative Killing and the phenaty called RK phenotype. The cells
harbouring the trapped cryptic prophage are designas Replicative Killing Competent (RK
cells. Approximately, 1 out of £0cells survive this replicative stress due to hmsiphage
mutations and are therefore known as Replicatiladgidefective (RK) cells (Hayes and Hayes,
1986). Haye=t al.isolated two RKmutants (denoted as 145d and 101b) which had rechuB
and 14 point mutations withingene<O andP which allowed cell survival and colony formation
at 42°C (Hayeet al, 1998). [For details about Replicative Killing ar@36 strain construction,
refer to Chu, 2005 and Hayes and Hayes, 1986].
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1.4. Auxotrophy and Rifampicin Resistance

Auxotrophs are mutants that are defective in aegequired to synthesize a particular
nutrient. Therefore, they are unable to grow in edimm not supplemented with that nutrient.
Nutrient gene products or enzymes are parts of itapbbiosynthetic pathways required for cell
growth. Defects in any essential nutrient gene lokbe synthesis of the nutrient and hence, the
nutrient has to be supplied in the medium for tinet@phic cell to grow. For examplehés cell
requires a medium supplemented with histidine twgiFor mutagenesis studies, we have used

auxotrophy to screen for a wide variety of mutagion

To screen a more narrow mutation target, we seckeior rifampicin resistance.
Rifampicin resistance phenoptype is conferred byatrans inrpoB gene (4029 bp) which codes
for the 1342-amino aci@i-subunit of DNA-dependent RNA polymerase (Zilkg al, 1970).
DNA-dependent RNA polymerase is a complex multisubbanzyme that exists in two forms.
RNA polymerase core enzyme has a molecular weifjd00 kDa and consists of 5 subunits,
including ana dimer (), B subunit,’ subunit ando subunit. These subunits are converted to a
holoenzyme following the binding of oresubunit. RNA polymerase holoenzyme carries out
initiation of transcription at defined promoter esitand core RNA polymerase carries out
elongation and termination (Burgess and Traver§01l®urgesset al, 1969). Most of the
catalytic functions of RNA polymerase is carried by thep subunit which is encoded by the
rpoB gene (Jin and Gross, 1989). Kollenelaal. obtained rifampicin resistant mutations that
were located in 28 and 37 minutes of Ehecoli chromosome standard map, some distance from
the rpoB gene at 89.5 minutes (Kollenad al, 1986). This is probably the only paper that
reported rifampicin resistance mutations not linketherpoB gene, but was never reproduced.

Rifampicin antibiotic has an inhibitory effect dRNA polymerase which leads to
inhibition of transcription. Hartmanat al. (Hartmannet al, 1967) first showed the inhibitory
effect of rifampicin on RNA polymerase frol. coli. Later, Johnston and McClure (Johnston
and McClure, 1976) showed that rifampicin is spealfy involved in the abortive initiation of
RNA synthesis by inhibiting the formation of thendcleotide pppApU and the formation of the
second phosphodiester bond. McClure and Cech (MeCGind Cech, 1978) showed that the
binding of rifampicin to RNA polymerase stericaltyocks the translocation of pppApU, thus

inhibiting further elongation of the RNA chain.Has been postulated that rifampicin competes
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directly or allosterically with the RNA product limg site on RNA polymerase and that the
overall inhibition of RNA synthesis by rifampicirs icaused by a destabilizing effect on the
binding of the intermediate oligonucleotides to #utive enzyme-DNA complex (Kesslet al,
1982; Schulz and Zillig, 1981; Wehrli, 1983).

1.5. Luria-Delbriick Fluctuation Test

The Luria-Delbrick Fluctuation Test tested two diyy@eses for how mutants arise in
bacterial cultures: the random-mutation hypothemisl the direct-change hypothesis. The
random-mutation hypothesis predicts that the matappeared prior to the addition of the
selective agent while the direct-change hypotheseglicts that the mutants appear only in
response to the selective agent. Mutants that aadg in a generation yielded greater numbers
of mutants in the progeny population. Luria andDétk usedE. coli as the bacterium and
bacteriophage T1 as the selective agent. Phagdl3 ivkd-type E. coli, but mutation irtonB (a
gene for an inner membrane protein) can make theresistant to phage T1 killing. If the cells
are spread on an agar plate with the phage ondyrdhkistant bacteria will form colonies. All
other cells will be killed. Luria and Delbrick pemmed two experiments. In their first
experiment, they started one culture of bacterfeerAncubating the culture, they took out small
aliquots and plated them with and without phage TiHis was done to measure the number of
resistant mutants and also the total number of @#lted. The fraction of the resistant mutants
was calculated.

In their second experiment, they started severalllscultures. After incubation, they
counted the number of resistant mutants and tlaéomber of cells in each culture. It was seen
that in their first experiment, the number of resmi$ mutants in each aliquot was almost the
same. While in their second experiment, a largeatian in the number of resistant cells was
found. Some had no resistant cells and some hag.nwamia and Delbriick referred to the
cultures with a large number of resistant cell§askpot’ cultures. What they said was that the
resistant mutants in a ‘jackpot’ culture arose mearly generation. These results proved the

random-mutation hypothesis. While the direct-chaimgaothesis predicts that the results of two
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experiments should be the same and no ‘jackpottug should appear in the second
experiment (Luria and Delbrick, 1943; Snyder andr@pness, 2003).

1.6. Introductory Hypothesis for the Current Study

Based on the work by Chu (Chu, 2005), it was hygsitted that the overexpression of P
can elevate the frequency of cellular chromosomaiations over a spontaneous level seen in
the absence of P expression. To assess the spousaaied induced mutation frequencies, | used
broad (essential nutrient genes) and narmpeB gene) chromosomal targets for my study.
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2. Materials, Methods and Reagents

2.1. Bacterial and Bacteriophage strains, and Plasmids

2.1.1. E. coli Strains

Strain Relevant Genotype Source Hayes
Reference | Laboratory
Strain #
594 F" lac3350galK2 galT22 B10
IN(rrnD-rrnE)1
W3350 F lac3350galK2 galT22 B12
rpsL179 INGrnD-rrnE)1
594dnaByrpD55 F" lac3350galK2 galT22 Bull and nB295
dnaByrpD55malF3089::Trl0 | Hayes, 1996
Tef®
594rpoB(D10) or F lac3350galK2 galT22 This work B323
Tsc325D10 rpoBA1604-1612:
CAGGCCGTC: Pro-Gly-
Gly-Leu535-538Pro rif
(movedrpoB deletion from
sc325D10 into 594)
594sc125A2 F" lac3350galK2 galT22 This work B322-
rpoB1535: C to A: 594sc125A2
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Ser512Thr rif

(selected from 594 at 25°C)

594sc325E F" lac3350galK2 galT22 This work B322-
rpoB1592: C to T: Ser531Phe 594sc325E
rifR
(selected from 594 at 25°C)

594sc137A2 F" lac3350galk2 galT22 This work B322-
rpoB1586: G to A: 594sc137A2
Arg529His rif
(selected from 594 at 37°C)

594sc337D F" lac3350galK2 galT22 This work B322-
rpoB1714: Ato T: lle572Phe 594sc337D
rifR
(selected from 594 at 37°C)

Y836 SA500fbio275I[Ts]857 Hayes and | NY1049
A431)his Hayes, 1986

Y836dnaByrpD55 SA50bio275I[Ts]857 K. Asai NY1130
A431)his (Hayes lab);
dnaByrpD55malF3089::Trl0 | Hayesetal.,
Tef® 2005

594::clll-ren)* Tn10[zbh29 at 17 minbio” | A. Chu NY1057
transductant: assumed 594 | (Hayes lab)

bio275(clll-cl[Ts]857+€en)
A431 =**
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Y836 his” SA500¢bio275c¢l[Ts]857 Chu, 2005 NY1046
A431)his’
Y836 P::Kan SA500Q.bio275cl[Ts]857 S. Hayes NY1153
_ A4310'P::Kan) his Kan®
(Bib11t)
Y836 ilr 534c SA500 Qbio275cl[Ts]857 Hayes and | Y870-534c
) A4310"P") his Hayes, 1986
(RK” mutant)
Y836 ilr 208b SA500 {bio275cl[Ts]857 Hayes and | MY843-
] A4310P") his Hayes, 1986 | 208b
(RK” mutant)
Y836 ilr 223a SA500 Qbio275cl[Ts]857 Hayes and | MY843-
) A4310P") his Hayes, 1986 | 223a
(RK” mutant)
Y836 ilr 566a SA500 Qbio275cl[Ts]857 Hayes and | Y870-566a
) A4310'P::I1S2) his Hayes, 1986
(RK” mutant)
594[pSIM6] F lac3350galK2 galT22 This work P514
AmpR cI[Ts]857 (containg. | and
Red genes) Thomasoret
al., 2007
594[pclpR-P-timm] F" lac3350galK2 galT22 C. Hayes P466
cl[Ts]857P* Amp® (Hayes lab)
594dnaByrpD55[pcIpR-| F lac3350galK2 galT22 K. Marciniuk | P479
P-timm] dnaByrpD55malF3089::Trl0 | (Hayes lab)
cl[Ts]857P" AmpR
594[pclpRAP-timm] F" lac3350galK2 galT22 K. Marciniuk | P515
cl[Ts]857 P Amp® (Hayes lab)
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594dnaByrpD55([pclpR-
AP-timm]

F" lac3350galK2 galT22
dnaByrpD55malF3089::Trl0
cl[Ts]857P  Amp®

K. Marciniuk

(Hayes lab)

P516

594[pclpR-R-timm]

F lac3350galK2 galT22

cl[Ts]857w mutation inP

Amp?

K. Marciniuk
(Hayes lab)

P505

594dnaByrpD55[pclpR-

Pr-timm]

F" lac3350galK2 galT22
dnaByrpD55malF3089::Trl0
cl[Ts]857w mutation inP

Amp®

K. Marciniuk

(Hayes lab)

P506

sc325A4

F lac3350galK2 galT22
cl[Ts]857P* Amp®
rpoB1585: Cto T:
Arg529Cys rift

(selected from 594[pclpR-P-
timm] at 25°C)

This work

P511-
sc325A4

Sc325A6

F lac3350galK2 galT22
cl[Ts]857P* Amp®
rpoB1595: C to A:
Ala532Glu rif

(selected from 594[pclpR-P+
timm] at 25°C)

This work

P511-
sc325A6

Sc325A7

F lac3350galK2 galT22
cl[Ts]857P" Amp®
rpoB1527: C to A:
Ser509Arg rif

(selected from 594[pclpR-P+

This work

P511-
Sc325A7
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timm] at 25°C)

sSc325A9

F lac3350galK2 galT22
cl[Ts]857P* Amp®
rpoB1687: Ato C:
Thr563Pro rif

(selected from 594[pclpR-P-
timm] at 25°C)

This work

P511-
sc325A9

Sc325A10

F" lac3350galK2 galT22
cl[Ts]857P" Amp®
rpoB1592: C to T: Ser531PH

rif R

(selected from 594[pclpR-P-
timm] at 25°C)

This work

e

P511-
Sc325A10

sc325B1

F lac3350galK2 galT22
cl[Ts]857P* Amp®
rpoBA1605-1613:
AGGCGGTCT: Pro-Gly-
Gly-Leu535-538Pro rit

(selected from 594[pclpR-P-
timm] at 25°C)

This work

P511-
sc325B1

sc325B2

F lac3350galK2 galT22
cl[Ts]857P" Amp® rpoB rif®

(selected from 594[pclpR-P+
timm] at 25°C)

This work

P511-
sc325B2

sc325B3

F lac3350galK2 galT22
rpoB rif?

This work

P511-
sc325B3
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(selected from 594[pclpR-P+
timm] at 25°C)

sc325B6

F lac3350galK2 galT22
cl[Ts]857P" Amp® rpoB rif®

(selected from 594[pclpR-P-
timm] at 25°C)

This work

P511-
sc325B6

sc325B10

F lac'3350galK2 galT22
cl[Ts]857P* Amp®
rpoB1600: Gto T:
Gly534Cys rift

(selected from 594[pclpR-P-
timm] at 25°C)

This work

P511-
sc325B10

sc325C4

F lac3350galK2 galT22
cl[Ts]857P" Amp®
rpoB1687: Ato C:
Thr563Pro rif

(selected from 594[pclpR-P+
timm] at 25°C)

This work

P511-
sc325C4

sc325C5

F lac3350galK2 galT22
cl[Ts]857P" Amp®
rpoB1691: Cto T:
Pro564Leu rif

(selected from 594[pclpR-P+
timm] at 25°C)

This work

P511-
sc325C5

sc325C6

F lac3350galK2 galT22
cl[Ts]857P" Amp®

This work

P511-
sc325C6
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rpoB1592: C to T: Ser531Ph

rifR

(selected from 594[pclpR-P+
timm] at 25°C)

e

sc325C10

F lac3350galK2 galT22
cl[Ts]857P" Amp®
rpoB1586: G to A:
Arg529His rift

(selected from 594[pclpR-P+
timm] at 25°C)

This work

P511-
sc325C10

sc325D1

F lac3350galK2 galT22
cl[Ts]857P" Amp®
rpoB1574: C to G:
Thr525Arg rift

(selected from 594[pclpR-P+
timm] at 25°C)

This work

P511-
sc325D1

sc325D2

F lac3350galK2 galT22
cl[Ts]857P" Amp®
rpoB1576: C to G:
His526Asp rif

(selected from 594[pclpR-P+
timm] at 25°C)

This work

P511-
sc325D2

sc325D4

F lac3350galK2 galT22
cl[Ts]857 Amp rpoB rif?

(selected from 594[pclpR-P+
timm] at 25°C)

This work

P511-
sc325D4
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sc325D5

F lac3350galK2 galT22
cl[Ts]857P* Amp®
rpoB1527: C to A:
Ser509Arg rif

(selected from 594[pclpR-P-
timm] at 25°C)

This work

P511-
sc325D5

sc325D6

F lac3350galK2 galT22
cl[Ts]857P* Amp®
rpoB1601: Gto T:
Gly534Val rif?

(selected from 594[pclpR-P-
timm] at 25°C)

This work

P511-
sc325D6

sc325D8

F lac3350galK2 galT22
cl[Ts]857P* Amp®
rpoB1691: Cto T:
Pro564Leu rif

(selected from 594[pclpR-P-
timm] at 25°C)

This work

P511-
sc325D8

sc325D9

F" lac3350galK2 galT22
cl[Ts]857P" Amp®
rpoB1565: C to T: Ser522Ph

rif R

(selected from 594[pclpR-P-
timm] at 25°C)

This work

e

P511-
sc325D9

sc325D10

F lac3350galK2 galT22
cl[Ts]857P" Amp®
rpoBA1604-1612:

This work

P511-
sc325D10
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CAGGCCGTC: Pro-Gly-
Gly-Leu535-538Pro rif

(selected from 594[pclpR-P+
timm] at 25°C)

sc337A10 F" lac3350galK2 galT22 This work P511-
rpoB1547: A to G: sc337A10
Asp516Gly rift
(selected from 594[pclpR-P+
timm] at 37°C)

sc337B1 F" lac3350galK2 galT22 This work P511-
rpoB rif? sc337B1
(selected from 594[pclpR-P+
timm] at 37°C)

sc337C1 F" lac3350galK2 galT22 This work P511-
rpoB rif? sc337C1
(selected from 594[pclpR-P-
timm] at 37°C)

sc337C6 F" lac3350galK2 galT22 This work P511-
rpoB rif® sc337C6
(selected from 594[pclpR-P+
timm] at 37°C)

sc337B8 F" lac3350galK2 galT22 This work P511-
rpoB rif? sc337B8

(selected from 594[pclpR-P-
timm] at 37°C)
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sc337C4

F lac3350galK2 galT22
rpoB rif®

(selected from 594[pclpR-P+
timm] at 37°C)

This work

P511-
sc337C4

sc337C5

F lac3350galK2 galT22
rpoB1691: Cto T:
Pro564Leu rif

(selected from 594[pclpR-P+
timm] at 37°C)

This work

P511-
sc337C5

sc337C7

F lac3350galK2 galT22
cl[Ts]857P" Amp®
rpoB1601: G to A:
Gly534Asp rif

(selected from 594[pclpR-P-
timm] at 37°C)

This work

P511-
sc337C7

sc337D1

F" lac3350galK2 galT22
rpoB1714: Ato C: lle572Leu

rif R

(selected from 594[pclpR-P-
timm] at 37°C)

This work

P511-
sc337D1

sc337D2

F lac3350galK2 galT22
rpoB rif®

(selected from 594[pclpR-P-
timm] at 37°C)

This work

P511-
sc337D2

sc337D3

F lac3350galK2 galT22

This work

P511-
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rpoB rif? sc337D3
(selected from 594[pclpR-P+
timm] at 37°C)
sc337D6 F" lac3350galK2 galT22 This work P511-
rpoB1609: Gto T: sc337D6
Gly537Val rif?
(selected from 594[pclpR-P-
timm] at 37°C)
594sc125A2 [pclpR-P-| F lac3350galK2 galT22 This work P512-
timm] cl[Ts]857P" Amp® 594sc125A2
rpoB1535: C to A:
Ser512Thr rif
594sc325E [pclpR-P- | F lac3350galK2 galT22 This work P512-
timm] cl[Ts]857P* Amp® 594sc325E
rpoB1592: C to T: Ser531Phe
rifR
594sc137A2 [pclpR-P-| F lac3350galK2 galT22 This work P512-
timm] cl[Ts]857P" Amp® 594sc137A2
rpoB1586: G to A:
Arg529His rif
594sc337D [pclpR-P- | F lac3350galK2 galT22 This work P512-
timm] cl[Ts]857P" Amp® 594sc337D
rpoB1714: Ato T: lle572Phe
rifR
594rpoB(D10) F lac3350galK2 galT22 This work P530

[pclpR-P-timm] or

cl[Ts]857P" Amp®
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Tsc325D10 rpoBA1604-1612:
CAGGCCGTC: Pro-Gly-

ClpR-P-timm
el ] Gly-Leu535-538Pro rit

2.1.2. Bacteriophage Strains

Bacteriophage Relevant Genotype Lysate Source
Collection #
A papa Wit 1001 Hayes, 1979
zcl72 cl 951 Hayes, 1979
Avir Av2v1v3 260 Hayes, 1979
AMmm434Pam3 imm434cl Pam3 664 Hayest al, 1998

2.1.3. Plasmids

pcl-pR-P-timm (constructed by C. Hayes) is a Presgion plasmid (ColE1-type). The
promoter,pR drives P expression. The repressor protein, Clessgs P expression at lower
temperatures. pSIM6 plasmid contain®ed recombination genes undecl[Ts]857 repressor
control (Datteet al, 2006).
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2.2. Reagents, Media and Growth Conditions

2.2.1. Solid Support Media

a)

b)

c)

d)

f)

9)

h)

TBA: Tryptone agar plates include 11 grams of Baar, 10 grams of Bacto tryptone and
5 grams of NaCl per liter (Hayes al, 2005).

LBA: Luria broth plates include 11 grams of Bactgag 10 grams of Bacto tryptone, 5
grams of Bacto yeast extract and 5 grams of NaClitee.

MM: Minimal media plates include 11 grams of Baagar, 100 ml of 10X M9 salfs16 ml

of 25% glucose, 0.1 ml of 1M Cagfll ml of 1M MgSQ.7H,O and 0.2 ml of 0.3% ferric
citrate per liter (Arbeet al, 1983).

MM-+his: Minimal media plates supplemented with kiste include 11 grams of Bacto agar,
100 ml of 10X M9 salt$, 16 ml of 25% glucose, 0.1 ml of 1M CaChL ml of 1M
MgSO.. 7H,O, 0.2 ml of 0.3% ferric citrate per liter and fdgte at a final concentration of
0.1 mg/ml.

MM-+his+bio: Minimal media plates supplemented whilktidine include 11 grams of Bacto
agar, 100 ml of 10X M9 salt 16 ml of 25% glucose, 0.1 ml of 1M CaCl ml of 1M
MgSO..7H,O, 0.2 ml of 0.3% ferric citrate per liter, histi@i at a final concentration of 0.1
mg/ml and biotin at a final concentration ofid/ml.

MM+CA: Minimal media plates supplemented with cassracid [not vitamin free] include
11 grams of Bacto agar, 100 ml of 10X M9 sj|t46 ml of 25% glucose, 0.1 ml of 1M
CaCb, 1 ml of 1M MgSQ.7H,0, 0.2 ml of 0.3% ferric citrate, 0.01 M Tris péet and 0.3%
casamino acid (1% casamino acids have also beén usentioned with the data table).
TB+Amp: Tryptone broth plates supplemented with miim include 11 grams of Bacto
agar, 10 grams of Bacto tryptone, 5 grams of Na€l Iger and ampicillin at a final
concentration of 50g/ml.

TB+RIif: Tryptone broth plates supplemented withamipicin include 11 grams of Bacto
agar, 10 grams of Bacto tryptone, 5 grams of Na€H Iger and rifampicin at a final

concentration of 1Qdy/ml.
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j)

K)

TB+Kan: Tryptone broth plates supplemented withdmaycin include 11 grams of Bacto

agar, 10 grams of Bacto tryptone, 5 grams of Na€l lger and kanamycin at a final

concentration of 50g/ml.

TB+Tet: Tryptone broth plates supplemented withamicline include 11 grams of Bacto

agar, 10 grams of Bacto tryptone, 5 grams of Na€l lger and tetracycline at a final

concentration of Ig/ml.

TA: Molten TB top agar includes 10 grams of Bacigtone, 6.5 grams of Bacto agar and 5
grams of NaCl per liter.

210X M9 salts (Arbeet al, 1983)
70 grams NgHPO,

30 grams KHPO,

5 grams NaCl

10 grams NKCI

1 liter deionized water

Note: Deionized water was used in the plates.

2.2.2. Liquid Growth Media

a)

b)

TB: Tryptone broth includes 10 grams of Bacto toy and 5 grams of NaCl per liter.
Deionized water is used. The broth is stirred utité ingredients dissolve, poured into
bottles, and autoclaved for 30-45 minutes (Hastes, 2005).

LB: Luria broth includes 10 grams of Bacto tryptpbegrams of Bacto yeast extract and 5
grams of NaCl per liter. Deionized water is uselle broth is stirred until the ingredients
dissolve, poured into bottles, and autoclaved @43 minutes.

SOB medig2% wi/v Bacto tryptone, 0.5% Yeast extract and M NaCl)+ Mg (in 200 ml
SOB, add 2 ml 1M MgGI6H,O and 2 ml 1M MgSQ@Q7H,0) was used for subculturing for

making competent cells for electroporation.
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d) SOC media (in 20 ml SOB media + Mg, add 144f 25% glucose — final concentration of

glucose is 1.8g/ml) was added to the electroporated/pulsed cEIkDnixture.

The liquid cultures were incubated in a shakingewdath adjusted to the desired

temperature. The plates were incubated inverteddiesed temperature controlled air incubator.

2.2.3.

a)

b)

d)

Antibiotics

A stock of 50 mg/ml ampicillin is used. 50 mg of @igillin sodium salt was dissolved in
1 ml of sterile water and was mixed well until amllin was dissolved. The stock
solution was filter sterilized and was stored i0°@. 1 ml of 50 mg/ml ampicillin was
added to 1 liter of media to get a final concemtradf 5Qug/ml (Miller, 1992).

A 50 mg/ml stock of rifampicin is used. 100 mg dgampicin was dissolved in 2ml of
methanol. Approximately, 5 drops of 10N NaOH wadeatito facilitate the antibiotic to
dissolve. The stock solution was filter sterilizaad the container (eppendorf tube) was
wrapped with a foil as rifampicin is light-sensdiv2 ml of 50 mg/ml rifampicin was
added to 1 liter of media to get a final concemratof 10Qug/ml. Freshly made
rifampicin stock was added to the media and alseshily made media plates
supplemented with rifampicin were used for the expents (Miller, 1992).

A stock of 50 mg/ml kanamycin is used. 100 mg afdwycin was dissolved in 2 ml of
sterile water and was mixed well until kanamycirsvdssolved. The stock solution was
filter sterilized and stored in -20°C. 1 ml of 5@#ml kanamycin was added to 1 liter of
media for final concentration of p@/ml (Miller, 1992).

A stock of 15 mg/ml tetracycline is used. 15 mgaifacycline is dissolved in 0.5 ml of
concentrated ethanol and 0.5 ml of sterile watdre Eontainer (eppendorf tube) is
wrapped with a foil. 1 ml of 15 mg/ml tetracyclimes added to 1 liter of media for final
concentration of 4xg/ml (Miller, 1992).
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2.2.4. Buffers

a) ®80 buffer (0.01 M Tris pH 7.6 and 0.1 M NaCl) wasized for cell culture and phage
dilutions (Hayest al, 2005).

b) TE buffer (0.01 M Tris-HCI pH 7.6-8 and 0.01 M f#TA) was used for storage of
DNA.

c) TE* buffer (0.01 M Tris-HCI pH 7.6-8 and 0.001 M MNEDTA) was used for
manipulation of DNA (Hayest al, 2005).

d) TBE buffer (1 M Tris pH 8, 1 M Boric acid and 0.02 Na;EDTA) was used to make
agarose gels and as running buffer during electnegsis.

2.3. Methods and Protocols in Molecular and Microbial Gaetics

2.3.1. Plasmid DNA Isolation

Plasmid DNA was isolated using EZ-10 Spin Colunhsiid DNA Kit (BioBasic) and
QIAprep Spin Miniprep Kit (50) — Cat. No.: 27104ié&Qen), as per included instructions.

2.3.2. DNA Agarose Gel Electrophoresis

0.8% agarose gels were made using TBE buffer gadoae (purchased from Sigma).
Gels were run at approximately 90 V for up to 10biis. DNA band sizes were estimated using a
1 Kb DNA ladder purchased from Invitrogen. The 1 BINA ladder produces DNA bands at 10
Kb, 8 Kb, 6 Kb, 5 Kb, 4 Kb, 3 Kb, 2 Kb, 1.5 Kb, 1bKand 0.5 Kb. The ladder contains
equimolar mixtures of each fragment, and was @tilito estimate the mass of unknown DNA

samples by comparing unknown band intensitiesdediof the known bands.
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2.3.3. Preparing Competent Cells and Transformatin of E. coli

A log phase subculture was pipetted into an eppéridbe and was centrifuged for 2
minutes at 12 K. The supernatant was discardeditamaell pellet was gently resuspended in
one-half of the original volume of 0.01M NaCl. Thesuspended cell-NaCl mixture was
centrifuged as before. The supernatant was disdaadd the pellet was gently resuspended in
one-half of the original volume of 0.03M CaCIThe tube was held on ice for 30 minutes.
Centrifuging was done as before. The supernatastdiscarded and the cell pellet was gently
resuspended in 1/f0of the original volume of 0.03M CagIThe cells are now competent for
transformation and were held on ice (for a veryrsheriod). 0.2 ml of the competent cells was
mixed with 5ul of the plasmid DNA. The cell/DNA mixture was hedd ice for 60 minutes and
then, heat shocked at ~42-43°C for 90 seconds lweat block. The cell-DNA mixture was
chilled on ice for 2 minutes and then, 8§d0of TB was added to the transformation mixture to
make the total volume ~1 ml. The solution was intethdor ~1% hours in a 25°C or 30°C
shaking water bath (as per requirement) with véoswsand gentle shaking. The transformation
mixture was diluted and plated on TB+®@ml Amp selection plates. In most cases, the
transformation mixture was also plated on rich TBtgs for determining the frequency of
appearance of Amiptransformants. Incubation was done at 25°C or 3®8fending on the cell

type. Incubation varied from 48-72 hours dependinghe growth rate of the transformants.

2.3.4. Restriction Digestion Analysis

All restriction enzymes were purchased from Nevglend Biolabs (NEB) and used as

directed.

2.3.5. Strip Streaking of Phage for Single Plaqse

0.3 ml of host cells mixed with 3 ml of warm trgpe top agar was plated onto a rich
tryptone agar plate. The agar was allowed to dglidir 10-15 minutes. With a pipette, 0.05 ml
(or, a lesser volume) of phage lysate was dropjpesk¢o the edge of the plate lawn (spot phage

lysate labelled in Figure 2). Using autoclaved pagteps, streaking was performed as indicated
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in Figure 2 below. A fresh paper strip was usedefach strip 1, 2, 3 and 4. Th& gaper strip

was used 3 times; 4a, 4b and 4c as shown in F@urelow. Only the edge of the spot phage
lysate or end of previous strip, for 1, 2 and 3 waghed. Strip 4 was run across the stripped
area of 3 as illustrated in the figure below. Timisthod is a fast way of obtaining single plaques

if a phage count (pfu/ml) is not needed.

Spot phage lysate

Figure 2. Strip Streaking of Phage for Single Plages. The small ellipse in the figure
represents the spot phage lysate and the rectarggiessent the path used to dilute the spotted

phage by the individual paper strips.
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2.3.6. Preparation of a Standard Phage Lysate

20 ml LB was pipetted into a 125 ml culture flagk0 ul of 1M MgCl,, 200 ul of 1M
Tris-HCI (pH 7.5) and 20@l of 1M CaC} (each at 0.01M final concentration) were added to
LB. One flask was made per lysate. The flask was kea 39°C air incubator for pre-warming.
An individual (single; i.e., one) plaque was pickesing a glass 5” pipette attached to a pipetter
aid and was suspended into 0.5 mid@0 buffer in a 1.5 ml eppendorf tube. (The top lod t
pipetter aid should be raised before coring théaisd plaques.) The solution was pipetted up
and down several times to ensure that the plagseswlamerged in the buffer. The plaque-buffer
was incubated for ~15 minutes in 39°C air incubalbe eppendorf tube was centrifuged at 13K
for 2 minutes and then, the top 0.4 to 0.5 ml waeftlly decanted. While the plaque-buffer
solution is incubating, 0.3 ml overnight cell cutuvas mixed with 2@l of 1M MgCl,, 20 ul of
1M CaC} and 20ul of 1M Tris-HCI (pH 7.5) in another 1.5 ml eppemtitube. The 0.4 to 0.5
ml of phage-plug eluate was added to the aboveunsx@nd the resulting solution was gently
vortexed and then, the solution was incubated forniinutes in a 37°C air incubator. The
cell/phage-eluate mixture was added to the 20 mkha#d was pre-warming at 39°C. The flask
was placed in a 39°C shaking water bath (speedbatashd was incubated for 3 to 6 hours. The
mixture was monitored for cell growth and lysis.elllgsate was poured into a 30 ml Corex tube
and was spun at 8 to 10K for 10 minutes. The sgenmt was decanted into a sterile bottle
containing 0.3 ml chloroform (to kill any contamiimay cells). The bottle was shaken and was

stored in the refrigerator/cold box. The phage titased to determine the number of pfu/ml.

2.3.7. Streaking of Bacterial Cells for Single Qonies

Method 1: A loopful of bacterial cells was stredlan top of an agar plate (concentrated
cells labelled in Figure 3). After sterilizing th@op, vertical streaks (patch 2 in Figure 3) were
made across the concentrated cells as shown iigine below. The loop was sterilized again.
Then, a horizontal streak 3 was made across patélfitéx sterilizing the loop again, a vertical
streak 4 was made across the horizontal streak@.dop was sterilized. Finally, streaks were
made across vertical streak 4 (see Figure 3) @mimigolated single colonies. This technique is a

fast way to obtain single colonies if a cell co(eftu/ml) is not needed.
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Concentrated cells

Figure 3. Streaking of Bacterial Cells for Single Glonies (Method 1).Rectangles 1 and 2

represent patch of cells. Lines 3 and 4 represesdlss in the direction of the arrows.

Method 2: A loopful of bacterial cells was stredlan top of an agar plate (as in Method
1). After sterilizing the loop, a downward verticafeak was made across the concentrated cells.
The loop was flipped or turned to the other sidé amnltiple streaks were made throughout the
plate across the vertical streak to obtain isolai@gle colonies. This method is quicker than

Method 1 as less sterilization steps are needed.

2.3.8. Cross Streaking Immunity Assay

The loop was initially flamed for sterilization.ft&r cooling the loop in agar (6-8 stab
times), a loopful of.cl72 phage was applied as a vertical streak abol8"df the way across

the plate. After flaming the loop and coolingitir was applied as a parallel streak"24# the
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way across the plate. The lysate solutions weosvalll to dry on the agar surface by opening the
lids slightly. After loop sterilization, a singleolony of a cell was touched and was streaked
(about 1 inch) across the dry streak.o172. The steps were repeated for the dry streakviof

The plates were incubated at 30°C for 16 hoursdeernight). For each single colony assayed,
the above steps were repeated (Figure 3). Aftermitigbation period, it was noted whether the

streaked cells had been lysed by the phages.

Also, using a sterile loop, a single colony of el was touched and then the cell was
streaked on two fresh TB plates (labeled 30°C a&fiC¥ These plates were then incubated at
their labeled temperatures for 16 hrs (or, ovemighhe growth of the cells at 30°C and 42°C

(lysogens will be induced at 42°C and thus, no ginowill be observed) were recorded.

Non-lysogenic cell

Lysogenic cell

Figure 4. Cross Streaking Immunity Assay.The vertical lines represent streakswof72 and
Avir phages. Phagecl72 lyses non-lysogenic cells. Lysogenic cells amenune tolcl72. Both

lysogens and non-lysogens are lysed by phage
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2.3.9. Stab Assay for Auxotrophy and Plasmid Re¢ion

Colonies arising on rich TB plates at 30°C wereked with sterile toothpicks and were
stabbed onto minimal media plates. The stabbedmainiedia plates were incubated at 30°C to
check whether any spontaneous auxotrophs arosenwfité starting assay cells. Similarly, the
colonies arising on rich TB plates at 42°C werek@ecwith sterile toothpicks and stabbed onto
two minimal media plates. One plate was incubate80aC and another at 42°C (to determine
whether the mutations are temperature sensitivepoth the above cases, stabbing was also
done on rich TB plates to ensure transfer of cdllee incubation time is 48 hours. Potential
auxotrophs were picked from the TB control platd atreaked onto a minimal media plate for
auxotrophy confirmation. Streaking was also doneaninimal media plate supplemented with

biotin to find out if the mutants were biotin ausaghs.

Note: Histidine was added to minimal media pldtesY836 his and Y836his derived

cells.

Colonies that arose on rich TB plates at 25°C,C308r 37°C were stabbed onto
TB+50ug/ml Amp plates using a sterile toothpick to tespillin resistance, i.e., evidence cells
carry a plasmid. In the above case, stabbing wesddne on rich TB plates to ensure transfer of
cells. The plates were incubated at 25°C for 48a@s.

2.3.10. Replicative Killing Assay

RK" cells were tested for their ability to plate atualefficiency on rich TB agar,
minimal media agar supplemented with histidine (MN8}, and minimal media plates
supplemented with casamino acid (MM+CA) at 30°C.tiis temperature, the prophage genes
remain repressed and therefore, there is no répkcéilling of the cells. A late log phase or
almost stationary phase culture was centrifugea @orex centrifuge tube at 5K for 5 minutes.
The supernatant was discarded. The pellet waspesded in 10 ml o®80 buffer and was re-
centrifuged at 5K for 5 minutes. The rich media euptant was discarded. The pellet was
resuspended in 2 ml df80 buffer (16 culture dilution). Then, the culture was dilutedtialated
on rich TB, minimal media plates supplemented whiktidine and minimal media plates
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supplemented with casamino acid at’ #hd 1 plating dilutions. The plates were incubated at
30°C for 48 hrs. The titers obtained are used esn&ol for the next assay to find the extent of
cell killing at 42°C.

For this assay, the same procedure (mentionedeqlveas followed using the overnight
culture and plating was done at@0? and 10’ plating dilutions. The plates were prewarmed
for 2 hours and incubated at 42°C for 48 hours. RKefrequency and the extent of cell killing
was found using the cell titer at 42°C and the el titer at 30°C.

2.3.11. Re-repression Assay

594[pclpR-P-timm] cells were grown in TB contaigiampicillin at a final concentration
of 50ug/ml at 25°C for ~40-44 hours (to stationary phagenl of the cells was centrifuged at
6K for 6 minutes in a 15 ml Corex tube. The supemiawas discarded and the cell pellet was
resuspended in 2 ml df80 buffer. The diluted cells were plated at 25°@;Gand 37°C on TB
plates. Incubation periods were ~48 hours for 30A@ a7°C plates, and ~72 hours for 25°C
plates. There were 3 other sets of plates on wiicited cells were plated which were initially
incubated at 37°C for 1 hour, 2 hours and 6 hondsthen, were shifted to 30°C. Before shifting
the plates to 30°C, the plates were cooled onAtighe plates that were incubated at 37°C were
prewarmed for ~3% hours. The total incubation pefowdhe plates that were incubated at 37°C
for 1, 2 and 6 hours and then, were shifted to 30&€ ~48 hours.

The colonies that arose on rich TB plates at 23WC, 37°C and 37°C plates shifted to
30°C were picked with sterile toothpicks and wesbbed onto 2 plates, namely, TB+Amp and
TB plates. Then, these stabbed plates were inatlzat25°C for ~48 hours to test for plasmid

retention.
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2.3.12. Low Dose Inoculum Assay (LDIA)

A culture from a single colony of 594[pclpR-P-timincells was grown (in TB
supplemented with ampicillin at a final concentratiof 5Qug/ml) at 25°C in a shaking water
bath. 0.5 ml of the stationary phase culture of [B&#R-P-timm] cells was diluted to 70
culture dilution in®80 buffer. 0.1 ml aliquots from the 1CGulture dilution (i.e., 18 plating
dilution) were added to each of the 40 tubes camgil ml of TB. The diluted cells added to the
tubes were also plated on TB plates which werehatad at 30°C or 25°C to find out the
tentative number of cells added to each tube. Bltubes were allowed to shake at 25°C for 48
hours at a high speed until there was visible gedivth. All 40 tubes had growth to stationary
phase. The tubes were vortexed well and 0.1 mietells (18 plating dilution) from each tube
was plated on two TB+1@@/ml Rif plates. One plate was incubated at 25°@ the other at
37°C. Cells from a few tubes were titered on TBgdaat 25°C and 37°C and their average titer
was used to determine the frequency of rifampiesistance at 25°C and 37°C for all cultures.
The 37°C plates were prewarmed for 2 hours. Thegplat 37°C were incubated for 48 hours

and the ones at 25°C were incubated for 72 hours.

For 594 cells, 0.5 ml of a stationary phase owgrnculture was diluted to 7Oculture
dilution in ®80 buffer. 0.1 ml aliquots from the T@ulture dilution (i.e., 18 plating dilution)
were added to each of the 4 tubes containing 1friiBo The diluted cells added to the tubes
were also plated on two TB plates to find out thetative number of cells added to each tube.
One of the spread plates was incubated at 25°Ghenother was incubated at 30°C for 48 hours.
All 4 tubes were allowed to shake at 30°C for 48rsauntil there was visible cell growth. All 4
tubes had growth to stationary phase. After vorigxdach culture tube, 0.1 ml of the cellst10
plating dilution) from each of the 4 cultures wdated on two TB+100g/ml Rif plates. One
plate was incubated at 25°C and the other at 37#o. tubes having cell growth were titered on
TB plates to determine the frequency of rifampi@sistance at 25°C and 37°C. The 37°C plates

were prewarmed for 2 hours. All the plates werailpated for 48 hours.
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2.3.13. Isolation of Independent Rifampicin Resista Mutants

One rift mutant (that arose from a%i€ell, 594[pclpR-P-timm]) from each culture tube
of Low Dose Inoculum Assay was streaked or staldpeftesh TB+10Qg/ml Rif plates at 25°C
for confirmation of rifampicin resistance. Inculmatiperiod was 48-72 hours depending on cell
growth. Some cells took more time to grow on fré&+*Rif plates than others.

For 594 rif mutants, one fif mutant (that arose from wild-type 594 cells) fremch
culture tube was streaked for single colonies ohBa10Qug/ml Rif plate which was then,
incubated at 25°C for 48 hours.

2.3.14. Phage Plating Technique

0.1 ml of thephage lysate was diluted 80 buffer and was plated on a rich TB plate
with 0.3 ml of the host cells and 3 ml of warm tiype top agar. The plates were incubated
overnight at 30°C or 37°C.

2.3.15. Cell Spreading Technique

A volume of the overnight culture was centrifugat 6K for 6 minutes and the
supernatant was discarded. The cell pellet wasspesuled in the same volume ®80 buffer

(10 culture dilution). The cells were then diluted gidted on media plates as per requirement.

2.3.16. Preparation of Competent Cells and Electrapation of DNA into E. coli

A single colony of 594[pSIM6] was picked and intatad in 10 ml TB containing
ampicillin at a final concentration of pf/ml. The culture was shaken at 30°C overnight. A
small volume of the overnight culture of 594[pSIM&lls was subcultured in a volume of SOB
media + Mg and was shaken at ~30°C for ~4 hours itblog phase. An aliquot of the
subculture was centrifuged at 6K for 6 minutes (@sh) in a Corex tube. The supernatant was
discarded and the cell pellet was resuspendedeirsdame volume ob80 buffer. 0.1 ml of the
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resuspended cells was plated on TB+Rif plated (dating dilution). The cells were also diluted
and plated on TB and TB+Amp plates (1plating dilution). This was done to determine the
initial number of Am 594[pSIM6] cells present in the subculture. Thet af the 594[pSIM6]
subculture was transferred to a 42°C shaking wadér and was incubated for 15 minutes with
slow shaking. The flask containing cells was theirled in an ice bath and was allowed to sit in
the ice bath for 5 minutes. 10 ml aliquot of théscevas taken into a cold 30 ml Corex tube. The
cells were centrifuged at 7K for 7 minutes. Theesnptant was discarded. 1 ml of ice cold 10%
glycerol was added/tube to the cell pellet (obtdibg centrifuging 10 ml cells). The mouths of
the tubes were sealed with parafilm and the pelkt resuspended by rolling the tube gently.
When the pellet was resuspended, an additional I11@f e cold 10% glycerol was added/tube
and the cells were mixed gently. The cells weretrdaged again at 7K for 7 minutes. The
supernatant was discarded. 1 ml ice cold 10% gtyosas added/tube to the cell pellet. The
mouths of the tubes were sealed with parafilm &aedoellet was resuspended by rolling the tube
gently. The samples were then pipetted into cokdml eppendorf tubes (cooled to -20°C) and
were centrifuged at 12K for 1 minute. The supemmataas discarded and the pellet was
resuspended in 1QDfinal volume of ice cold 10% glycerol. The cellseere mixed by finger
tapping. The cells are then competent for electiatpm. 5@l of the competent cells was mixed
with 2.5ul of the rpoB DNA containing the mutation (actugloB PCR product sequenced was
used). The cell-DNA mixture was pipetted into adcelectroporation cuvette (cooled to -20°C
before use) and the cuvette was put into an eleatador and the mixture was pulsed.
(Electroporator was warmed up for a while before.u8 blank was also pulsed which only had
cells and no DNA (control). After pulsing, the T@dakV values were recorded for each
electroporation. Immediately after pulsing, 1 mIS®C media was added to the mixture in the
cuvette and the whole mixture+SOC was immediatghetped out into a 2 ml eppendorf tube
(cooled to -20°C before use). The tube was immeljiabcubated in a 30°C shaking water bath
and shaken gently at a very low speed for ~3 hotinen, a small volume of electroporated
mixture was pipetted into an eppendorf tube andirdeged at 12K for 2 minutes. The
supernatant was discarded and the cell pellet easpended in the same volumeb8D buffer
(10 culture dilution). This step was done to remove tich SOC media. Plating was done on
TB+10Qug/ml Rif selection plates (blank was also platdd.plating for blank and at least one
strain were done as controls. Incubation of algdavas done at 30°C for ~48-62 hours.
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2.3.17. P Complementation Assay

The phage.imm434Pam3 has an amber mutation fnand therefore, it only grows on
host cells which can complement for P or on a nessesuppressor stratiike TC600. 594 has
been used as a negative control for this assayewshppressor strain, TC600 has been used as a

positive control.

0.1 ml of the.imm434Pam3phage lysate was diluted #80 buffer and was plated on a
rich TB plate with 0.3 ml of the host cells and Bahwarm tryptone top agar. The plates were
incubated overnight at 37°C or 30°C (as per requar@). For determining P expression from
plasmid containing cells, the cells were grown B Tontaining ampicillin at a final

concentration of ~5@y/ml in a ~25°C shaking water bath for ~48 hours.

® Nonsense suppressor strain: A bacterial stra@ll Mdiich has a mutation within the anticodon
of a normal tRNA, enabling the mutated tRNA to mgtiae and insert an amino acid at a stop

codon.
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3. Results

3.1. P-killing and the involvement of host DnaB élicase

Viability of E. colicells upori\P expression was studied in this work. The involeet
of host DnaB helicase in P-killing was not cle@P. is known to outcompete host DnaC for
binding to DnaB helicase and this hijacking of tBe coli replication machinery by
bacteriophagé might explain cell killing upon P expression. Irder to study cell killing upon
P expression, the following P-expression systenre wmployed:

a) P-expression from a cryptid. prophage:

Upon shifting cells containing the crypficprophage and expressing wild-type P from
30°C to 42°C, cells were killed at a high frequeieigure 5 and Supplemental Table 2). Y836,
Y836 his", 594::¢lll-ren)* and Y836 ilr0223#" are wild-type P-expressing strains which all
exhibited cell killing at 42°C. Insertional inactition of P in Y836 O"P::Kan cells and 1S2
insertion inP in Y836 ilr O'P::1S2 cells suppressed cell killing at 42°C whialggested that
some level of P-expression was toxic/lethal todbks. GrpD55 mutations in DnaB suppressed
cell killing in spite of P being expressed from ttrgyptic . prophage. This suggested that P-

DnaB interaction was necessary for P-killing.
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Figure 5. Cell survival at 42°C w.r.t. 30°C

Survival of assay cells at 42T w.r.t. 30C
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Figure 5. Cell survival at 42°C w.r.t. 30°C. Assag}l cultures were washed and the cell pellets
were resuspended i®80 buffer. The cells were diluted and plated orh riEB plates in
duplicates that were incubated at 30°C and 42°@bilfiy at 42°C w.r.t. 30°C = Cell titer on TB
at 42°C / Cell titer on TB at 30°C. [See actuabdatSupplemental Table 2.]

b) P expression from a plasmid:

594[pclpR-P-timm] cells were killed by an approxitaly 200 fold when shifted from
25°C to 37°C (Figure 6 and Supplemental Table 3)32A°C, only trace amounts of P was
expected to be expressed from the plasmid bechase was leaky expression of P at 37°C even
when the ClI repressor was active. This was problabbause the plasmid system used had only
the Og operator and therefore, the P-expression systesmwiatight. The repressor, Cl functions
tightly when bothO, andOg operators are present (Ptaskehal, 1980). Also, unpublished data
from our laboratory showed that phakel72 did not grow on a 594 strain containing a P-
expression plasmid under @[Ts]857 repressor (594[pclpR-P-timm] cells) at 37#dich
suggested that the repressor, Cl was still activ@raC. GrpD55 mutations in DnaB suppressed

the cell killing phenotype which suggested that ®aB interaction was essential for P-killing.
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Figure 6. Cell survival at 37°C and 30°C w.r.t. 25C

Survival of assay cells w.r.t. 25T

o 30C
m37C

Viability w.r.t. 25T

594[pclpR-P-timm] 594dnaBgrpD55[pclpR-P-timm]

Asay strains

Figure 6. Cell survival at 37°C and 30°C w.r.t. @5%Assay cells were washed and the cell
pellets were resuspended®80 buffer and were diluted. The diluted cells wplated on rich
TB plates that were incubated at 25°C, 30°C andC3Ydability at 30°C or 37°C w.r.t. 25°C =
Cell titer on TB at 30°C or 37°C / Cell titer on Td& 25°C. [See actual data in Supplemental
Table 3.]

3.2.Determining whether the cells can recover, i.e., att growing when P is removed from
the cells

Host cells are killed upon P expression (Sectidr).3t was asked whether P inhibits
cells from growing or does P kill the cells. 2 nil %®4[pclpR-P-timm] stationary phase cells
were centrifuged at 6K for 6 minutes in a Corexetand the cell pellet was resuspended in the
same volume o®80 buffer. The diluted cells were plated at 25°@ G and 37°C on TB plates.
Incubation period was ~48 hours for 30°C and 37f4ep and ~72 hours for 25°C plates. There
were 3 other sets of plates on which diluted osltse plated which were initially incubated at
37°C for 1 hour, 2 hours and 6 hours and then, wared to 30°C. Plasmid retention was
determined by stab assay of the colonies arisingcbnTB plates at 25°C, 30°C, 37°C and 37°C
plates shifted to 30°C. Upon shifting the 594[pclipRimm] cells from 37°C to 30°C after 1 or 2
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hours, the cells were able to recover from ther@sstand start to grow again. 6 hours of cellular
exposure to P and then shifting cells back to 3@&Creased viability by 150-fold and plasmid

retention by about half (Figures 7 and 8 and Supetgal Table 4). So, it can be inferred that
after a certain period of cellular exposure toélscare not able to grow even if they are shifted
back to a permissive temperature. But, shorterdg@®xes prevent cell growth, but upon shifting
to 30°C, cell starts growing again. Hence, P-léthaan be renamed as P-inhibition (Horbay,

2005).

Figure 7. Re-repression (of P) assay — analysis\oébility
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Figure 7. Re-repression (of P) assay — analysisability. A volume of stationary phase cells of
594[pclpR-P-timm] were washed and the cell pellas wesuspended in the same volum®&d
buffer. The diluted cells were plated on TB platest were incubated at 25°C, 30°C and 37°C
(controls). 3 sets of plates were also plated with same cells at 37°C which after 1, 2 and 6
hours, respectively were cooled on ice for a while were then shifted back to 30°C. Viability
on rich TB plates was noted after the incubatiomngge Viability of cells at 25°C, 30°C or 37°C
= Cell titer (cfu/ml) at 25°C, 30°C or 37°C / Cdiler (cfu/ml) at 25°C. Viability of cells after
shifting 37°C plates to 30°C after 1 or 2 or 6 soarCell titer (cfu/ml) after shifting 37°C plates
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to 30°C after 1 or 2 or 6 hours / Cell titer (cflyrat 25°C. [See actual data in Supplemental
Table 4.]

Figure 8. Re-repression (of P) assay — analysisgsmid retention
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Figure 8. Re-repression (of P) assay — analysiplagmid retention. A volume of stationary
phase cells of 594[pclpR-P-timm] were washed amdctil pellet was resuspended in the same
volume of ®80 buffer. The diluted cells were plated on TB gdathat were incubated at 25°C,
30°C and 37°C (controls). 3 sets of plates were plated with the same cells at 37°C which
after 1, 2 and 6 hours, respectively were cooledterior a while and were then shifted to 30°C.
Cfu obtained at different temperatures on rich T&gs were picked with a sterile toothpick and
stabbed onto a rich TB plate supplemented with aiflipiat a final concentration of p@/ml
and also on a TB control plate. Incubation of tteblsed plates was done at 25°C. % plasmid
retention among cfu that arose at a particular sgatpre = (Number of cfu that were able to
grow on TB+Amp plates / Total number of cfu stablbbed00. [See actual data in Supplemental
Table 4.]
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3.3. Preliminary results of Chu (Chu, 2005) that wee reproduced in this work

3.3.1. Efficiencies of plating of starting RK cells at 30°C and rare RK mutants at 42°C on
rich TB and minimal media (MM) agar plates

Chu showed that auxotrophs arise at a very highuincy among the Rknutants and
the auxotroph formation is linked togene expression (Chu, 2005). Y836 cells contaitiveg
cryptic . prophage are Replicative Killing competent (Ri§ells. Y836his" transductants were
constructed by transducing thes" allele into Y836 cells (Chu, 2005). The cryptigprophage
was transduced into wild-type 594 cells (Chu, 2086) the resultarit”™ transductants, i.e.,
594::clll-ren)* were also RK cells. Upon cryptié. prophage induction in Y836, Y836s" and
594::clll-ren)", RK mutants arose on minimal media (MM) agar platea &iwer frequency
than on rich TB plates (Table 2). This was assebgezmbmparing the cell titers on MM and rich
TB plates at 42°C after centrifuging the culturé$ld for 6 minutes and resuspending the cell
pellet in the same volume afB0 buffer. The resuspended cells were diluted datkg on rich
TB and MM plates at 30°C and 42°C. Table 1 showgrob30°C cell titer data, and the titers of
the starting cells were roughly the same on both & TB plates at 30°C. This assay is of
utmost importance because the current study depamdise validity of the results obtained by
Chu (Chu, 2005). Hence, these assays were reprdcuntk as expected, they yielded the same
results (Tables 1 and 2).
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Table 1. Efficiency of plating of assay strains omich (TB) and minimal medium (MM) at
30°C

Strain Experiment # Titer on TB at Titer on MM Titeron TB / Mean *
30°C? at 30°C? Titer on MM Standard
error
Y836 his 1 2.6x18 7.4x 16 0.35 0.7+0.3%
(MM+his plates 2 1.71x 10 1.64 x 10 1.04
used)
Y836 his 1 1.5x 168 1.5x 10 1 1
594::(clIl-ren)* 1 1.6 x 16 1.2x104 1.33 1.06 +
0.101
2 1.6x168 1.5x 10 1.07
3 5.6 x 18 5.7 x 16 0.98
4 1.4x 108 1.64 x 16 0.85
594 1 1.2x 19 1.3x 106 0.92 1.08

& Assay cells were plated on rich TB and MM (or, Miis-for Y836his cells) agar plates at

30°C and the cell titers on the above plates weterthined.

P Standard error has been calculated by taking2agetata into consideration.
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Table 2. Frequency at which RK mutants arose on rich TB and MM agar plates at 42°

Strain Experiment # RK™ frequency at 42°C* Frequency on Mean *
TB / Frequency | Standard
on MM error
B MM
Y836 his 1 1.69 x 10 8.65 x 10/ 20 12.7+2.7
2 1.12x 10 7.3x 10 15
(MM-+his plates 3 1.35x 10 8.65 x 10/ 16
used)
4 1.65x 10 1.05 x 10 16
5 8.71 x 10 2.47 x 10 4
6 1.27 x 10 2.41 x 10 5
Y836 his 1 1.27 x 10 1.27 x 10 10 85+1.2
2 1.67 x 10 2.53 x 1C° 7
3 1.47 x 10 2.47 x 10° 6
4 1.33x 10 1.2x 10 11

& Assay cells were plated on rich TB and MM agartqsaat 42°C. Survivors at 42°C were
designated as RKnutants. RKfrequency on rich TB plates = Titer on TB at 42°0ter on TB
at 30°C and RKfrequency on MM plates = Titer on MM at 42°C /éfibn MM at 30°C.
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3.3.2. Assessing if the inclusion of Casamino acidsiot vitamin free) in MM agar
suppresses the drop in RKfrequency

On addition of Casamino acids (not vitamin frez)rinimal medium, the drop in cell
titer at 42°C was suppressed which suggested ti@ient gene mutations might be present

among the rare RKsurvivors (Tables 3 and 4).

Table 3. Efficiency of plating of RK" culture cells on rich TB and MM+CA at 30°C
(Control for Table 4)

Strain Experiment# | Titeron TB at | Titer on MM+CA Titeron TB / Mean + Standard
30°C? at 30°C @ Titer on error
MM+CA
Y836 his 1 6 x 10 5.5x 1¢° 1.09 1.02 +0.075'
2 1.5x 16 1.6x1G° 0.94

2 Y836his cells were plated on rich TB and MM+CA agar plaaes80°C and the cell titers on

the above plates were determined.
P Used 1% final concentration of Casamino acid (itamin free).
¢ Used 0.3% final concentration of Casamino acid yitamin free).

9 Standard error has been calculated by taking2afetata into consideration.

The difference between Table 2 and Table 4 isith@tble 2, the RKfrequency on MM
is lower than that on TB plates at 42°C wherea%ahle 4, the RKfrequency on TB is lower
than that on MM+CA at 42°C which indicates that M@ recovers more RKmutants than
TB.
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Table 4. The recovery of RK mutants is enhanced on MM by the addition of CA

Strain Experiment # RK" frequency at 42°C* Frequencyon TB/| Mean +
Frequency on Standard
MM+CA error
B MM+CA
Y836 his 1 6.33 x 10 1.24 x 10°° 0.51 0.59 +0.08
2 45x 10 8.91x 10°° 0.51
3 3.87x 10 513 x 10°° 0.75

2Y836 his cells were plated on rich TB and MM+CA agar plaaed2°C. RK frequency on rich
TB plates = Titer on TB at 42°C / Titer on TB at’@0and RK frequency on MM+CA plates =
Titer on MM+CA at 42°C / Titer on MM+CA at 30°C.

P Used 1% final concentration of Casamino acid (i@min free).

¢ Used 0.3% final concentration of Casamino acid yitamin free).

3.3.3. Important controls established by Chu (Chu, 2005)

Chu found that Y836 did not have intrinsic mutaotivity. It was also ruled out that the
drop in RK frequency on MM relative to rich TB was linkedttee bio operon (due to deletion
in A fragment). In other words, addition of biotin tanimal medium did not suppress the drop in
RK™ frequency. Also, the drop in RKrequency and the appearance of auxotrophs anfung t
RK™ mutants was not linked to the SOS gene produdts,(2005).
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Chu showed that ptlplasmid expressing wild-type Cl repressor at 3@Gi@ 42°C
completely suppressed replicative killing in Y8¥®36 his*, 594::¢lll-ren)* and W3101:€!1-
ren)* cells (Chu, 2005). This suggested that the cdlingi was linked tol. gene expression.
Hayes et al. reported that grpD55 mutations (2 missense muistion hostdnaB gene
suppressed replication initiation fromori4 (Hayeset al, 2005). Moreover, grpD55 mutations
completely suppressed replicative killing (or, RKiepotype) (Chu, 2005). But, grpD55
mutations did not completely suppress the drop Kn fRequency on minimal media relative to
rich media which suggested that “DNA lesions préwvencolony formation at 42°C likely
appear within the population of Y8@6aByrpD55 cells induced fok gene expression” (Chu,
2005). In other words, Chu concluded that auxotrfigpimation was not linked to replicative
killing or, auxotroph formation did not require aat replication initiation fronoriZ (Chu, 2005).

L gene expression triggered auxotroph formation (G005). Auxotrophy was a very broad
target for mutagenesis. A small target, rifampi@sistance was also briefly studied by Chu and
similar links tok gene expression were found (Chu, 2005). Chu showatcauxotroph formation
was linked toh P gene expression from a crypficprophage (Chu, 2005). Since some RK
strains used by Chu were not sequenced\(flgenesO andP) then, the assay of the strains had
to be repeated and confirmed. Also, further worls wacessary to ascertain whetherittgene
product P could influence the apparent mutator ptyge, which we define as ancillary

mutations withirE. colichromosome that arise during selection at 42°@Riormutants.

3.4. Determining whetherk gene product(s) is/are responsible for triggeringuxotrophic
mutations

Chu linked formation of auxotrophs withP gene expression from a cryptigrophage
(Chu, 2005). In this study, actual colony formingits (cfu) arising on rich TB plates were
picked with sterile toothpicks and stabbed onto ima media plates for auxotrophy
confirmation. This is a better way of looking famatrophs as each individual colony can be
analysed. Stab assays of Y836, 5&i:{ren)" and Y83@inaByrpD55 were done by Chu (Chu,
2005) and we repeated these assays for thesessimnaiigure 9 and Supplemental Table 5 for
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confirmation. The results were similar to thoseCiu (Chu, 2005). GrpD55 mutationsdnaB

gene suppressed auxotroph formation to some effanire 9 and Supplemental Table 5).

In this study, four isolated and sequenced Rejpheilling defective (RK) mutants,
and one Y836 mutant with a kanamycin insertiorPifconstructed by recombineering by S.
Hayes) were employed. The RKiutants, Y836 ilr0208b P* and Y836 ilr0223aP" have
spontaneous mutations in O-origin site that prevergplication initiation. Y836 illO"P::1S2
RK mutant has a spontaneous IS2 insertiorPinY836 ilr 534c O'P" strain is RK but
sequenced a®'P’, suggesting that the mutation preventigeplication initiation is in a
chromosomal gene, possibtnaA or in anotherh gene. Since Y836 ilr 5340"P" strain
complemented for P, i.e\imm434”am3 phage grew on this strain, it was inferred that836
ilr 534c O'P" cells, all host genes required foreplication were functioning properly. Upon
shifting a Y836 strain with a kanamycin insertionP (Y836 O"P::Kan) from 30°C to 42°C, no
auxotrophs arose among the 42°C cfu. Moreoveristhiated and sequenced Riiutants, Y836
ilr 0208bP", Y836 ilr 0223aP* and Y836 ilr 534€@"P" yielded auxotrophs at 42°C unlike the
P strain, Y836 ilrO"P::IS2 (Figure 9 and Supplemental Table 5). Thesalt® agreed with
Chu’s findings (Chu, 2005) that the appearanceaugbaophs was linked tb P gene expression.
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Figure 9. Stab assay to look for auxotrophs amondné 42°C cfu
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Figure 9. Stab assay to look for auxotrophs ambe@®°C cfu. Cfu that arose on rich tryptone
agar plates at 42°C were picked with a sterilehpiok and stabbed to duplicate MM or MM+his
plates incubated at 30°C and 42°C and a contrbl T agar plate incubated at 30°C. Colonies
that were not able to grow on MM or MM+his agartplat either 30°C or 42°C were
auxotrophs. Chu (Chu, 2005) and this study idesgifsome of the auxotrophs to be Ts
conditional auxotrophs. [See actual data in Suppteai Table 5.] When shifted from 30°C to
42°C, Y836 cells underwent 9xbld cell killing, Y836 O*P::Kan cells underwent 153-fold
cell killing, Y836dnaByrpD55 cells underwent 2668-fold cell killing, 594ll-ren)" cells
underwent 18fold cell killing, Y836 ilr 0223a P* cells underwent 4762-fold cell killing,
594dnaByrpD55 cells underwent 7-fold cell killing, 594 Iselinderwent 6-fold cell killing and
no cell killing was observed in Y836 i®208bP*, Y836 ilr 534cO"P" and Y836 ilrO"P::1S2

cells on rich TB plates.
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%1n these assays, Y886aByrpD55 cells underwent cell killing when shiftedrr 30°C to 42°C
for some unknown reasons. Other assays done vathaime strain (data shown in Figures 5 and
10) did not undergo any cell killing when shiftadrh 30°C to 42°C which agreed with Chu’s
findings (Chu, 2005). Also, 58@haByrpD55[pclpR-P-timm] cells did not undergo celllikiy
when shifted from 25°C to 37°C (data shown in Fegu6é and 11) which proved that grpD55

mutations in DnaB knocked out P-killing.

3.5. Assessing whether the apparent mutator activity canbe demonstrated using
another target and whether host DnaB is required fothe potential mutator activity

To assess whether the apparent mutator activitypeademonstrated by employing an
independent selection (other than screening foomoghs), rifampicin resistance was employed
as another possible target for potential mutattvie Unlike auxotrophy, rifampicin resistance
is a narrow target and is conferred tpoB gene mutations. Chu showed that Y8&b F")
exhibited a high frequency of rifampicin resistaatd2°C when compared to 30°C (Chu, 2005).
Chu also showed that grpD55 mutationsdmaB gene suppressed the increase in rifampicin
resistance frequency (Chu, 2005). The same reswdise reproduced in this work for
confirmation (Figure 10 and Supplemental Table 6).

As a part of this work, it was found that insemtbinactivation ofP in Y836 O"P::Kan
cells suppressed rifampicin resistance frequency approximately 1®folds at 42°C in
comparison to Y836P" cells. Sequenced RKmutant, Y836 ilr 0223a P* showed an
approximately 2000-fold increase in rifampicin stance frequency from 30°C to 42°C. In a
comparison between Y836 223aP" and Y836 ilrO"P::IS2 cells, the inactivation d? by an
IS2 insertion resulted in an approximately 200@ fdtop in rifampicin resistance frequency at
42°C (Figure 10 and Supplemental Table 6). It wéeried that the increase in the frequency of

rifampicin resistance is linked #d® expression.
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Figure 10. Induction assay of cells for determiningifampicin resistance frequency at 42°C
vs. 30°C

Frequency of rifampicin resistance

ESN
|

N
|

Logio(Freq. x 10 8)

Y836 Y836 O+P::Kan Y836dnaBgrpD55 Y836 ilr 0223a P+ Y836 ilr O+P::IS2
Assay strains 830%C
E 42<C
Cell killing + - - + -
at 42°C

Figure 10. Induction assay of cells for determinfifgmpicin resistance frequency at 42°C vs.
30°C. A volume of late-log to stationary phase s@&kere washed once and the cell pellet was
resuspended in the same volumed&0 buffer. The diluted cells were plated on ricyptone
agar plates and tryptone agar plates supplemenitidrifampicin at a final concentration of
10Qug/ml at 30°C and 42°C for 48 hours. The 42°C platese prewarmed for ~2 hours.
Frequency of rifampicin resistance at 30°C = Nunifenif™ cfu/ml on TB+Rif plates at 30°C /
Number of cells (cfu/ml) on TB plates at 30°C. krency of rifampicin resistance at 42°C =
Number of rift cfu/ml on TB+Rif plates at 42°C / Number of celtfu/ml) on TB plates at 42°C.
[See actual data in Supplemental Table 6.] Wheffteshifrom 30°C to 42°C, Y836 cells
underwent 4x19fold cell killing, Y836 O'P::Kan cells underwent 7-fold cell killing,
Y836dnaByrpD55 cells underwent 5-fold cell killing, Y836 (D223aP" cells underwent 2x10
fold cell killing and Y836 ilrO"P::1S2 cells underwent 3-fold cell killing on ricrBTplates.
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3.6. Determining if P expression from a plasrdiexhibits the potential mutator activity

It was asked whether P expression from &npid exhibited the potential mutator
activity. This was a much more accurate way to @imipP and investigate whether P was the
cause of the apparent mutator activity as the pthsmly expressed P undecHTs] repressor.

A volume of each of the stationary phase cells 5¥4[pclpR-P-timm] and
594dnaByrpD55[pclpR-P-timm] were centrifuged and the qadllets were resuspended®30
buffer. Serial dilutions of the cells were perfodnand were plated on TB+10§/ml Rif and
control TB plates at 25°C, 30°C and 37°C for 48rkolt was found that 594[pclpR-P-timm]
showed an approximately 800-fold increase in rifedmpresistance frequency at 37°C (in
comparison to 25°C) (Figure 11). This suggested tha increase in rifampicin resistance
frequency is linked taP expression. GrpD55 mutations in hdsaBgene suppressed rifampicin
resistance frequency at 37°C by approximately 8@-focomparison to wild-type 594[pclpR-P-
timm] cells (Figure 11 and Supplemental Table 7)clwlsuggested that P-DnaB interaction was
required for the potential mutator activity.
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Figure 11. Induction assay of pclpR-P-timm transfomants of wild-type 594 and
594dnaBgrpD55 cells for determining rifampicin resistancefrequency at 25°C, 30°C and
37°C

Frequency of rifampicin resistance

O 25T
m30C
m37C

Log1o(Freq. x 10 8)

594[pclpR-P-timm] 594dnaBgrpD55[pclpR-P-timm]

Assay strains

Cell killing - + - -
at 30°C
& 37°C

Figure 11. Induction assay of pclpR-P-timm transfants of wild-type 594 and 584aByrpD55
cells for determining rifampicin resistance freqograt 25°C, 30°C and 37°C. A volume of
stationary phase cells were washed once and tlhet pels resuspended in the same volume of
®80 buffer. (For 594[pclpR-P-timm] cells, 5X concextéd cells were used and so, 5 ml cells
were washed once and the cell pellet was resusgende ml of ®80 buffer.) The diluted cells
were plated on rich tryptone agar plates and trygptagar plates supplemented with rifampicin at
a final concentration of 1@@/ml at 25°C, 30°C and 37°C for 48 hours. The 3ptaes were
prewarmed for ~2 hours. Frequency of rifampicingtsice at 25°C, 30°C or 37°C = Number of
rif? cfu/ml on TB+Rif plates at indicated temperatutéumber of cells (cfu/ml) on TB plates at
the same indicated temperature, i.e., either 2300C or 37°C. [See actual data in Supplemental
Table 7.] When shifted from 25°C to 30°C, no callikg was observed in 594[pclpR-P-timm]
and 594inaByrpD55[pclpR-P-timm] cells on rich TB plates. Whehifted from 25°C to 37°C,
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594[pclpR-P-timm] cells underwent 624-fold celllkig and no cell killing was observed in
594dnaByrpD55[pclpR-P-timm] cells on rich TB plates.

3.7. Is P-DnaB interaction essential for thepparent mutator activity?

GrpD55 mutations are 2 missense mutations in[boaB helicase proteirfc. coliis able
to use DnaBgrpD55 for its replication. But, phagdoes not grow on a grpD55 cell. Mutations
in A geneP allow the phage to grow on grofutants. These compensatory mutationB are
referred to ast mutations (Georgopoulos and Herskowitz, 1971; dSamd Uchida, 1977;
Georgopoulos, 1977; Sunshiaeal, 1977) (Figure 12 and Supplemental Table 8). Wi
type geneP was replaced by a deletion i (AP) or a=n mutation inP (P,) in a 594 or a
594dnaByrpD55 cell, the increase in rifampicin resistaf@@uency from 25°C to 37°C was
greatly reduced. This suggested that P-DnaB intieragvas necessary for the potential mutator

activity observed.

Figure 12. Induction assay of PAP and B;-expression plasmid transformants of wild-type
594 and 594lnaBgrpD55 cells for determining rifampicin resistancefrequency at 25°C,
30°C and 37°C
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Figure 12. Induction assay of RP and R-expression plasmid transformants of wild-type 594
and 594inaByrpD55 cells for determining rifampicin resistarfcequency at 25°C, 30°C and
37°C. A volume of late-log to stationary phase <ellere washed once and the pellet was
resuspended 80 buffer. The diluted cells were plated on ricliptone agar plates and
tryptone agar plates supplemented with rifampi¢ia &inal concentration of 1Q@/ml at 25°C,
30°C and 37°C for 48-72 hours. The 37°C plates waewarmed for ~3%2-4 hours. Fold
changes in frequency of rifampicin resistance &C3W.r.t. 25°C = Frequency of fifat 37°C /
Frequency of rff at 25°C. [See actual data in Supplemental Tahlésahd 10.] When shifted
from 25°C to 37°C, 594[pclpR-P-timm] cells underwe&24-fold cell killing, 594[pcIpR-R
timm] cells underwent 21-fold cell killing, 594[paRR-AP-timm] cells underwent 22-fold cell
killing, 594dnaByrpD55[pclpR-R-timm] cells underwent 3-fold cell killing and neelt killing
was observed in 5@haByrpD55[pclpR-P-timm] cells on rich TB plates.

3.8. Studying the variation in the appearance aif ® mutants in presence and absence of P
expression via Low Dose Inoculum Assay (LDIA)

The data in Figure 11 suggests that the increasgampicin resistant frequency from
25°C to 37°C in 594[pcIpR-P-timm] cells is linked XP expression. Since 594[pclpR-P-timm]
cells were killed at 37°C, it was asked whether dppearance of rifampicin resistant mutants
was stimulated by P or whether it was just an @nmient of pre-existing mutations. To test this,
it had to be determined whether the actual numbefbcfu that arose at 37°C was higher than
those that arose at 25°C. We used Low Dose Inocélssay (LDIA) which involved the assay
of many individual cultures prepared from a fewlgeln order to study the variation in the
appearance of rifampicin resistant mutants in presef P, 15 cells of 594[pclpR-P-timm] were
added to each of 40 tubes containing 1 ml TB ahdainoculated cultures were grown at 25°C
for 48 hours to stationary phase. 0.1 ml cell aigurom the 40 individual tubes were plated on
two rich TB agar supplemented with rifampicin direal concentration of 1Q@/ml. One plate
was incubated at 25°C and the other at 37°C. Witly @5 cells added per 1 ml of TB, the
chance of 1 cell out of 15 being a"rifnutant is very low, about 1:10-100 million, as the
spontaneous fiffrequency is to the order of $@o 10°. At 25°C (graph on top left of Figure
13), no rift cfu arose on TB+Rif selection plates when celisrfrculture # 8, 18, 19, 21, 22, 23,
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28, 33 and 37 were plated. Whereas at 37°C (graghmpright of Figure 10), fffcfu arose from
the same cultures when plated on TB+Rif selectiatep. This proved that theti€fu that grew

on TB+Rif plates at 37°C were not present in ttiiaihculture in the tubes. If the Rfmutants
had arisen in the culture, they would have formelbrdes on the TB+Rif selection plates at
25°C which was not the case. The only differenceveen 25°C and 37°C is that there is P
expression at 37°C unlike at 25°C. The same infere@an be made from the data from culture #
9, 10, 25 and 27 which showed a higher numberfdfmiutants at 37°C when compared to 25°C.
The above data suggested that th® miutants that arose at 37°C upon P expression mare
pre-existing mutants. The mutations must have bgenerated during colony formation.
However, in case of majority of the cell culturesl{ure # 1-7, 11, 12-17, 20, 24, 26, 29, 30, 32,
34-36, 38 and 40), the number of%riéfu dropped at 37°C when compared to 25°C which
guestioned the idea that the increase in the numbeifampicin resistant mutants (i.e., the

apparent mutator phenotype) is linked.Bbexpression.
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Figure 13. Quantitation of rif® mutants via Low Dose Inoculum Assay (LDIA) approach

(individual cultures exposed to P expression)
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Figure 13. Quantitation of fifmutants via Low Dose Inoculum Assay (LDIA) approach
(individual cultures exposed to P expressidh)cells of 594[pclpR-P-timm] were added to each
of 40 tubes containing 1 ml rich TB and all 40 inlated cultures were grown at 25°C for 48
hours to stationary phase. 0.1 ml cell aliquotenfreach of the 40 tubes were plated on two rich
TB plates supplemented with rifampicin at a finahcentration of 100y/ml. One plate was
incubated at 25°C and the other was incubated %&.37he graphs show Fifcfu/ml selected at
25°C (A) and 37°C (B). [See actual counts in Sumgaetal Tables 11 and 12.] It is to be noted
that the control for Graph B is Graph A. There waas approximately 83-fold toxicity in

594[pclpR-P-timm] cells at 37°C in comparison t6@%n rich TB plates.
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3.9. Isolation of independent rifampicin resistat mutants from Low Dose Inoculum
Assay for sequence analysis

In order to study thpoB gene of the rft mutants, one ffmutant was isolated from each
tube of the Low Dose Inoculum Assay (Figure 13)sp@ntaneous rifampicin resistant mutants
(that arose at 25°C) and 12 rifampicin resistantamis that arose in the presence of P expression
(at 37°C) were isolated (after confirmation fofrifn TB+10Qg/ml Rif plates) from starting rif
594[pcIpR-P-timm] cells (Table 5). Also, 4 indepent rif* mutants (that have never seen P)
were isolated from wild-type 594 cells for contestperiments. DNA sequence analysis (not
shown) performed by S. Hayes and C. Hayes, shoh&dmutations irrpoB gene conferred
rifampicin resistant phenotype to the mutants. iidsetention analysis of the isolatgzbB rif"
mutants revealed that 21 out of 22 spontaneofisrpifB mutants (that arose at 25°C in the
absence of P expression) retained the P-exprepsismid and 11 out of 180B rif® mutants
(that arose at 37°C in the presence of P expmskaxl lost the plasmid.
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Table 5. Rif®* mutants isolated from rif°> 594[pclpR-P-timm] cells via Low Dose Inoculum
Assay (LDIA)

Spontaneous rift mutants isolated at 25°C Rif® mutants isolated at 37°C in the presence of A
expression

sc325A4% — from culture #4 in Figure 9A sc337A10 from culture #10 in Figure 9B
sc325A6 — from culture #6 in Figure 9A sc337Bleirculture #11 in Figure 9B
sC325A7 — from culture #7 in Figure 9A sc337B8eirculture #11 in Figure 9B
sc325A9 — from culture #9 in Figure 9A sc337C1le#nfrculture #21 in Figure 9B

sc325A10 — from culture #10 in Figure 9A sc337Com culture #24 in Figure 9B
sc325B1 — from culture #11 in Figure 9A sc337CBont culture #25 in Figure 9B
sc325B2 — from culture #12 in Figure 9A sc337CBont culture #26 in Figure 9B

sc325B3 (P-expression plasmid was lost) — | sc337C7 (P-expression plasmid was retained) — from

culture #27 in Figure 9B
From culture #13 in Figure 9A

sc325B6 — from culture #16 in Figure 9A sc337D1enf culture #31 in Figure 9B
sc325B10 — from culture #20 in Figure 9A sc337C2om culture #32 in Figure 9B
sc325C4 — from culture #24 in Figure 9A sc337D38ont culture #33 in Figure 9B
s¢325C5 — from culture #25 in Figure 9A sc337Déont culture #36 in Figure 9B

s$¢325C6 — from culture #26 in Figure 9A

sc325C10 — from culture #30 in Figure 9A

sc325D1 — from culture #31 in Figure 9A

sc325D2 — from culture #32 in Figure 9A

sc325D4 — from culture #34 in Figure 9A

sc325D5 — from culture #35 in Figure 9A
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sc325D6 — from culture #36 in Figure 9A

sc325D8 — from culture #38 in Figure 9A

sc325D9 — from culture #39 in Figure 9A

sc325D10 — from culture #40 in Figure 9A

2 5c325A4 denotes that thefrifmutant arose from starting $i694[pclpR-P-timm] sc 3 cells at
25°C from tube/culture # A4.

P 5c337A10 denotes that therihutant arose from starting $i694[pclpR-P-timm] sc 3 cells at
37°C from tube/culture # A10.

Table 6. Rif® mutants isolated from rif°594 cells

Rif? mutants isolated at 25°C Rif mutants isolated at 37°C

594sc125A2 — from another assay (data not shown) 4sE&37A2 — from another assay (data not shoyn)

594sc325E — from culture #44 in Figure 9A 594sc337D from culture #43 in Figure 9B

2 504sc325E denotes that therifiutant arose from starting 694 sc 3 cells at 25°C from
tube/culture # E.

P 5945c337D denotes that the(rifiutant arose from starting $i694 sc 3 cells at 37°C from
tube/culture # D.
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3.10. Does rifampicin resistance confer cellular resistace to P-toxicity?

In the Low Dose Inoculum Assay (LDIA), the 37°Canfipicin resistant mutants
survived P-toxicity. So, it was asked whether tHE cfu that arose at 37°C in LDIA were
resistant to P. To address this, the cufear plasmid-less fff mutants (isolated from Af
594[pclpR-P-timm] cells at 37°C (column on the tigli Table 5)) that survived the thermal
induction of P expression during selection, weemd¢formed with the pclpR-P-timm plasmid
and were selected on TB+HIml Amp plates at 37°C and 25°C. To find out wieethfampicin
resistance is linked to P-resistance, £ nifiutants (that have never seen P — Table 6),
594sc125A2, 594sc137A2, 594sc325E and 594sc33dtesl from wild-type 594 cells, were
transformed with pclpR-P-timm plasmid and were ctelé on TB+50g/ml Amp plates at 37°C
and 25°C. It was found that all the rifampicin stgnt mutants transformed with the P-
expression plasmid exhibited some degree of resistéo P-toxicity. It is to be noted that the
drop in transformation frequency of the rifampiogsistant mutants at 37°C (w.r.t. 25°C) were at
least 10-fold lower than that of the 594 wild-typentrol strain. Moreover, many of theTif
mutants allowed some transformants to arise at 3wt€reas the control 594 cells did not (Table
7).

2 |n the Low Dose Inoculum Assay (LDIA), onefri¢olony was picked from each of the 37°C
TB+Rif plates (which corresponded to an individoalture tube) that had fifcolonies on them.
By examining the colonies, it was found that 11 @ut2 of the rif mutants that arose at 37°C
in the presence of P expression had lost the Ressjom plasmid. So, theseRrifells had been

spontaneously cured of the plasmid during selection
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Table 7. Rif® mutants that survived the thermal induction of P &pression during selection
and 594 rif® mutants (that have never been exposed to P) arensitive to P-toxicity

Strains Experiment | Frequency of appearance| Fold drop in the Average | Mutation
transformed # of Amp® transformants at: frequency of fold drop | bp in rpoB
with pclpR-P- appearance of + h
transformants/5 ul of
timm plasmid ( # Amp* standard
plasmid DNA)
transformants at error
~25°C¢ 37ocd 37°C w.r.t. ~25°C¢
1 124x10 | <7.4x10 > 16809 1710 + -
340
594 wt 2 4.64 x 10 <2x10° > 2320
3 4x 10 <35x10 > 1143
sc337B& 1 1.65 x 16 4.6 x 10° 35.99 21+ 14 -
2 253 x 10 3.6x10° 7.03
sc337D6 1 228x10 | <1.2x10 > 190° 100 + 90' 1609
2 1.98x10F | 5.45x10 3.63
sc337CP 1 981x10 | <12x1C0 >81.8 124 + 42 -
2 232x10 | <1.4x10 > 166
sc337C6 1 453 x 10 1.7 x10° 2669 150 + 110 -
f
2 1.68 x 10 4 x 107 42
sc337D2 1 2.02x10 | 9.53x10 21.29 12+9 -
2 3.3x107 1.46 x 10 2.26
sc337C5H 1 2x10° 2 x 10° 100° 108 + 8 1691
2 1.05 x 16 <9x10° > 117
sc337A1CF° 1 7.44 x 10 2.3x10° 3239 325.1 + 1547
1.6f
2 2.94x 10 <9x10° > 327
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sc337D1 1 1.25x 1¢ <9x10° > 1399 1445 + 1714
55
2 15x 10 <1x10° > 150
594sc125A2 1 3.88x 10 2x10° 194 194 1535
594sc137A2 1 2.41x 10 <8x10° > 301 3071 1586
594sc325F 1 1.57 x 10 <6x10° > 262 262 1592
594sc3370 1 2.67 x 10 1.7 x10° 157 157 1714

#These rifampicin resistant mutants have been iswlat 37°C. During selection, these mutants

lost the P-expression plasmid (Table 5 — coloumtherright).

P These rifampicin resistant mutants have beentswlrom wild-type 594 cells in the absence
of P (Table 6).

° The P-expression plasmid, pclpR-P-timm was transéd into sc337C5 fffmutant cell and
the transformants were selected on TB plates somleed with ampicillin at a final
concentration of 5@g/ml at ~25°C. Frequency of transformation at ~25°Cransformant
cfu/ml on TB+Amp plates at ~25°C / Cell titer (cfujran control TB plates at ~25°C.

4 The P-expression plasmid, pclpR-P-timm was transéol into sc337C5 fffmutant cell and
the transformants were selected on TB plates somrieed with ampicillin at a final
concentration of 50y/ml at 37°C. Frequency of transformation at 37°Cransformant cfu/ml
on TB+Amp plates at 37°C / Cell titer (cfu/ml) oontrol TB plates at ~25°C.

® Fold drop in transformation frequency at 37°C w+25°C = Frequency of transformation at

37°C |/ Frequency of transformation at ~25°C.
" Minimum value possible.

9These assays were done with the same pclpR-P-tilmsmjzl DNA preparation and hence, the
concentration of the plasmid DNA should be the sarhe unit for these is transformantg/5of
plasmid DNA.
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" DNA sequencing done by S. Hayes and C. Hayes.

Note: Other than 594 wt, 594sc125A2, 594sc137A2s6825E and 594sc337D cells, standard

error has been calculated by taking 2 sets ofid&taconsideration.

3.11. Phenotypic characterization of isolatedpoB rifampicin resistant mutants

In order to characterize the isolatgEbB rif? mutants, the different viability and plasmid
retention phenotypes of the mutants upon P exmre$sdm the plasmid was studied. We asked
whether any of the isolated rifampicin resistanttants that retained the P-expression plasmid
(25°C isolates and one 37°C isolate) were resigtam-toxicity. To test this, the fifmutants
containing the P-expression plasmid were inducedPfexpression at 37°C. Upon P expression,
the cell viability and plasmid retention phenotypesre assessed. It was found that a subset of
rpoB selected rff mutants were resistant to P. Some mutants wereraigsistant to P-lethality
like sc325D6, sc325C5, sc337C7, sc325D10 and scB25B resistant to plasmid loss like
sc325C10, sc325D6, sc325D2, sc325B1, sc325C5, PdER5sc325B10, sc337C7, sc325C6,
sc325D8, sc325A6, sc325D9 and sc325A9 (Table 8js Shggested that a subset rpbB
selected rifampicin resistant mutants confer rasist to P.

It was also asked whether the 59% miutants that were isolated from wild-type 594 <ell
in the absence of P expression, were resistant AGtér transforming the 594 Rfmutants with
the wild-type P-expression plasmid, the same aasagbove was employed to study viability
and plasmid retention upon P expression. 594sc12mi2594sc337D were found to have some
degree of resistance to P (Table 8) which suggdktadertainrpoB mutants can confer cellular

resistance to P.
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Table 8. Induction of pclpR-P-timm plasmid-containing rpoB rif ® mutants

Plasmid retention
among the 37°C

Rif® mutants Viability at 37°C w.r.t. survivors %-plasmid Mutation
(containing 25°C titer retention among _
(no. of cfu that have the 37°C bp in rpoB’
P-expression (Mean + Standard error) | the plasmid/total no. SUrvivors
plasmid) © of cfu stabbed)?
sc325C16 <0.001 & 0.000007 26/26 100 1586
sc325D1% 0.0012 & 0.0008 3/25 12 1574
(0.001 + 0.0003)
sc325D6 0.1517 & 0.9048 25/25 100 1601
(0.53 + 0.38)
sc325A1C0° <0.0007 & 0.2093 2/25 8 1592
sc325D2 <0.001 & 0.0368 23/25 92 1576
sc325D5 0.0125 & 0.3881 3/25 12 1527
(0.20 + 0.19)
Sc325A7 0.0087 & 0.1144 0/26 0 1527
(0.062 + 0.053)
0/28 & later, same 28 No mutation
cells stabbed again + in region
sc325B7 0.012 6/28 10.71 (average) | 1391-2140
sc325BTF 0.0034 & 0.172 21/27 77.78 1605-13
(0.088 + 0.084)
sc325C5 1.0803 20/26 76.92 1691
sc325B6' 0.0024 & 0.0303 16/28 57.14 No data
(0.0164 + 0.014)
sc337C7 1.0336 & 0.9753 26/26 & 65/65 100 1601
(1.005 + 0.029)
sc325C6 1.0476; 0.1964 & 0.0385 26/26 & 3/22 100 & 13.64 592
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(0.43 £ 0.31) (57 + 43)
sc325B1C 0.8155 28/28 100 1600
sc325D10 1.1039 & 0.9389 45/45 & 40/40 100 1604-12
(1.021 + 0.083)

sc325D4 0.0196 4/26 15.38 No data

sc325D8 0.0665 27/30 90 1691

SC325A6" 0.1222 29/29; 25/25 & 38/3 100 1595

sc325DF 0.025 29/29; 28/28 & 36/36 100 1565

SC325AF 0.0261 32/46 69.57 1687

sc325C4 0.1639 0/36 0 1687

SC325A4 < 0.00096 No data - 1585
594sc125AZ 0.0000164 & 15/22 68.18 1535

<4x10°
594sc137A2 0.5586 & 23/26 88.46 1586
4.8 x 10°
(0.28 + 0.28)
594sc325E 0.0898 & 0.0023 0/28 & 0/4 0 1592
(0.046 + 0.044)
594sc3370 0.6115 & 0.029 20/25 & 0/89 80&0 1714
(0.32 £ 0.29) (40 + 40)

sc337D6 0.027 95/102 93.14 1609

ControlrpoB’ 0.0043 £ 0.0016 0/30 0

594[pclpR-P-timm]

@ These rifampicin resistant mutants have been sthlat 25°C. These mutants retained the P-

expression plasmid (Table 5 — coloumn on the left).
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P This rifampicin resistant mutant arose at 37°Chia presence of P expression. But, this is the
only 37°C isolated mutant that retained the P-esgiom plasmid. This mutant complemented for

P at 37°C which suggests that thgene in the plasmid was wild-type.

¢ These rifampicin resistant mutants have beentswlfrom wild-type 594 cells in the absence
of P expression (Table 6).

4This rifampicin resistant mutant arose at 37°Criespnce of P. The P-expression plasmid was

lost from this mutant strain during selection.

© Except sc325D4 (P complementation assay not dafi¢he rift mutants (that contain a P-
expression plasmid, pclpR-P-timm) complementedHoat 37°C. [See data in Supplemental
Table 1.]

" Rif® mutant cells containing the P-expression plasmithR-P-timm were diluted and plated
on two rich TB agar plates that were incubateds4C2and 37°C. Viability at 37°C w.r.t. 25°C
titer = Titer on TB at 37°C / Titer on TB at 25°C.

9 Rif® mutant cells containing the P-expression plasmidpR-P-timm were diluted and plated
on two rich TB agar plates that were incubated5C2and 37°C. Survivor cfu at 37°C were
picked with a sterile toothpick and stabbed onfbBaplate supplemented with ampicillin at a
final concentration of 56y/ml and a control TB plate. Ability of a cfu toayr on TB+Amp plate
suggests that the cfu has the plasmid in it.

" Standard error has been calculated by taking2agetata into consideration.
' DNA sequencing done by S. Hayes and C. Hayes.

Note: The 37°C plates were prewarmed for approxetgat to 3 hours before spreading cells.

71



3.12. Determining if a 9 base pair deletion in hostrpoB gene that affected 4 amino
acids confers cellular resistance to P-toxicity

S. Hayes and C. Hayes determined by DNA sequemalgsas that sc325D10 had a 9 bp
deletion inrpoB that affected 4 amino acids. The spontaneods mifitant, sc325D10 was
isolated at 25°C (in the absence of P expressiam) the Low Dose Inoculum Assay (LDIA)
and it retained the P-expression plasmid. Uponntaérinduction of P expression at 37°C,
sc325D10 was found to be resistant to P-lethality the 37°C cfu were found to retain the P-
expression plasmid (Table 8). As sc325D10 mutarst fmand to be completely resistant to P, it
was asked whether the 9 bp deletiompoB that affected 4 amino acids was responsible for P-
resistance. To test this, the sc325DPA6B DNA (actual sequenced PCR product) containing the
deletion was electroporated into 594[pSIM6] celmtaining theh Red recombination system.
Rif? recombinants were selected on TB+l@bnl Rif plates at 30°C. Sequencing of the
recombinants revealed that the 9 bp deletion (dféected 4 amino acids) successfully
recombined with the wild-typgpoB DNA. The P-expression plasmid was transformed th&o
resulting recombinant, 58doB(D10). Upon thermal induction of P expression ia thsulting
transformant (59oB (D10)[pclpR-P-timm]), it was found that 5§gbB(D10) was sensitive to
P which suggested that the deletionpoB alone did not contribute to P-resistance in thempa
strain, sc325D10 (Table 9).
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Table 9. 9 base pair deletion irrpoB that affected 4 amino acids does not confer celkrd
resistance to.P

Rif® recombinant Viability at Plasmid retention %-plasmid Mutation AA
constructed by 37°C w.r.t. among the 37°C retention bp in change
recombineering?® ~25°C titer survivors among the rpoB
37°C
(no. of cfu that have _
survivors
the plasmid/total no.
of cfu stabbed)®
594rpoB(D10)° 0.0015; 0.0073| 8/121; 2/50 and 0/20 6.61; 4 and 0 1604-12 4AM
and 0.0053
[pclpR-P-timm] (3.54 £ 1.92)
(0.0047 £
or
0.0017)
Tsc325D10
[pclpR-P-timm]

2 5¢325D10 rff mutant (that retained the P-expression plasmidy isalated at 25°C (in the
absence of P) from rif594[pclpR-P-timm] cells. sc325D10 mutant was tesisto P-killing at
37°C and the 37°C cfu retained the P-expressiosnpth DNA sequencing of sc325D10
revealed that the isolated Tifnutant had a 9 bp deletion iipoB (S. Hayes and C. Hayes) that
affected 4 amino acids. To find out whether theB deletion was responsible for the P-resistant
phenotype, the PCR fragment sequenced was elecatedointo a wild-type 594[pSIM6] cell.
pSIM6 plasmid contains Red recombination genes that will allow the elgotrated fragment
to recombine with the wild-type recipient chromosorRif® recombinants were selected at 30°C
on rich TB plates supplemented with rifampicin dtreal concentration of 1Q@/ml. After rifX
confirmation, the 59oB(D10) or Tsc325D10 recombinants were transformet thie pclpR-
P-timm plasmid. The transformants were selectee2&tC on rich TB plates supplemented with
ampicillin at a final concentration of p@/ml. Then, these resulting transformants were ¢edu
for P-expression to study the viability and plasmaténtion in the recombinant mutant strain.
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b Cells were very slow growing. They took ~4 dayseach mid-log phase.

¢ Riff mutant cells containing the P-expression plasmidpR-P-timm were diluted and plated
on two rich TB agar plates that were incubatedsdC2and 37°C. Viability at 37°C w.r.t. ~25°C
titer = Titer on TB at 37°C / Titer on TB at ~25°C.

4 Riff mutant cells containing the P-expression plasmithR-P-timm were diluted and plated
on two rich TB agar plates that were incubated &°€2and 37°C. Survivor cfu at 37°C were
picked with a sterile toothpick and stabbed onfbBaplate supplemented with ampicillin at a
final concentration of 56y/ml and a control TB plate. Ability of a cfu toayr on TB+Amp plate
suggests that the cfu has the plasmid in it.
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4. Discussion

4.1. \P-lethality

E. coli replication licensing factor, DnaC (Stillman, 1994 known to bind DnaB
helicase (Wickner and Hurwitz, 1975) and target® ithe bacterial origin of replicatiooyiC.
Bacteriophag@. gene product Pir(replication licensing factor) outcompetes host Onaotein
for binding to host DnaB helicase (Mallogg al, 1990; Konieczny and Marszalek, 1995) and
directs it tol origin of replicationoril. The sequestration of host DnaB helicase by Pivcepr
host DnaC protein the opportunity to bind DnaB aluekct it to oriC. This is probably the
simplest explanation of why host cell viabilitylsvered upon P expression. Section 3.1 shows
that AP is lethal to host cells which agrees with thecemh of ‘P-lethality’ established by
Klinkert and Klein (Klinkert and Klein, 1979). Lovevels of P protein do not kill the host cells
but elevated levels of P are lethal (Maitial, 1991b). The re-repression (of P) assay in Section
3.2 suggested that host cell viability is signifitg lowered upon P expression. Prolonged
cellular exposure to P kills the cells. One explammafor the reduced cell viability upon P
expression can be the effect of P on cell repbeati

A class ofdnaBmutations calledroP prevented wild-type phadegrowth at permissive
temperatures for bacterial DNA synthesis, but afldvthe growth of phage that possessed
mutation in gen® (Dari et al, 1975). Georgopoulos and Herskowitz mapgesP mutations in
the hostdnaB gene (Georgopoulos and Herskowitz, 1971). Metital. reported that although
dnaBgroPmutants do not alloik DNA replication, they remain susceptible to P-&ditty (Maiti
et al, 1991b). They inferred that wild-type DnaB was mnequired for P-lethality. However,
Hayes (Hayes, 1979) proved that DnaB was requoed feplication initiation. Later, Hayest
al. showed that grpD55 allele dihaB blocked) replication initiation which suggested that P
needs wild-type DnaB to initiate replication frooniA (Hayeset al, 2005). Bull mapped the
grpD55 mutations to thenaB gene (Bull, 1995; Bull and Hayes, 1996). Latege tirpD55
mutations were sequenced by Horbay (Horbay, 2@4).suggested that the grpD55 mutations
in dnaB (that do not allow wild-type phage growth) might suppress P-lethality (Bull, 1995)
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which was confirmed in Section 3.1 of this work.idTlproved that P-DnaB interaction was
essential for P-lethality which refuted Magti als findings (Maitiet al, 1991b) stated above.

4.2. ColE1 Plasmid Loss among P-survivors

Section 3.9 showed that 11 out of 12 of th® mifutants that were isolated at 37°C upon P
expression (from Low Dose Inoculum Assay) had kbst P-expression plasmid. Section 3.2
showed similar results related to plasmid loss upoexposure. My data suggests that the
majority of the cells that survive P-lethality loe P-expression ColE1l plasmid. It also shows
that the cells that lose the P-expression plasmidivge. In our laboratory, experiments have
been done by other researchers to isolate plasmid BPom P-exposed 594[pclpR-P-timm]
cultures at 37°C and control 594[pclpR-P-timm] ge&lt 25°C (when there is no P expression).
pUC19 plasmid was used as a control for agarosargaysis. Conclusions from gel data from
the above experiments were similar to those fromstap assays. This supports the idea that P
probably interferes with ColE1 plasmid replicatiddnpublished data from our laboratory
showed that plasmid loss does not occur upon Resegfan in a DnaBgrpD55 host. This suggests
that since P cannot interact with the grpD55 canttron of DnaB helicase, ColEL replication is
not inhibited. In ColE1 plasmid replication, RNaseltaves the RNA-DNA hybrid to form
primers. DnaB is reported to promote replicatiomk fadvancement in vivo (Lebowitz and
McMacken, 1986; McMackeast al, 1977). For the ColE1 replication fork to advanbeaB is
required to unwind the DNA double strand. If Priteracting with DnaB during this step or if P
is sequestering DnaB and making DnaB unavailabtettis step, ColE1 replication will be
inhibited. ColE1 plasmids do not have a partitigngystem. So, there is unequal distribution of
plasmid copies among daughter cells. If P inhil@&EL replication, plasmid copy number
decreases. This increases the chances for plasssd Also, PriA is known to restart stalled
replication forks by loading DnaB helicase and eguired for DnaB loading on the ColEl
plasmid. So, if P is interacting with DnaB or sesfeeing DnaB, PriA may not be able to restart
replication forks, and may be inhibited for ColEplication (Minden and Marians, 1985; Lee
and Kornberg, 1991). These are possible modelshmxplain ColE1 plasmid loss among P-

survivors.
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4.3. DNA replication and causes of mutation

DNA polymerase enzymes are very particular abbeir tchoice of nucleotides during
DNA synthesis. They ensure that the bases addadgtowing strand are correctly paired with
their complements on the template strand (i.e.,wAth T's, and C's with G's). But, they also
make mistakes at a rate of about 1 per 100,00@atides. Cells have highly sophisticated ways
of fixing most, but not all, mistakes made by DNélymerases. Proofreading is a process which
corrects most of the errors immediately during ioglon. Some errors are corrected after
replication by a process called mismatch repairriigu proofreading, DNA polymerases
recognize the error and replace the wrongly indertacleotide, thus, allowing replication to
continue. Proofreading fixes about 99% of thesedypf errors. But, this is still not good enough
for cell functioning. After replication, the finarror rate is further reduced by mismatch repair
where enzymes recognize and fix the deformitiegssed by the incorrectly paired nucleotides in
the secondary structure of the final DNA molecblereplacing the incorrectly paired nucleotide
with the correct one. Incorrectly paired nuclecsidbat persist even after mismatch repair,
become permanent mutations after the next celbidni This is because once the mistakes are
established; the cell no longer recognizes theneresrs. The DNA strand with established
mistakes, serve as the template strand for futepdication events causing all base pairings
thereafter to be wrong (Pray, 2008).

Mutations can also be caused by various envirotatigninduced and spontaneous
changes to DNA that occur prior to replication bug perpetuated in the same way as unfixed
replication errors. As with replication errors, ma&nvironmentally induced DNA damage is
repaired, resulting in fewer than 1 out of ever@0D, chemically induced lesions actually
becoming permanent mutations. The same is true oataled spontaneous mutations.
"Spontaneous” refers to the fact that the changesran the absence of chemical, radiation, or
other environmental damage. Rather, they are ysoallsed by normal chemical reactions that
go on in cells, such as hydrolysis. Most of thgzentaneous errors are repaired by DNA repair
processes. But, if they are not repaired, a nudedhat is added to the newly synthesized strand

can become a permanent mutation (Pray, 2008).
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In this work, we studie@d gene product P which is a toxic agdat.coli cells are killed
upon P expression (Section 3.1). My data sugghatstiie mutator phenotype observed among
the P-survivor cells is linked to P expression {lees 3.4, 3.5, 3.6, 3.7 and 3.8). One possibility
is that P is stimulating the mutations in the hdsbmosome by interacting with DnaB helicase
during the replication propagation step, thus,yrerhg replication fidelity. If this is true, P Wil
be a toxic and a mutagenic agent. Upon P expressiost of theE. coli cells will be killed.
Among the P-survivors, some will have a genome izt not been damaged (no lesions) and
some will have DNA lesions (in this case, a misrpatn their chromosome. If this mismatch is
repaired, it will restore the pristine DNA sequen®¢herwise, the next round of replication will

convert the mismatch into a permanent mutationg(laéteration).

4.4. Assessment of the apparent mutator phenotype by Lowose Inoculum Assay (LDIA)

In Luria-Delbrick Fluctuation Test, bacteriophafie was used as the selective agent
(Luria and Delbrtck, 1943). In the Low Dose Inoculdssay (LDIA) used in this work,P is
the selective agent which means that any celllthata pre-existing mutation (that make the cell
resistant to P) in any of the genes with which teéracts (likednaBor dnaA), will be resistant to
P-toxicity. The other possibility is that the cediee killed or mutated upon expression of P, the
selective agent. Our initial hypothesis was thakpression causes random mutations in the host
E. coli chromosome. | tested this hypothesis by seledongifampicin resistant mutants from
each of the LDIA parallel cultures at 25°C (notrédiced) and 37°C (P-induced) as shown in
Section 3.8. | obtained more Tifnutants at 37°C than 25°C for some of the cultubes not
others. This was initially interpreted to suggestxPression induced Rfmutants to arise after
induction of P at 37°C. However, for this to be y@n true, a number of controls need to be
considered. For example, rifampicin antibiotic mon to stop transcription by inhibiting RNA
polymerase. How rapidly does rifampicin inhibit RN#lymerase? We show that for some
culture tubes in the Low Dose Inoculum Assay, rifgecin resistant mutants arose on the plates
in the presence of P. We also argue that thesentsud@e not pre-existing mutants as they did
not show up on the plates at 25°C when there wa$nand thus appear to support the

hypothesis that P induction increases the frequehcayampicin resistance.
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However, a number of additional factors need totdleen into consideration before
accepting this finding as proof that P expressi®nncreasing the mutation frequency. For
example, is it even possible that the cells plabed TB+10Qug/ml Rif plates would have
sufficient time to induce P (or, transcribe P)p@allP to interact with some unknown protein and
cause mutations in the host DNA, allow mutant DNAbie transcribed with the rifampicin-
sensitive RNA polymerase to express the rifampiesistant version that then accumulates to
allow the cell to grow in the presence of rifampfiThis calls into question the idea that "when
wild-type cells are exposed to P at 37°C on TB+Ifdl Rif plates, P stimulates chromosomal

mutations that confer rifampicin resistance phepettp the cells".

It has been reported that the minimum inhibitaopaentrations (MICs) of rifampicin for
gram-negative bacteria are much higher (8:82nl) than those of gram-positive bacteria such
as staphylococci (0.0dg/ml). Hence, in gram-negative bacteria (in ouecks coli), penetration
of rifampicin through the outer membrane is thelahiting step and any kind of reduction in
the outer membrane permeability may result in mstanth a significant degree of resistance to
the antibiotic (Wehrli, 1983). But, in my experimgnl00ug/ml rifampicin was used which is
much higher than the highest MIC value for gramatieg bacteria reported by Wehrli.

Hayes (Hayes, 1979) compared lambda transcrigtam induced rifampicin sensitive
and rifampicin resistant lysogenic cultures. Faifa W3350¢.cl857) cell, RNA synthesis from
both the lambda and host DNA was reduced by 59-7afudd, respectively, by either 15.5- or
1.5-min pretreatment with 2Q8y/ml of rifampicin (Hayes, 1979). Therefore, tramgtton from
the pr promoter is probably not completely shut off, thbwsignificantly reduced, which might
result in the transcription of geri@ and eventual synthesis of the P protein. The wesid

expression of P may be sufficient to generate amtidced” mutator effect, if any.

Rifampicin resistance used in this work is notideal target to determine whether P is
stimulating rifampicin resistant mutations in theshchromosome by altering tike coli rpoB
gene. This is because somé& rifiutants were found to be resistant to P-toxicBgdtions 3.10
and 3.11) and thus, selection forrihutants in presence of P expression could be dt res
enrichment for pre-existing mutants. Also, selagtior rifampicin resistant mutants upon P
expression involves a double selection — seletibfP-vesistant colonies and seletion of rif

colonies, i.e., upon thermal induction of P expisfrom 594[pclpR-P-timm] cells at 37°C, the
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rif? colonies that arise on TB+106/ml Rif plates at 37°C have to first survive Pality. It has
been reported that stationary phase or adaptivatimons occur more often when selected than
when not (Wrightet al, 1999). So, double seletion might result in therease in the rate of
occurrence of mutations. Therefore, screening ibetier way to look for mutations than
selection. It is always a better way to screen, icedo a survey among the P-survivors to look
for possible mutants than to select for a mutatisrthis forces the mutation to arise. Hence,
screening for auxotrophs among P-survivors was @d gassay to determine whether P is
involved in stimulating the nutrient gene mutati@msong the P-survivors. An important control
that could have been done was to test whether uRetphic mutants were resistant to P-
toxicity. This could have been done by transforntimg wild-type P-expression plasmid into few
of the isolated auxotrophs and thermally inducing plasmid for P expression and looking for
P-killing. Screening for Maland Xyl fermentation-defective mutants among P-survivomukl
have been used to show whether P was responsibteggering the mutator phenotype in the
host. A P strain will serve as a control. Budit al. used these targets for their study of
hypermutation in chromosomal genes in associatiih adaptive Lat mutation (Bullet al,
2000). Screening for auxotrophs or nutrient gendatrans, Mal and Xyl fermentation-
defective mutants are better assays for studyintagemesis as these genes are silent during

cellular growth phase on a rich medium at permesamperatures.

The E. coli rpoB gene is a relatively small target and mutationsthe rpoB gene
represent a very small “window”. In other words,yoa select few base changes might be
allowed which may result in certain amino acid aes in RNA polymerase. Too many
mutations inrpoB will probably have a lethal effect on the cellthe mutated RNA polymerase
might not be able to function at all, thus shuttidgwn transcription. | have reported the
appearance of a very high number of rifampicinstesit mutants upon P expression at 37°C for
some cultures (in Low Dose Inoculum Assay) and matador those cultures suggest that P
might be causing it as no mutants arose at 25°@htme cultures. If P is stimulating the mutator
phenotype, i.e., if the appearance of high numbénsfampicin resistant mutants at 37°C are
triggered by P, it could be expected that thereukhbe other mutations accumulating in the
essential host genes too. During a burst of “P-gedll mutagenesis, how high must the level of
mutations in other essential genes in the hostnebsome be to support the very high number of

rifampicin resistant mutants seen in Cultures 2@ a8 in Figure 13B. This is analogous to
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‘Error Catastrophe’ (Crottet al, 2001). A burst of random P-induced mutationsha host
chromosome should decrease the chances of celvalirthus decreasing mutant yield. While
some of my data in Figure 13B show elevate@ miutants to arise upon P induction, there are
multiple cultures which did not yield increasedanfpicin resistant mutants following P
induction. It is difficult to envisage a P-depentlerutator mechanism that appears to be “hit or

miss”.

4.5. Rifampicin resistance and P-resistance

One possible explanation for the observed appdrit rif* mutation rate among P
expression surviving colonies could be that prestaxg rif* mutations somehow make the cell
less sensitive to P-induced Killing. If this wete tcase, selection for survivor of P induction
would result in an enrichment of Fitolony forming units among the survivors and gateean

apparent increase in fitfu among P-expression survivors.

To determine whether the plasmid-less or curesmficin resistant mutants that survived
the thermal induction of P expression at 37°C, 88d rifampicin resistant mutants (that were
never exposed to P expression) were resistant toxiBity, a transformation assay was
performed where the wild-type P-expression plaswaéd transformed and ampicillin resistant
transformants were selected at 25°C and 37°C onAnhig+ plates. My results (Section 3.10)
show that the wild-type 594 control cells did nalg any P-expression plasmid transformants at
37°C; whereas 2 out of 4 594%ifnutants showed some transformants at 37°C suggetsiat
the presence of fifmutations inrpoB can influence susceptibility to P expression.upport of
this finding, almost all (6 out of 8) of the Fiftnutants obtained from P-induced cultures were
able to be transformed with the P-expression pldsati37°C. Significantly, many of these
mutants were transformed at relatively high efficigat 37°C in comparison to 25°C. Moreover,
it has to be noted that the transformation frequesic25°C for all of the rif mutants was
significantly lower than that of wild-type 594 celpossibly due to the altered RNA polymerase.
The possibility that the altered RNA polymerasenierfering with the efficiency of ColE1l

replication of the transformed plasmid remains ¢otésted and if true, would also explain the
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observed enrichment for fifmutants among 37°C survivors of P expressionngsrerease in

the rate of plasmid loss will increase the numbepparent surviving cells.

In Section 3.8, an induction assay was performgthbrmally inducing P from the P-
expression plasmid that was retained in the 256@&tsd riff mutants obtained from Low Dose
Inoculum Assay. For one 37°C Fifnutant which lost the P-expression plasmid (sc&7and
for the 594 rif mutants, the wild-type P-expression plasmid wassformed into the cells. My
data (Table 8) indicated that many of the rifampi@sistant mutants (that arose at 25°C from
LDIA) and 2 of the 4 rifampicin resistant mutantisat have never been exposed to P) that were
isolated from wild-type 594 cells were resistantRdoxicity. The only difference between

Tables 7 and 8 was that Table 7 is a transformatssay and Table 8 is an induction assay.

A few control experiments can be done to helpbdista whether rifampicin resistant
mutants are resistant to P-toxicity. For exampleild-type pBR322 plasmid witholR can be
transformed into a wild-type 594 cell and a 594 rifell and the relative frequencies of
appearance of transformants from 25°C to 37°C & iransformant strains can be determined.
This would have determined whether rifampicin resise influences the fidelity of plasmid

maintenance. In essence, further experiments adedeto test this possibility.

4.6. Debate aboukP and RNA polymerase interaction

There are no reports describing a physical intenacbetweenAP and host RNA
polymerase in the literature. However, McKinney aWkchsler demonstrated a genetic
interaction betweeiP and host RNA polymerase in that specific commnat of AP, mutants
and rpoB rif® mutants increased or decreadés plaque forming ability in an allele specific
manner (McKinney and Wechsler, 1983) suggesting itFa host DnaB helicase and RNA
polymerase form a functional complex that is reegifor A replication. TheA replication
initiation protein P is known to interact with ladd O protein (Tomizawa, 1971) that binds to
ori4 sites (Tsurimoto and Matsubara, 1981), and withkt lpwoteins DnaB (Georgopoulos and
Herskowitz, 1971; Saito and Uchida, 1977; Klaih al, 1980) required as a helicase for

chromosomal replication, and with heat shock pnstddnaJ (Yochenet al, 1978), DnaK
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(Yochemet al, 1978), GrpE (Zyliczt al, 1987), and with DnaA (Wegrzyet al, 1996; Dattaet
al., 2005b; Dattaet al, 2005a), required fdE. colireplication initiation, and possibly with RNA
polymerase (McKinney and Wechsler, 1983)AIreplication initiation, P brings DnaB to an O-
oriA complex to form the preprimoson@iii-O-P-DnaB complex (Dodscet al, 1989) involved
in the® mode ofA bidirectional replication initiation. The C-ternaihregion ofAO contains a P-
binding domain (Furtlet al, 1977; Furth and Yates, 1978; Wickner and ZahB6)L9Recently,
Szambowskaet al. published an article showing the® protein physically interacts with host
RNA polymerase (Szambowské al, 2011). Therefore, it will be of no surprise iid?found to

be a part of such a complex.

My data do not show any evidence of a direct playsiteraction betweekP andg. coli
RNA polymerase. However, the fact that a lot of th&lated rifampicin resistant mutants are
resistant to P-toxicity suggest that P and RNA pagase might be interacting with each other.
It is known that theE. coli rpoB gene encodes thfesubunit of RNA polymerase. Mutations in
rpoB confer rifampicin resistance to the cells. | fouhdt a 9 base pair deletion ipoB that
affected 4 amino acids did not make the cell rasisto P. Hence, | do not have any data
showing that P interacts with RNA polymerase. FertiBtudies are required to resolve this
debate.

4.7. Future Experiments

Our introductory hypothesis was thd expression stimulates random mutations in the
hostE. colichromosome. We tested this hypothesis my usingtaaphy (mutation(s) in nutrient
gene) and rifampicin resistance (mutation(sjpaB gene) as chromosomal targets. As some of
the rifampicin resistant mutants showed some degfaesistance to P-toxicity, the observed
apparent increase in therifrequency can be explained as an enrichment eéxisting rpoB
mutations. Hence, rifampicin resistance is not @dgdarget for investigating whether P
stimulates random mutations in the host chromosdammilarly, it is important to find out
whether auxotrophic mutations were making the lkelis resistant to P-toxicity. To test this, a
P-defective RK auxotroph containing thel immunity region, can be transformed with a P-

expression plasmid with a 434 immunity region. AeXpression plasmid with a cl immunity
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region (pclpR-P-timm) can be used to transformnRK™ auxotrophs and auxotrophs obtained
among the plasmid-cured P survivors (obtained ugh@mmal induction of P expression in
594[pclpR-P-timm] cells) and the resulting transfants should be thermally induced for P
expression. Then, it has to be seen whether thedlsesarvive P-toxicity.

Upon thermal induction of P-expression from thdEloplasmid in 594[pclpR-P-timm]
cells, the P-survivors were found to be cured & ghasmid. One hypothesis is that P is
stimulating ColE1 plasmid loss from host cells. Arer explanation is that the cells which lose
the plasmid survive. This is a more probable exgtian as the toxic agent, P is expressed from
the plasmid itself which when lost, allows the d¢eligrow without inhibition. To test whether P
stimulates ColE1 plasmid loss, a chromosomal Pesgion system should be used instead of a
plasmid P-expression system. P should be exprdsseda prophage in a cell containing a

pBR322 plasmid and then, plasmid loss should bdieduamong the P-survivors.

My data in Section 3.10 shows that the rifampi@sistant mutants were resistant to P-
toxicity. A few additional control experiments ameeded to confirm this observation. A wild-
type pBR322 plasmid withot® can be transformed into a wild-type 594 cell amtd ia 594 rif
cell and the relative frequencies of appearanceasfsformants from 25°C to 37°C for both
transformant strains can be determined. These tapiocontrols will substantiate the data in
Table 7. Since some fifmutants are resistant to P-toxicity, it indicatest P might be
interacting with RNA polymerase. Assays have toedtm show whethekP andE. coli RNA

polymerase physically interact with each other.
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APPENDED SUPPORTING CONTROL EXPERIMENT :

P complementation assay was employed to studypPegsion from assay cells as a
control experiment. AP amber mutant phage grew on host cells which egpted at a
particular temperature. THe amber mutant phage also grew on a suppressor TG&erial

strain® (control).

® Nonsense suppressor strain: A bacterial stra@ll Mdiich has a mutation within the anticodon
of a normal tRNA, enabling the mutated tRNA to oi@e and insert an amino acid at a stop

codon.

Supplemental Table 1. P complementation assay usiignm434Pam3 phage

Host strain Temperature Experiment # % Efficiency of Mean +* Standard
(°C) plating ? error
Y836 39 1 58.18 64.6 +6.4°
2 70.93
30 1 0.0524 0.0524
Y836 ilr 534cO"P* 39 1 46.92 41 +12
2 57.64
3 17.5
30 1 0.0178 0.0178
Y836 ilr 0208bP" 39 1 56.92 67 +18
2 100.91
3 41.67
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30 1 0.0044 0.0070 + 0.0026
2 0.0095
Y836 ilr 0223aP" 39 1 33.08 345+ 1.4
2 35.83
30 1 0.0081 0.0081
Y836 ilr O*P::1S2 39 1 0.00007 0.00022 + 7.54 x 10
2 0.00026
3 0.00032
30 1 0.00008 0.00008
594[pclpR-P-timm] 37 1 140.74 93 + 24°
2 74.93
3 63.41
30 1 82.35 82.35
25 1 0.0762 0.0762
594[pclpRAP-timm] 37 1 < 0.000024 < 0.000024
2 < 0.000024
SC325A6 37 1 157.69 157.69
SC325A7 37 1 103.53 103.53
SC325A9 37 1 126.92 126.92
SCc325A10 37 1 80 80
sc325B1 37 1 98.82 98.82
sc325B2 37 1 130.6 130.6
sc325B6 37 1 87.06 87.06
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sc325B10 37 1 97.01 97.01
sc325C4 37 1 165.38 165.38
sc325C5 37 1 85.82 85.82
sc325C6 37 1 138.06 138.06
sc337C7 37 1 126.87 126.87
sc325C10 37 1 35.29 35.29
sc325D1 37 1 84.71 84.71
sc325D2 37 1 82.35 82.35
sc325D5 37 1 98.82 98.82
sc325D6 37 1 101.18 101.18
sc325D8 37 1 130.77 130.77
sc325D9 37 1 126.92 126.92
sc325D10 37 1 88.46 88.46
594sc125A2 [pclpR- 37 65.4 84.9+6.8
P-timm]
88.56
88.66
97.01
594sc137A2 [pclpR- 37 108.99 107.6 £9.7
P-timm]
95.37
91.64
134.33
594sc325E [pclpR-P- 37 111.72 113.1+£8.7
timm]
89.92
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3 120.3
4 130.6
594sc337D [pclpR-P- 37 1 79.02 975+124
timm]
2 73.57
3 114.33
4 123.13
594rpoB(D10) 37 1 49.47 49.47
[pclpR-P-timm]

2 0.1 ml of the diluted® amber mutant phage was added to 0.3 ml of holst. dden, 3 ml of
tryptone top agar was added to the cell-phage maxand the whole mixture was immediately
poured onto a rich TB plate. % efficiency of platiof P amber mutant phage on all host strains
was calculated w.r.l? amber mutant phage titer on suppressor strainQUC®% efficiency of
plating of P amber mutant phage = (Titer (pfu/ml)Bfamber mutant phage on a host cell / Titer

(pfu/ml) of P amber mutant phage on TC600) x 100.
P Standard error has been calculated by taking2cgetata into consideration.

¢ Refer to Supplemental Figure 1 for pictures ofjpkss.
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Supplemental Figure 1Aimm434Pam3 plaques on 594[pclpR-P-timm] cell lawn

A B

Supplemental Figure imm434Pam3 plaques on 594[pclpR-P-timm] cell lawn. (A) Mear
rescue resulting in very small plaque formatiorb®A[pclpR-P-timm] cell lawn at 25°C (plating
dilution: 10%). 594[pclpR-P-timm] did not complement for P at°’@5 (B) As 594[pclpR-P-
timm] cells complemented for P at 37°X@mnm434°am3 plaques grew on the cell lawn (plating
dilution: 107). P expression from the plasmid complementedffembnsense mutation fhgene

in Aimm434Pam3 phage allowing plaque formation. The cell lawas weaker at 37°C (in

comparison to 25°C) because 594[pclpR-P-timm] acedise killed upon P expression at 37°C.
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APPENDED SUPPORTING EXPERIMENTAL DATA TABLES :

Supplemental Table 2. P expression at 42°C (from eryptic A prophage) Kills hostE. coli
cells and P-DnaB interaction is required for P-kiling (Data for Figure 5 in Section 3.1a)

Strain Experiment # Viability at 42°C w.r.t. Mean + Standard error
30°C?

Y836 1 3.0x 10 7.0x10°£1.7 x 10°
2 1.5x 10
3 4.8 x 10
4 1.7 x1C
5 1.1x10
6 1.3x1C
7 1.7 x 10
8 8.7 x 10
9 1.3x10
10 3.9x10
11 6.3x 10
12 45x10

Y836his” 1 1.3x1C 1.45x 10° £ 9.6 x 10’
2 1.7 x1C
3 1.5x10
4 1.3x1C

Y836dnaByrpD55 1 0.39 0.255 + 0.055

2 0.13
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0.28

0.22

594::clll-ren)’

26x10

1.8x 10

6.5x 10

7.9x 10

32x10+1.6x 10

Y836 O'P::Kan

0.21

0.93

0.0073

0.0017

0.041

0.22

0.59

0.069

0.26 +0.12

Y836 ilr 0223P"

6.2 x 10

3.7 x10"

1.2x 10

3.7 x10"

7.0x 10

2.0x 10"

2.4 x 10"

1.4x 10

3.4 x 10"

3.88 x 10° + 0.00012
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Y836 ilr O"P::1S2 1 0.87 0.61+0.11
2 0.90
3 0.65
4 0.59
5 0.47
6 0.15

594dnaByrpD55 1 0.15 0.268 £ 0.082
2 0.64
3 0.28
4 0.31
5 0.41
6 0.073
7 9.5x 10’

594 1 0.16 0.223 + 0.099

2 0.20
3 0.50
4 0.033

@Assay cells were washed and the cell pellets wesespended i®80 buffer and were diluted.
The diluted cells were plated on rich TB platesduplicates that were incubated at 30°C and
42°C. Viability at 42°C w.r.t. 30°C = Cell titer aich TB plates at 42°C / Cell titer on rich TB
plates at 30°C.
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Supplemental Table 3. P expression at 37°C (from @olE1 plasmid) kills hostE. coli cells
and P-DnaB interaction is required for P-killing (Data for Figure 6 in Section 3.1b)

Strain Experiment # | Viability Mean Viability Mean viability at 37°C
at 30°C | viability at at37°C | w.r.t. 25°C + Standard
w.r.t. 30°C w.r.t. w.r.t. error
25°C? 25°C + 25°C"
Standard
error
594[pclpR-P-timm] 1 1.2 0.951 + 0.013 0.0043 £ 0.0016
0.058
2 0.79 2.0x10
3 1.1 9.4 x 15 | (less than value not taken
into account)
4 1.1 9.1x1d
5 0.73 1.1x18
6 0.90° 2.7x10°
7 0.64 <7.1x10
4
8 1.1 1.7 x 10
9 0.95 3.6x10
10 1.0
594dnaByrpD55 1 0.95 1.001 1.1 0.81+0.11
0.068
[pclpR-P-timm] 2 1.3 1.0
3 0.78 0.50
4 0.96 0.69
5 0.97 0.74
6 1.3
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7 0.71

9 0.94

& Assay cells were washed and the cell pellets wesaespended i®80 buffer and were diluted.
The diluted cells were plated on rich TB platest tlvare incubated at 25°C, 30°C and 37°C.
Viability at 30°C w.r.t. 25°C = Cell titer on richB plates at 30°C / Cell titer on rich TB plates at
25°C.

P Assay cells were washed and the cell pellets wemespended i®80 buffer and were diluted.
The diluted cells were plated on rich TB platest tlvare incubated at 25°C, 30°C and 37°C.
Viability at 37°C w.r.t. 25°C = Cell titer on richB plates at 37°C / Cell titer on rich TB plates at
25°C.

“Instead of a TB plate, an LB plate was used is ¢éixiperiment.
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Supplemental Table 4. Re-repression (of P) assaydia for Figures 7 and 8 in Section 3.2)

Temp. Set#/ CFU/plating dilution Average titer % plasmid
(°C) exposure retention among
, (cells/ml)® .
time at 37°C cfu
for plates to
be shifted?®
10* 10° 10° 10’
25 #1 193 1.93 x 18 100
30 #1 13¢ 1.59 x 18 100
#2 179
37 #1 48 94 6.9x16 0
37—30 1 hour TNTC TNTC 162 1.62 x 10 100
2 hours TNTC | TNTC | difficultto | 72° 7.2x16G 100
count as a
lot of
colonies
are fused
6 hours TNTC 123 13 1.27 x 16 63’
(big and| (98 big (9 big and
small) and ~25 4 small)
small)

& A volume of stationary phase cells of 594[pclpRis®m] were washed and the cell pellet was
resuspended in the same volumeDd80 buffer. The diluted cells were plated on TB gdathat
were incubated at 25°C, 30°C and 37°C (controls3et3 of plates were also plated with the
same cells at 37°C which after 1, 2 and 6 houspeetively were cooled on ice for a while and
were then shifted to 30°C.
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b Average titer (cells/ml) is the cfu count on riEB plates obtained at each temperature.

¢ Cfu obtained at different temperatures on rich pi&tes were picked with a sterile toothpick
and stabbed onto a rich TB plate supplemented waiitipicillin at a final concentration of

50ug/ml and a TB control plate. The stabbed plateewstubated at 25°C. % plasmid retention
among cfu that arose at a particular temperatu(fumber of cfu that were able to grow on

TB+Amp plates / Total number of cfu stabbed) x 100.
4 Same sized colonies - quite big.
® Same or similar sized colonies.

"All of the small cfu and ~50% of the big cfu retairtbe P-expression plasmid.
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Supplemental Table 5. Linkage between cryptid. prophage induction and appearance of
auxotrophs (Data for Figure 9 in Section 3.4)

No. of colonies No. of No. of colonies No. of
_ picked up from auxotrophs picked up from auxotrophs
Assay strains 30°C rich TB plates obtained at 42°Crich TB obtained at
a 30°C plates® 42°C
Y836 520 0 707 34
Y836 O'P::Kan 324 0 716 0
594::(clll-ren)* 347 0 295 47
Y836dnaByrpD55 179 0 337 11
Y836 ilr 534cO'P* 167 0 875 1
Y836 ilr 0208bP* 322 0 1065 1
Y836 ilr 0223aP" 223 0 654 171
Y836 ilr O"P::1S2 140 0 503 0
594dnaByrpD55° 413 0 919 1
594¢ 551 0 260 0

@ To determine whether spontaneous auxotrophs waitbén assay cells at 30°C, the 30°C cfu
were picked with a sterile toothpick and stabbetb @ MM agar plate and a rich TB control

plate. All plates were incubated at 30°C.

P Survivor cfu at 42°C on TB plates were picked watisterile toothpick and were stabbed to
duplicate MM agar plates that were incubated aC3&id 42°C and a TB control plate incubated
at 30°C. Inability of a colony to grow on MM plaguggests that the stabbed colony is an
auxotroph.
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“Refer to Supplemental Figure 2 for auxotrophic @hge.
4 These assay strains do not have a cryptiagment.

Note: Y836 is ahis strain. Any derivatives or mutants of Y836 areodiss. Therefore, for
plating these strains, MM agar plates supplemewidd histidine at a final concentration of 0.1

mg/ml was used.

Supplemental Figure 2. Auxotrophy assessment of YB83Ir 0223aP" mutants

Rich TB at 30°C

MM-+hig 80°C MM-+his+bio at 30°C

Supplemental Figure 2. Auxotrophy assessment of6Yi830223aP" mutants. 5 auxotrophic
mutants did not grow on MM+his and MM+his+bio pktat 30°C which suggested that they
were not biotin auxotrophs. The mutation was in sather nutrient gene. If by chance, they are
bio, they are also defective in some other nutrienege
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Supplemental Table 6. P-DnaB interaction is esseatifor the apparent mutator phenotype
— P expression from cryptick prophage (Data for Figure 10 in Section 3.5)

Strains Experiment # Rif* frequency at: Mean * Standard error
30°C? 42°CP 30°C 42°C
1 3x10° Not finite
433x10+68 | 294x10
Y836 2 52x10 2.94x 10° .
x 10
3 4.8x 10 Not finite®
Y836 O"P::Kan 1 9.6 x 10 2.4 x 10 53x10°+22x | 3.1x10°+1.9
108 x 107
2 22x10 2.5x 10°
3 4x10° 6.66 x 107
Y836dnaRyrpD55 1 2.25x 10 4.52 x 100 1.38x10°+3.8 | 39x10'+15
x 108 x 107
2 1.42 x 10 Not finite®
3 1.44 x 10 6.12 x 10/
4 4 x10° 9.3x 10°
Y836 ilr 0223P" 1 1.2x 10 Not finite® 85x10°+4.3x | 1.85x 107+ 7.3
108 x 10°
2 1.86 x 10 2.67 x 1¢°
3 1.6x 10 2.5x10°
4 1.27 x 10 3.91x 10
Y836 ilr O*P::IS2 1 3.9x10 7.6 x 10° 283x10°+83 | 9.1x10°+2.4
x 10° x 108
2 3.4x10 5.8 x 10°
3 1.2x 10 1.38 x 10/
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& Assay cells were diluted and plated on TB plat@spkemented with rifampicin at a final
concentration of 1Qdy/ml and control TB plates at 30°C. Rifrequency at 30°C = Titer on
TB+Rif at 30°C / Titer on TB at 30°C.

® Assay cells were diluted and plated on TB plategpemented with rifampicin at a final
concentration of 1Qdy/ml and control TB plates at 42°C. Rifrequency at 42°C = Titer on
TB+Rif at 42°C / Titer on TB at 42°C.

¢ Frequency values are not finite because no cfi grethe lowest dilution plate used.

Supplemental Table 7. P-DnaB interaction is esseatifor the apparent mutator phenotype
— P expression from a ColE1 plasmid (Data for Figur 11 in Section 3.6)

Strains Experiment # Rif* frequency at: Mean + Standard error
25°C? 30°CP 37°C°¢ 25°C 30°C 37°C
594 1 1.3x10F 12x100 | 1.72x1 | 1.5x10°+ | 3.0x10° | 1.22x 10
5 = 4.0 x 10° +1.1x | ®+52x
clpR-P- . .
[pclp 2 13x1 16x1 108 10°
timm]
3 6 x 10° 3.6x10° 5x 10°
4 3x10° 8 x 10° 2x10°
5 3x10°
6 7 x 10° 1.1x10°
7 6 x 10° 22x10° | 2.22x10
594dnaBy 1 2.7 x 10 1.4 x10¢ 25x10° | 1.87x1F+| 133x | 1.5x10
rpD55 5.6 x 10° 10%+ | +1.1x10
2 Not finite® 7 x 10° 5.82 x 10/ ;
[pcIpR-P- 2.1x10°
. 3 Not finite? | 1.6 x 10° 7.7 x10°
timm]
4 2.1x10F | Notfinite? | 5.2x10°
5 8x 10° 1.6 x 10° 3.2x10°
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& Assay cells were diluted and plated on TB plat@spkemented with rifampicin at a final
concentration of 1Q@/ml and control TB plates at 25°C, 30°C and 37RGF frequency at
25°C = Titer on TB+Rif at 25°C / Titer on TB at Z&°

® Assay cells were diluted and plated on TB plategpemented with rifampicin at a final
concentration of 1Q@/ml and control TB plates at 25°C, 30°C and 37R@" frequency at
30°C = Titer on TB+Rif at 30°C / Titer on TB at °

¢ Assay cells were diluted and plated on TB plat@spkemented with rifampicin at a final
concentration of 1Q@y/ml and control TB plates at 25°C, 30°C and 37RGF frequency at
37°C = Titer on TB+Rif at 37°C / Titer on TB at &°

4 Frequency values are not finite because no cfiv grethe lowest dilution plate used.
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Supplemental Table 8. P-DnaB interaction is esseatifor the apparent mutator phenotype
— Assay of various plasmid-containing strains (Dat&or Figure 12 in Section 3.7)

In order to determine whether P requires DnaB tfa potential mutator phenotype
observed (Section 3.7), P, Br AP-expression plasmid-containing cells expressinig-type
DnaB or DnaBgrpD55 were assayed to obtai? fiequencies at 25°C, 30°C and 37°C.
(Supplemental Table 8 is a combination of Supplaaidrables 9 and 10.)

Strains Mean rifX frequency + Standard error Fold changes in rif frequencies | Number of
at assays
25°C? 30°CP 37°Cc® 25°C 30°C* 37°C’
d
594[pclpR-P-timm] | 15x18+4.0 | 3.0x10f+ | 1.22x10+ | 1.0 2.0 810 7
x 10° 1.1x10° 5.2 x 10°
594dnaByrpD55mal | 1.87 x 1P +5.6 | 1.33x10° | 1.5x 10+ 1.0 0.71 8.0 5
F3089:Tn10 x 10° +2.1x10 1.1 x 10
[pclpR-P-timm]
594[pclpR-P-timm] 8 x 10° 33x10° 2.0 x 10’ 1.0 4.1 25 1
594dnaByrpD55mal 3.5x10° Not finite 9 4.2 x 10 1.0 Not finite? 12 1
F3089:Tn10
[pclpR-Ptimm]
594[pclpRAP- 52 x10° 43x10f+ | 333x10 1.0 0.83 6.4 3
timm] 1.4 x 108
594dnaByrpD55mal Not finite ¢ 2 x10° 95x10° 1.0 | Not finite? Not 2
F3089:Tn10 5.5 x 10° finite 9
[pcIpR-AP-timm]

2 Mean rif* frequency values and standard errors have beetatat. Rif frequency at 25°C =
Titer on TB+Rif at 25°C / Titer on TB at 25°C.
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® Mean rift frequency values and standard errors have beetatatl. Rif frequency at 25°C =
Titer on TB+Rif at 30°C / Titer on TB at 30°C.

¢ Mean rift frequency values and standard errors have beetatat. Rif frequency at 25°C =
Titer on TB+Rif at 37°C / Titer on TB at 37°C.

4 Fold change in fffrequency at 25°C = Riffrequency at 25°C / Riffrequency at 25°C.

® Fold change in rif frequency at 30°C w.r.t. 25°C = Rifrequency at 30°C / Riffrequency at
25°C.

" Fold change in rif frequency at 37°C w.r.t. 25°C = Rifrequency at 37°C / Riffrequency at
25°C.

9 Frequency and fold change values are not finieabse no cfu grew on the lowest dilution

plate used.

Note: Figure 12 contains fold change values at 25%0d 37°C. Data for
594dnaByrpD55malF3089: Tnl10 [pclpR-AP-timm] strain has not been plotted in Figure 12.
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Supplemental Table 9. P-DnaB interaction is esseatifor the apparent mutator phenotype
— Assay of various plasmid-containing strains (Dat&or Figure 12 in Section 3.7)

Strains Expt. # Rif* frequency at: Mean * Standard error
25°C? 30°CP 37°C*® 25°C 30°C 37°C
594[pclpR 1 1.3x 10 1.2x106°F | 1.72x10 15x10f+ | 3.0x10°+ | 1.22x
-P-timm] 10° +
2 1.3x 10 1.6 x 10° 4.0x10° 1.1x 10°
5.2 x
6
3 6 x 10° 3.6x10° 5x 10° 10
4 3x10° 8 x 10° 2x10°
5 3x10°
6 7 x 10° 1.1x10°
7 6 x 10° 22x10° | 2.22x1C
594dnaByr 1 2.7x10 1.4 x10° 2.5x10° 1.87x10+ | 1.33x10F | 1.5x
pD55 5.6 x 10° + 107 +
2 Not finite® 7 x 10° 5.82 x 10/ 11x
malF3089 2.1x10° ;
_ 3 Not finite® | 1.6 x10° | 7.7 x 10° 10
:Tn10
[pclpR-P- 7 21x10 | Notfinite® | 52 x 10°
timm]
5 8 x10° 1.6 x 10° 3.2x10°
594[pclpR 1 8x10° 3.3x10° | 1.98x 10 8 x 10° 3.3x10° 2.0 x
-P-timm] 10"
594dnaByr 1 35x10F | >35x10F | 4.2x10 35x10¢ Not finite? | 4.2 x
pD55 10’
malF3089
:Tnl0
[pCIpR-B-
timm]
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594[pclpR 1 Not finite? 5x 10° Not finite 5.2 x 10° 43x10°+ | 3.3x
-AP-timm] 10’
2 Not finite? | 1.6 x10° | Not finite® 1.4 x 10
3 52x10 6.2x10° | 3.33x10
594dnaByr 1 Not finite® | Notfinite® | 1.5 x 16 Not finite ° 2x10° 9.5 x
pD55 10°+
2 Not finite® 2 x10° 4x10°
5.5x
malF3089 10°¢
:Tnl10
[pclpR-
AP-timm]

& Assay cells were diluted and plated on TB plat@spkemented with rifampicin at a final
concentration of 1Q@/ml and control TB plates at 25°C, 30°C and 37R@" frequency at
25°C = Titer on TB+Rif at 25°C / Titer on TB at Z&°

P Assay cells were diluted and plated on TB plategpemented with rifampicin at a final
concentration of 1Q@/ml and control TB plates at 25°C, 30°C and 37RGR frequency at
30°C = Titer on TB+Rif at 30°C / Titer on TB at 3D°

¢ Assay cells were diluted and plated on TB plat@spkemented with rifampicin at a final
concentration of 1Q@/ml and control TB plates at 25°C, 30°C and 37RGR frequency at
37°C = Titer on TB+Rif at 37°C / Titer on TB at &°

4 Frequency values are not finite because no cfiv grethe lowest dilution plate used.

© Standard error has been calculated by taking2ddetata into consideration.
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Supplemental Table 10. P-DnaB interaction is esseal for the apparent mutator
phenotype — fold change values (Data for Figure 18 Section 3.7)

Strains Fold changes in rif frequencies at
25°C*® 30°C” 37°C®
594[pclpR-P-timm] 1.0 2.0 810
594dnaByrpD55malF3089:Tn10 1.0 0.71 8.0

[pclpR-P-timm]

594[pclpR-RB-timm] 1.0 4.1 25
594dnaByrpD55malF3089:Tn10 1.0 Not finite® 12
[pclpR-B-timm]
594[pclpRAP-timm] 1.0 0.82 6.4
594dnaByrpD55malF3089:Tn10 1.0 Not finite® Not finite @
[pclpR-AP-timm]

2 Fold change in rit frequency at 25°C = Riffrequency at 25°C / Riffrequency at 25°C.

® Fold change in rif frequency at 30°C w.r.t 25°C = Rifrequency at 30°C / Riffrequency at
25°C.

® Fold change in rif frequency at 37°C w.r.t 25°C = Rifrequency at 37°C / Riffrequency at
25°C.

4 Fold change values are not finite because fredGesneere not finite as no cfu grew on the

lowest dilution plate used.
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Supplemental Table 11. Rif cfu (at 10 plating dilution) from starting rif = 594[pclpR-P-
timm] cells selected on TB+10@g/ml Rif at 25°C (Data for Figure 13A in Section 38)

In Low Dose Inoculum Assay (Section 3.8), the nemtf rif® cfu that grew from each
culture tube (A1-A10, B1-B10, C1-C10 and D1-D10) 25°C has been tabulated in
Supplemental Table 11.

A B C D
1 0 6° 0 1
2 #1 -0 1 0 2
#2 -0
#3-0
3 0 1 0 0
#1 -3 0 #1 -2 5
#2 -0 #2 — 2
#1-0 0 #1-1 1
#2 -0 #2 — 2
1 4 #1—7 6
#2 -4
#1 -2 0 1 0
#2 -3
0 0 0 #1-1
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#2 -1
9 1 0 0 #1-0
#2 -1
10 1 #1 -0 1 1
#2 -8

2 Rif? cfu obtained on TB+Rif plates at 25°C from Tube ®&ICulture # 11 (in Figure 13A). 15
cells of 594[pclpR-P-timm] sc 3 were added to eafh0 tubes containing 1 ml rich TB broth
and all 40 inoculated cultures were grown at 25348 hours to stationary phase. 0.1 ml cell
aliquots from each of the 40 tubes were plated wo tich TB plates supplemented with
rifampicin at a final concentration of 10§ml. One plate was incubated at 25°C and the ather

37°C. #1, #2 and #3 refers to plates in duplicatdsiplicates.

Note: In graph (Figure 13A), tube Al refers to Qudt 1, tube A2 refers to Culture 2, tube A3
refers to Culture 3 and so on.
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Supplemental Table 12. Rif cfu (at 10 plating dilution) from starting rif  594[pclpR-P-
timm] cells selected on TB+10@g/ml Rif at 37°C (Data for Figure 13B in Section 3B)

In Low Dose Inoculum Assay (Section 3.8), the nemtf rif® cfu that grew from each
culture tube (A1-A10, B1-B10, C1-C10 and D1-D10) af°C has been tabulated in
Supplemental Table 12.

A B C D
1 0 2 28 1
2 0 0 16 1
3 0 0 36 7
4 0 0 1 2
5 0 0 4 & other very 0

tiny cfus

6 0 0 1 2
7 1 0 9 2
8 6 2 2 0
9 4 1 0 1
10 6 0 0 0

2 Rif? cfu obtained on TB+Rif plates at 37°C from Tube @XCulture # 21 (in Figure 13B). 15
cells of 594[pclpR-P-timm] sc 3 were added to eafh0 tubes containing 1 ml rich TB broth
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and all 40 inoculated cultures were grown at 258€48 hours to stationary phase. 0.1 ml cell
aliquots from each of the 40 tubes were plated wo tich TB plates supplemented with

rifampicin at a final concentration of 10§ml. One plate was incubated at 25°C and the @ther

37°C.

Note: In graph (Figure 13B), tube Al refers to Grdt1, tube A2 refers to Culture 2, tube A3

refers to Culture 3 and so on.

Supplemental Table 13. R cfu (at 10" plating dilution) from starting rif S 594 cells
selected on TB+10@g/ml Rif at 25°C (Data for Figure 13A in Section 38)

In Low Dose Inoculum Assay (Section 3.8), the nemtf rif® cfu that grew from each
culture tube (B, C, D and E) at 25°C has been tbdlin Supplemental Table 13.

B C D E
Set1l 0 0 0 18
Set 2 0 0 0 0

2 RifR cfu obtained on TB+Rif plates at 25°C from TuberECulture # 44 (in Figure 13A). 19
594 cells were added to each of 4 tubes contaihimgl rich TB broth and all 4 inoculated
cultures were grown at 25°C for 48 hours to statigrphase. 0.1 ml cell aliquots from each of
the 4 tubes were plated on two rich TB plates spphted with rifampicin at a final
concentration of 1Qdy/ml. One plate was incubated at 25°C and the @h&7°C.

Note: In graph (Figure 13A), tube B refers to Crédtdl, tube C refers to Culture 42, tube D
refers to Culture 43 and tube E refers to CultureSkt 1 and Set 2 are duplicate platings of cells
from the same tube.
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Supplemental Table 14. Rif cfu (at 10" plating dilution) from starting rif °594 cells selected on
TB+100ug/ml Rif at 37°C (Data for Figure 13B in Section &)

In Low Dose Inoculum Assay (Section 3.8), the nemtf rif® cfu that grew from each
culture tube (B, C, D and E) at 37°C has been tbdlin Supplemental Table 14.

B C D E
Setl 0 0 12 0
Set 2 0 0 0 0

2 RifR cfu obtained on TB+Rif plates at 37°C from TubeDCulture # 43 (in Figure 13B). 19
594 cells were added to each of 4 tubes contaihimgl rich TB broth and all 4 inoculated
cultures were grown at 25°C for 48 hours to statigrphase. 0.1 ml cell aliquots from each of
the 4 tubes were plated on a rich TB plate supph@dewith rifampicin at a final concentration
of 10Qug/ml at 25°C and 37°C.

Note: In graph (Figure 13B), tube B refers to Crdtd1, tube C refers to Culture 42, tube D
refers to Culture 43 and tube E refers to CultureSkt 1 and Set 2 are duplicate platings of cells
from the same tube.
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