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Abstract

Haemophilus influenzae is a naturally competent bacterial species that preferentially .
takes up conspecific DNA. It recognizes this DNA by a nine base pair Uptake Signal
Sequence (USS) that is over-represented in its own genome. The mechanism by which
this USS is recognized is unknown, though knockout mutations in several genes have
been shown to eliminate both binding and uptake of DNA. One of these genes may be
involved in binding the USS. I attempted to determine if comA, one of the candidate
genes, was responsible for the sequence specific binding. This gene was amplified under
mutagenic PCR conditions, and then used to transform a hypercompetent strain of H.
influenzae, using a novobiocin resistant PCR amplified marker sequence to identify
transformants. Transformants were then screened for a reduction in transformation
frequency to identify possible mutants. com4 from these lines was then sequenced and
compared to the known wild type sequence. None of the mutant lines differed in the
sequence of comA in comparison to the known wild type, so no conclusions may be
drawn concerning the role of comA. Mapping these mutations was beyond the scope of
this project; however, a possible explanation for the reduced transformation frequency
phenotypes is described here. Four isolates retained their phenotypes under competence
inducing conditions, indicating a change in binding efficiency. None of the isolates
possessed a reversion of the hypercompetent parental genotype.




Table of Contents

ABDSEFACE eeevvevsesseseeesssssaasssssssssssssssssssssssssssensessssssssssessssaaeessssassssssssssssssssssssssnrunnnnasasssssssses i
Table Of CONLENLS ....ouvnvrerenrrreiresassseeesssststsas s sssrs sy s st st b il
LSt O TABIES covvveevnevincvivererireinnsnsisisistseescnsstasass st s s ettt s s s v
LSt Of FIGUEES cvuveerenencrrincecrinsssessts sttt sttt st nes vi
List of Terms and ADDIreViQUions ..........cocevveiiisininiisiiniiniiininiisisitsss sttt vii
1. Introductton ......................................... 1
1.1 Introduction ..... tesesstessssastesessnnsesssasaressssetessstttessssaratsessaransstane 1
1.2 NAtural COMPELEIICE vuervererrersnssesanssassessarsssrssssaassrsssasssssssntasssncssssassssossesosnsss 2
1.2.1 Haemophilus/Neisseria MOE] .......ccooiiviiiiiiiiiie b 2
1.3 Evolution of COMPELEINCE ccevverveereercrseissssrrresssssessssastasssssssasesssussssssssssssssess 5
1.3.1 RiISKS ANA COSLS ..eveiiiiiiiiiiimireeeiereraeseriieesniis s siaaaessnnesenaneas T P 5
132 BeNEIIES 1oveeeeeeeete e et e e e et et e ee e e et e et e ar e et s ebaabas b e b et et a s h e RS R e R AR a e 6
1.5 Genetics of Competence...... teessesssssrennraserasesrreasesassssrtastessesrnnn 7
'1.5.1 Determining the roles of competence genes 7
1.5.2 Genes known to affect COMPELENCE.......cocviviiiinmiieiiriecc s JRTOOURR 8
1.5.3 Binding ANd UPLAKE .......vvvoererssseiesseesessoresssessssses s 9
1.4 The study of genes by MULALION .c.icvceeeiversrerssaercssersssisssnessssnsssssscsssassssans eesersecessannessssrrasesass 15
1.4.1 TranSPOSON MULAGENESIS. .......vuurvseusrisiisssseesreseet sttt 15
1.4.2 Point mutations........ it 15
1.6 The Evolution of the USS......iiiiicinicnnneeresccsssansaan .17
L. L TRHE U S S oot eeeee e ettt ee et e seb e s e tb e eeseets e et e eoteenureeasbe s be e e R b b e s b e e aanb e e e b e s s e LR e e e e 17
1.6.2 Model I: Benefit from DINdINg .....ccoovcrciiiiiiii s s 18
1.6.3 Model II: Benefit from exclusion of foreign DNA ... 19
1.6.4 Prediction of USS-recognition deficient mutant phenotype ... 19
1.7 Experimental Strategy.....ccvcnnnercernccccssns . 20
2. General Materials and Methods ...........couveueneeeeenniiiiniiciriniieieninnnnnisenssiisi 23
2.1 Culture Techniques and StraiNS.....creiecssieinsiniiisnnneniencsssienss ....................................... 23
2.2 Transformation ..... veersss e et - crersasasnensaeasasnseens 25
2.2.1 Hypercompetent Straills .........oceieimriiiii s e 27
2.2.2 COIONY COMPETENCE. ...r.vveeessssrrreeeesssesaressssssssssssessssssssss s 27
2.2.3 Induction of Competence Using MIV . ... 27
2.2.4 Plating to Determine Transformation FrEQUENCY ..o 28
2.3 DNA Techniques........... teetestessesessessessenssnsrtestesesebaesbestsasa seatsesaeeresanastenbortass eeeesesnenneans 28
231 CRIroOmOSOMIAL DN A oottt ettt eeteastssoaeeaasessabaeameeeamente s aee e eeeeesbbes s be e e et b b ansae e e e sar e e s st e et es st 28
7.3.2 PCR from Chromosomal DNA and COLOMIES.........o.vvvviiverieereirtirerereteeeientsceterererecnseesesnssssssnansnseseseses 28
2.3.3 RESIIICTION DIZESES 1v.vcvvitiriececiririiiiereis st bbb s b 30
2.3.4 DNA Sequencing ........ccccoovvveenrnnirinnsinnnnnenes S PP PI PN e 30
3. The experiments: Specific. Methods and ReSults..................u.u..... reerreecernnererranes 31
3.1 Background invVestigationsS....ccoeiiieessersessesesnsensnssssssisssssissessrssnossnsssssssnssusesessssnssnsssaseass R}

iii




3.1.1 comA does not alter expression of other competence Zenes ... 31

3.1.2 H. influenzae can be transformed by PCR ProdUCES.....cooovviiiiiniiiiiniiniinsnens 34
3.1.3 The mutation protocol creates point mutations I @VFB o v e e 36
3.1.4 Colony competence decreases in RR804 after 36 NOUIS ..o 39
3.2 Mutation of comA and co-transformation ; reeveesseesesersseasenasesmssarees 41
3.3 Screening for reduction in transformation frequency ' 43
3.3.1 TIIHAL SCIBEIL ...vueeivttseeeereseretreeerececesbase st eb s 44
3.3.2 SECONA SCEEEIM..veveeeeeeereeeeeteserstesesesrasssasesese st esebesestsseaa s s s b s b e s ea e bR e R g e b e b€ e e s et bbb s 46
3.4 Sequencing of comA from mutants . . S 47
3.5 Invesfigation of Mutants ..... oo s e e s e s e s s enaesassenssessasssrasasEae 48
3.5.1 MurE iS UNChANGEd ....c.coiiiiiiiiii b s ST 48
3.5.2 MIV with HMItIng DINA ..o e 49
3.6 Is transformation MUTAZEIHC? ...c.weeerseesressrereresessssssasssssassssessresessssssssssessssssassssssssssssssesssssossss 53
4. DISCUSSIO . ..coververreversenrerneeencesssssssssisssssssssssasses eeeecesssesnserrrestnesaveraranatsrsssassssrursenn 55
4.1 Background investigations.. . 55
4.2 Identification of mutants in transformation. : - 57
4.3 Investigation of mutants........ revnsmanenes 59
4.3.1 Did the murE MULALION TEVEITT...iiiveieeeeee e eeeesieesieeneestesii et e bessts e sara s e s sonne st et ae st e st 59
4.3.2 MIV cCOMPELENCE OF MULANES ..ouivivitiieiseiisissnr e s 60
4.4 What went wrong?..... . : . .01
4.4.1 Why were there N0 MUtations N COMAT ..t 61
. 4.4.2 Why were there any mutants? SOV PUR PO 62
4.5 Future direCtions .. ..oesssssssssssesssscssss ’ . 64
4.6 Conclusions ........... S eeerssssssasasasasaeastsaeaabessasss s e e e nennes : 66




List of Tables

_Table 1: H.influenzae strains used in this study ' 24
Table 2: Phosphate-buffered saline - ‘ 26
Table 3: MIV medium 4 | 26




List of Figures

Figure 1: Neisseria/ Haemophilus model of natural competence

Figure 2: The H.influenzae comA-F operon

Figure 3: Features of the nucleotide and amino acid sequence of comA
Figure 4: Organizatioh of the experimental strategy

Figure 5: f-galactosidase activity in com/rec-2 double mutants

Figure 6: Transformation using PCR fragménts

Figure 7: Mutation of gyrB(nov®) to gyrB(nov®)

Figure 8: Colony competence time course '

Figure 9: comA amplification

Figure 10: Identification of mutants with reduced transformation frequency
Figure 11: Digestion of murE fragment with MNLI

Figure 12: Transformation frequencies of selected mutants under MIV-induced,

limiting DNA conditions

Figure 13: Mutagenic effects of transformation

10
12
22
33
35
37
40
42

50

52
54



List of Terms and Abbreviations

bp

cAMP

CFU

CRE

CRP

dGTP
(ds)DNA
dNTP

EMS

Kan® / Kan®
Kb

MIV

NAD
Nov®/ Nov®
PBS

PCR

RNA

sBHI

TF

USS

base pair

cyclic Adenosin_e Monophosphate

Colony Forming Units

Competence Regulatory Element

Cyclic AMP Receptor Protien
2'—deoxyguano§ine 5'-triphosphate

(double stranded) Dec;xyribonucleic acid
Equimolar mix of nucleotides

Ethyl methanesulfonate

Kanamycin resistant / Kanamycin sensitive
Kilobase

‘M-four’ competence inducing medium
Nicotinamide Adenine Dinucleotide
Novobiocin resistant / Novobiocin sensitive
Phospho-buffered saline |

Polymerase Chain Reaction

Ribonucleic acid

Supplemented brain-heart infusion |
Transformation Frequency

Uptake Signal Sequence



1. Introduction

1.1 Introduction

Natural competence is the ability of bacteria cells to import exogenous DNA.
Transformation, the change in genotype by recombination with this DNA, may then
occur. This provides a method by which a cell could gain new pathogenesis genes,
resistance to antibiotics, or variations in capsular characteristics [1, 2]. Haemophilus
influenzae is a particularly interesting naturally competent bacteria species because it
specifically binds and takes up DNA from its own species. This species-specific uptake
is accomplished by recognizing a short DNA sequence called an Uptake Signal Sequence
(USS) [3, 4]. Little is known about the mechanism by which this USS is recognized,
despite many experimental attempts. In this thesis I describe an attempt to characterize
ComA, a candidate USS binding protein, by directed mutagenesis, and investigations of ‘
the resulting mutant strains. Identification of the components of this mechanism and an
.understanding of the manner in which they function will assist in gaining a more

complete understanding of natural competence.

H. influenzae is an important hlllman pathogen, causjng pneumonia and infections of the
sinuses and‘inner ears. The young, elderly, aﬁd immunocompromised are particularly
vulnerable [5]. Serotype b strains can cause infant meningitis [6], and in 1990 an
effective vaccine againét these strains was developed. 'Ot.her serotypes are unaffected by
this vaccine and are still clinically important causes of diseases, as are strains .lackking a

capsule (nontypeable) [5]. Antibiotic resistance has not been a serious problem, but is

/




increasing (for example, [7]). Approximately 75% of healthy adults and children have H.
influenzae commensally inhabiting the mucous membranes of their respiratory tracts,

without causing disease [8].

The laboratory strain KW20 is a noncapsular (‘rough’) strain, isolated from the
nasopharynx of a healthy male individual. The genome sequence of this strain was
completed in 1995 [9]. This resource allows both comparison of /. influenzae to other

competent bacteria and detailed genetic study of competence.

1.2 Natural competence

The ability to become competent is widely distributed across the major divisions of
Bacteria. However, it is irregular in occurrence; often a competent species will be the
closest phylogenetic relative to bacteria that are not competent in the laboratory. Well-
studied competent bacteria include the gram positive Bacillus subtilis and Streptococcus
pneumoniae, and the gram negative Neiss'eri‘a gonorrhoeae and H. influenzae 10, 11,
12]. Some components of the uptake machinery, sﬁch as the Type IV pilins, are shared
between these bacteria, although gram positive bacteria have. a single membrane and a
thick outer cell wall across which DNA must be transported, and gram negative bacteria
have two membranes with a thin wall between them [13, 14]. Helicobacter pyloriis an

exception, having an independently evolved uptake mechanism [15].

1.2.1 Haemophilus/Neisseria model

The general process of DNA uptake by gram negative bacteria is illustrated in Figure 1.

DNA is bound to the outer membrane, shown as point A. With one known exception,




Acinetobacter [16], grém negative bacteria preferentially bind conspecific DNA, thbugh
in the case of Pséudomonas stutzeri this specificity is less stringent [10]. Both Neisseria
and Haemophilus accomplish homospecific binding by recognizing a short (10 and 9 base
pairs respectively [3, 4]) sequence, called the Upfake Signal Sequence (USS) in
Haemophilus. The genome of H: influenzae is_enriched .for this sequence,Awith:1471
occurrences of the exact sequence. Only eighft occurrences are predicted in a random
sequence of similar GC richness and length [17, 18]. The mechanism by which the cell
recognizes the USS and binds to this sequence is'ur'lknown;" several attempts to identify a

USS binding protein have failed.

Bindihg and transport of DNA across the outer membrane (‘uptake’) may or may not be
integrated as a single process [19], though Barouki and Smith [20] detail a successive-
wash method by which to differentiate reversible binding and uptake across the outer
»membrane. DNA is then transported across the inner membrane (‘translocation’) [21],
shown at poiﬁt B of Figure 1. Circular and hair-pin DNAs a;re not translocated, indicating
that a free end of DNA iis required for the molecule to cross the inner membrane [22].
The free end is thought to be threédedv through a complex in the inner membrane, and
‘immediately before, during or after this process the strand entéring 5" end first is
degraded. The other strand [23] is slowly degraded, and 1s also available for homologous

recombination (point C) during this process. The nucleotides resulting from degradation

of incoming DNA are used primarily for DNA synthesis [24].

-




Figure 1: Neisseria/ Haemophilus model of natural competence.

(A) USS containing DNA is bound and transported across the outer membrane. (B) Transportation
across the inner membrane. (C) Homologous recombination may occur between the incoming DNA
and the genome.



Transformation efficiency in H. influenzae depends strongly on the environment in which
it is studied. When cultured in rich, hemin and NAD supplemented liquid medium,

K W20 has a transformation frequency ranging from 1x10 in early log growth'to 1x10™
at late 10g growth. To induce maximal transformation frequencies (1 to 2x1072), cells are
transferred to a defined starvation media, as described in section 2.2.3 [25]. Cells within

colonies grown on agar plates have transformation frequencies of approximately 1x107

[26].

1.3 Evolution of Competence

1.3.1 Risks and costs

Studies of evolution often focus on beneﬁts of a trait, but need to consider both benefits

and costs. Natural competence may be a dangerous proéess for the cell. Recombination
with foreign DNA is likely to introduce mutations. Although the majority of mutations

are expected to be selectively neutral, fhe DNA accessible to transformable cells is from
dead cells in‘the environment. Selectively killed cells cén be considered to possess traits
non-adaptive to the environment, and the alleles are predicted to contribute an additional
cost to transformation [27]. Furthermore, the ability of the cell to be transformed would
be lost if the acquired DNA contains a mutation in genes responsible for transformation.
The uptake of phage or prophage DNA could be lethal [28]. Uptake of non—homologous

DNA triggers the SOS response [29], which has been shown to kill A influenzae cells by

1nduc1ng a prophage contamed within the genome. In addition to these risks, there is a




cost associated with developing competence: the competent cell must expend the energy
and resources needed to synthesize the uptake machinery and transport DNA across two

membranes.

1.3.2 Benefits

Studies of the regulation of expression of genes encoding proteins involved in
competence-can be used to help us understand the benefits of natural competence by
indicating the circumstances where competence may be advantageous. In H. influenzae
the chéracteristics of this regulation best support a nutritional role for DNA ﬁptake.
Competence develops under limiting nutritional conditions, and specifically purine
depletion [30]. DNA may be broken down into nitrogen and sugars, and it may be used
as building blocks for DNA or RNA synthesis. | Synthesis of nucleotides is an
energetically expensive cellular process [31, 32], and DNA is abundant in the mucosal
environments that Haemophilus and many other éompetent bacteria i-nhabit'[IO]. This
suggests that uptake of DNA’is initiated by a nutritional cue [33, 34]. Competence genes
are expressed in direct respoﬁse to an increase in cAMP levels. A sequence in their
promoter regions, called the con;petence regulatory element (CRE), resembles the
binding consensus sequence recognized by the cAMP recepfor protein (CRP) (see [35]

for more detailed information).

Other benefits of transformation have been proposed. One benefit may be the gain of

new alleles by recombination, and new combinations of traits. Negating this benefit is

that a beneficial combination may then be disrupted by the process by which it was -




created [27, 3-6]. Another possible. explanation is that DNA uptake facilitates repair of
damaged DNA [37] However, DNA uptake is not triggered by DNA damage by
mitomycin C or UV damage to cells” DNA [38]. The lack of relationship between DNA
damage and development of competence indicates that the benefit of competence does

not lie with DNA repair.

1.5 Genetics of Competence

Although my research focuses on the ability of H. influenzae to recognize the USS, this
cannot be completely studied in isolation from the remainder of the.system. The
competence regulon and its members are thoroughly reviewed in [39]. My research was
compieted prior to the microarray analysis that characterized the regulon, and so this

useful information was not available during my experiments.

1.5.1 Determining the roles of competence genes

The phenotype of mutant strains can indicate the role of competence genes. The easiest
screen for competence mutants identifies cells incapable of transformation. Further tests,
using radio-labeled DNA, can discern defects in the ability to take up DNA and to bind
DNA. In Neisseria, these processes are mechanistically separable [40], but this may not

be true in H. influenzae. Alternatively, mutations that have regulatory effects may .

prevent DNA upfake. In this case, other competence genes will not be induced normally.




Further deductions can be based on gene and protein sequences, which allow prédictions
of function based on homologous genes in other‘ bacteria. Computer programs such as
ProDom compare amino acid sequences against a database of motifs characteristic of
protein functions or classes [41, 42]. The presence of a functional motif may indicate the
general role of a protein. Other programs (such as SignalP) use amino acid sequences to
predict the locatidn of a protein within a cell [43].

The availability of other genomes allows éomparisons of H. influenzae to other
competent species. At the time of my research, the genomes of Pasteurella multocida,
Actinobacillus actinomyceteihcomitans , N. meningitidis and N. gonorrhoeae were
available in various stages of completion. P. multocida is not transformable in the lab
[11]. A. actinomycetemcomitans has been shown to be competent, and also possesses a
core USS identical to that of H. influenzae, bounded by similar flanking sequences [44].
However, few mutant studies on this organism have been done. N. gonorrhoeae 1s
constitutively competent, and as previously mentioned has an uptake sequence with no
similarity to the H. influenzae USS. Competence gene homologues have been found in
both 4. actinomycetémcomitans and N. gonorrhoeae (for example, [45]), and it is
expected that the protein responsible for USS recognition in A. actinomycetemcomitans

will be very similar to the USS recognition protein in H. influenzae.

1.5.2 Genes known to affect Competence

Redfield ef al. [39] have identified a suite of 25 gehes that form a cvompetence regulon.

These genes are characterized by the presence of an upstream competence regulatory




element (CRE), and a dramatic increase of expression associated with the development of
competence. The 22bp CRE is closely related to the consensus binding sequence of CRP.
Expression of the competence regulon genes depends strongly on cAMP concentration,
and requires both CRP and Sxy, a protein thought to direct binding of CRP to the CRE

" [34, 35, 46].

Genes outside of the competence regulon also affect competence, affecting the cell’s
ability to take up or be transformed by DNA by acting in cellular functions such as
transcription and translation, protein export, and cell wall synthesis. In pafticular, the
peptidoglycan biosynthesis gene murE is interesting, as specific point mutations in this
gene cause a constitutively high level of competence. ‘The mechanism of this effect is

unknown [47].

1.5.3 Binding and uptake

Binding and uptake of DNA is the specific step that I investigated. Little is known about
the process of binding DNA and transporting it across the outer membrane in /.
influenzae, but several genes have been identified as fuﬁctioning at this level. Because a
mutation that prevents DNA binding and uptake may do so by physically interferinngith
binding or\uptake, or by preventing the expression of the competence regulon, a binding

and uptake candidate gene must be shown to not have a regulatory effect.

Three of the genes known to be needed for DNA binding and uptake (comA, comC and

comE) are members of the comABCDEF operon (comA-F), illustrated in Figure 2

9




HIO0346 HI0435

HI0437 comD ' ) _comE

HI0439  HIO438  comC 1 HI0434c¢
comA . comB _» omF I
459749 | 459245 | 458727 | 458314 4560677 456269

460546 459748 459242 458724 458304 456965

Figure 2: The H. influenzae comA-F operon. Arrow placement indicates reading frame. Numbers indicate relatlve
bp position (coordinates) on the chromosome

(http://www.tigr.org/tigr-scripts/f CMR2/GenomePage3.spl ?database=ghi).



http://www.tigr.org/tigr-scripts/CMR2/GenomePage3.spl?database=ghi

[48, 49]. Mutations of these three genes prevent uptake of DNA in cells that should
otherwise be competeﬁt. This operon has a CRE located upstream of com4, and
the operon is induced in competent cells [39]. As seen for other CRE fegulon genes,
knockouts in the genes encoding CRP (crp), Sxy (sxy), and Adenylate cyclase (cya)

abolish expression of the comA-F operon [26, 35, 46, 50, 51].

Characteristics of comA, comC, and comE further support their involvemént in‘DNA
uptake. ComA (H10435) has homologues in the competent bacteria P. multocida and A.
actinomycetemcomitans, but its function in these bacteria is unknown. It lacks any |
recognizable sequence motif and is predicted to be a globular protein. Features of th¢
nucleotide sequénce of comA and its upstream region, and of the amino acid sequence,
are shown in Figure 3. ComC (HI0437) has a weak homologue of unknown function in
P. multocida. This protein is predicted to contain a traﬁsmembrane helix in its N-
terminal region, but lacks the cleavage sequence characteristic of proteins destined for the
outer membrane. Lastly, comE (H10435) hasl homologues in diverse groups of bacteria.
It is expected to be an outer membrane protein, and it contains a sequence motif
characteristic of the PilQ family proteins, part of the Type IV secretion systerﬁ. In

- Neisseria PilQ is known to be essential for transformaﬁon [52]. PilQ proteins form
dodecameric pores in outer membranes, with diameters of approximately 53 to 60
angstroms. As double-stranded DNA (dsDNA) has a diameter of approximately 20
angstroms, this means that a homologous ComE pore should be large enough to transport

the dsDNA taken up by H. influenzae.
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A.

5~
AAACCTAAAATACATAAAGTTAATAGGGTGTTTAATATTAATTTTGCGATCCGCATCGTAAAATTCTCGCTTCGTTAATG

AATATTCTTGTCAAGAGACCTATGATTTGGCTGTTAAGTATAAAAGATTCAGCCTTTAAAGAATAGGARAGAAT PATGC
AATTCTCCCTCAAAAATTRCCGEACTHTACAAATCGGCATTCATCGTAAGCAGAGT TATTTTGATTTTGTGTGGTTTGAT

GATCTCGAACAGCCACAAAGTTATCAAATCTTTGTTAATGATCGTTATTTTAAAAATCGTTTTTTACAACAGCTAARAAC
ACAATATCAAGGGAAAACCTTTCCTTTGCAGTTTGTAGCAAGCATTCCCGCCCACTTARCTTGGTCGAAAGTATTAATGT
TGCCACAAGTGTTAAATGCGCAAGAATGTCATCAACAATGTAAATTTGTGATTGAAAAAGAGCTGCCTATTTTTTTAGAA
GAATTGTGGTTTGATTATCGTTCTACCCCGTTAAAGCAAGGTTTTCGAT TAGAGGTTACTGCARTTCGTAAAAGTAGCGC
TCAAACTTATTTGCAAGATTTTCAGCCATTTAATATTAATATATTGGATGTTGCGTCAAATGCTGTTTTGCGTGCATTTC
AATATCTGTTGAATGAACRAGTGEC

GHCAGAAAATACCTTATTTTTATTTCAAGAAGATGACTATTGCTTGGCGATTTGT
GAAAGATCTCAGCAATCACAAATTTTACAATCTCACGAARATTTG

CCGCACTTTATGAACAATTTACCGAACGTTTTGA
AGGACAACTTGAACAAGTTTTTGTTTATCAAATTCCCTCAAGTCATACACCATTACCCGARARACTGGCAGCGAGTAGAAA

CAGAACTCCCTTTTATTGCGCTGGGCAACGCGCTATGGCAAAAAGATTTACATCAACAAAAAGTGGGTGGTTAAR-3

B. '

MQFSLKNYRTLQIGIHRKQSYFDFVWFDDLEQPQSYQIFVNDRYFK;;;;gé;;TQYQGKTFPLQFVASIPAHLTWSKV
LMLPQVLNA&;;;;%;;;;;EKELPIFLEELWFDYRSTPLKQGFRLEVTAI&;EQZ&;&LQDFQPFNiNILS;;;;;;L
e e [ P
R:FQYLLNEQVRSENTLFLFQEDDYCLAICERSQQSQILQSHENLTALYEQFTERFEGQLEQVFVYQIPSSHTPLPENW
QRVETELPETALGNALHOKDLEQOKVGG

Figure 3: Features of the nucleotide sequence and amino acid sequence of comA. A)
nucleotide sequence of coordinates 459749 to 460700 of the H.influenzae genome. Start
codon of comA lies immediately to the left of the arrow. CRE binding site is underlined

[35]. USSs are shaded grey. B) Amino acid sequence of comA. o helixes shown where

| predicted by PROF [53] with a reliability index of greater than 5 (on a scale of 0-9) for all

involved amino acids.




No mutations of comB (HIO438) and comD (HI0436) have been identified. These genes
are anticipated to be invo.lved in competence due to their location in an operon with
known competence genes, but neither possesses any recognized sequence motifs. ComF
(HI0435) mutants have normal DNA uptaké across the outer melﬁbrane, but DNA

translocation across the inner membrane is prevented. ComF is therefore not thought to

be involved with DNA binding and uptake [54, 55].

It should be noted that polarity may be an issue within the-com4-F operon; if so the
phenotype of comA knockouts might not be due to the role that ComA plays. This also
applies to comC knockouts. These mutations were caused by mini Tn/0 insertions. This
transposon contains transcription-terminating séquences that prevent transcription of
downstream genes (see Brewster and Siehnel [56, 57] for examples where transcription is
not terminated). It also contains stop codons. Normally, within an operon, the s;cart
codon of a gene is located near the stop codon of the previous gene. A greater distance
between these codons reduces the chance that the later gene is tranélated [58]). If comDis
involved in binding and uptake of DNA, a knockout mutation in comA or comC that
prevents transcription or transleition of comD will have a loss of binding and uptake
phenotype. Polarity is not an issue with the comE knockout. ComF is the only gene
downstream from comE, and its function is in translocation of DNA. If‘the phenotype of
the comE knockout was due to polarity, this mutant would have a translocation |

dysfunction, not a loss of binding.

13




Binding and uptake also depends- on geneé outside the comA-F operon. Recently, the
operon HI0938-41 was identified as belonging to the competence regulon. It has a CRE
and is strongly induced during competence. The geﬁes of the operon have homologues in
a wide range of bacteria. The first gene of the opéron, pulG, is a putative fimbrial-like
protein, and the second, pulJ, is a putative chaperone. Mutants of these genes are unable

to bind or take up DNA [59, 60].

comE] (HI1008) may be involved with DNA binding [12]. This protein has homologues
in Neisseria and S. pneumoniae, and a partial homologue in B. subtilis that is essential for -
DNA uptake [61]. A knockout of this gene reduces transformation in H. influenzae by
25-fold [62]. These knockouts retain the ability to differentiate between H. influenzae

and E. coli DNA, indicating that this gene is not involved in recognition of the USS [59].

A complex mutation that is a combination of a cassette insertion in orfJ (HI0421) and a
deletion of a large part of the downstream gene HI0422 abolishes both binding and |
uptake of DNA [63]. A knockout of the orfJ homologue in E.coli is unable to survive
with DNA as its sole carbon source, suggesting a conserved role in DNA metabdlism
[64]. However, orfJ is not induced during development of competénce [39], and is

therefore not likely to be directly involved in binding and uptake.

As knockouts of comA, comC, comE, orfJ, pulG, pulJ and comE] all prevent binding and

uptake of DNA, they are expected to play some role in the mechanism of DNA uptake.

This role may or may not be direct; they may play a part in regulation of competence or
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assembly of a binding and uptake complex rather than participate directly in binding or

uptake.

1.4 The study of genes by mutation

I am interested in characterizing the mechanism by which H. influenzae recognizes the
USS. As described below, the mutants we currently have that are deficient in DNA~
binding offer no information concerning how they function. Therefore, my goal was to

create more informative mutants.

1.4.1 Transposon mutagenesis

The strains with mutations affecting DNA binding (comd, comC, comE, orfJ, pulG, pulJ
and comE1) were created by transposon or cassette mutagenesis. Transposons and
cassettes are used to interrupt genes, and are relatively easy to work with as they éontain
a selectable antibiotic resistance marker. They contain stop codons and may contain
transcrif)tion terminating sequences, aﬁd often create frameshift mutations. The loss-of-
function phenotype- may indicate the process the protein is involved in, but usually cannot
show how an individual protein acts, as this may be confounded by loss of function of

associated proteins. This method would therefore be inappropriate for my research.

1.4.2 Point mutations

Mutations that alter the protein in more subtle ways can demonstrate more of the

protein’s characteristics. Point mutations may substitute amino acids, reducing the

15




efficiency of a protein's function, slightly altering binding sites, or may create stop
codons. This allows protein interactions or specific function of a protein to be more

easily deduced and investigated.

The classic method of creating point mutations is to use chemical mutagens such as ethyl
methanesulfor{ate-(EMS). Unlike transposons and cassettes, this method does not
introduce a selectable marker. Instead, phenotypic screens are used to identify possi;ble
mutants. Such screening for transformation defects is very laborious. As thé mutation
may be anywhere in the genome, it can be time and labour intensive to map these

mutations.

To create point mutations at specific locations, altering function of identified functional .
regions of the protein, the Polymerase Chain Reaction (PCR) can be used. In the classic
site-directed mute;genesis technique, specific mutations can be introduced, targeting
knowﬁ functional regions of the protein. ComA has no functional motif that would be
useful for a site-directed method of mutagenesis. In this casé, a more random approach to

mutagenesis within the gene would be more useful.

The error rate of PCR can be used to create randomly placed mutations within a targeted
sequence. These error rates range from 0.27 to greater than one point mutétion per Kb of
amplified DNA in an ordinary 30 cycle reaction, depending on the polymerase used and
the conditions of the reaction [65-67]. Addition of manganese to the reactidn, or shifting
the normally equimolar dNTP concentrations to a higher.relative dGTP concentration,

further increases the error rate [68, 69]. Combined, these two methods can promote error
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rates ranging from 2.0 to 8.1 point mutations per Kb at random locations within the

amplified DNA [70]. Clontech supplies a kit that allows fine-tuning of this mutation rate
by varying the concentrations ef dGTP and manganese. The types of substitutions
created varies, depending on the mutagenic conditions. A mutation rate of approximately
4.8 point mutations per Kb is suggesfed as being appropriate for studies of phenotype

alterations, as opposed to identification of the function of individual amino acids [71].

Transformation of competent cells can be used to introduce an assortment of mutations to
a population of bacteria by chromosomal recombination. The mutagenized population
can then be screened for changes in phenotype [72], and the region can then be sequenced
to identify the exact location of the mutations. I used mutagenie PCR to cause mutations
in comA then transformed the hypercompetent strain RR804 [47] with the resulting

products. The colonies were then screened for transformation defects.

1.6 The Evolution of the USS

1.6.1 The USS

H. influenzae cells specifically bind and take up DNA containing the nine base pair
sequence 5'-AAGTGCGGT-3' [4]. As mentioned earlier, the H. influenzae genome is
highly enriched in this sequence and in sequences differing by a single base. Flanking
sequences are also. conserved: 5' to the sequence, there is a conserved A, and the 3'
consensus sequence is 19 bases rich in A/T content. USSs occur with equal frequency in

both strands of the genome, in a non-random distribution [73].




There ’are two issues to consider when discussing the evolution of the USS. First, which
came first — the over-representation of the sequence that later became the USS, or
specificity for the uptake of USS that caus;d the development of the over-representation?
The second issue is the source of the benefit of uptéke specificity. Here, I use this
framework to present two models for the evolution of the USS. Both models provide

testable predictions of the consequences of removal of the selectivity in binding, and are

. the basis of my research.

1.6.2 Model I: Benefit from binding

The first model of USS evolution is that the sequence-specific uptake system developed
as a mechanism to increase the efficiency of DNA uptake as a carbon source. The
interaction betweeﬁ sequence-specific proteins on the cell surface and their preferred
DNA sequence may be stronger and last longer than a non-specific complex. This would
increase the likelihood that a bound molecuie of DNA would remain bound long enough

for uptake. The benefit is then in the frequency of successful uptake events.

In this model, the existence of a recognition sequence in the genome prior to development
of a recognition sequence is not necessary but is not precluded. Any preferred binding
sequence could become over-represented in the genome. Incoming DNA carrying this

USS would occasionally be incorporated into the cell’s genome by homologous
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recombination, gradually increasiﬁg the frequency of the USS. Since I began my

research, strong support for this model has been presented [44, 74].

1.6.3 Model II: Benefit from exclusion of foreign DNA

The alternative model is that USS recognition developed due to an advantage of
excluding potentially harmful foreign DNA. In this case, the USS must have been
already over-represented in the genome in order to provide this means of identifying

conspecific DNA.

A sequence is unlikely to become sufficiently overrepresented to drive this selection by
chance. What role could the sequence play in the cell? It has been suggested that the
USS could function as a transcription terminating sequence as proposed for Neisseria [4],
or as a Chi sequence, but these possibilities can be refuted by analysis of the locations of
USSs in comparison té the locations of sezluences involved in the above fuﬁctions [18,
75]. However, there may be some other as-yet unknown structural function for the USS,

which would support the pre-existing sequence bias model.

1.6.4 Prediction of USS-recognition deficient mutant phenotype

Based on what is known of DNA uptake, predictions of the phenotype we would éxpect
in USS recognition mutant cells can be developed for each of the two models. If the USS
recognition serves to increase the efficiency of DNA uptake, mutation of the recognition

site should severely reduce uptake. Due to the loss of USS recognition, DNA from H.



influenzae and E. coli should be taken up at equal but low rates. The predictions of the
exclu‘sion of foreign DNA model are less clear. A mutation in the USS recognition site
may cause the recognition protein to act as a barrier to all DNA, abolishing uptake.
Alternatively, removal of the sequence recognition ability of the protein may increase
“uptake of foreign DNA to levels similar to H. influenzae DNA uptake. Thus, providing
that mutation of the USS recognition protein does not abolish uptake, the uptake rate of

E coli DNA relative to that of H. influenzae DNA may offer support for one model overA

the other.

Some further predictions can made about the unidentified USS recognition protein. The
protein must be located on the outer face of the outer membrane. The protein that
recognizes the USS may be an integral component of the uptake mechanism, or it may be
peripheral. We know that the protein mus‘t associate with other members of the uptake
apparatus, and that the protein must bind DNA on its own, in a multimer, or with other
.proteins. Some, but not all DNA-recognizing proteins contain amino acid motifs, such as
a helix-turn-helix pattern or a leucine zipper to ﬁame two of a large number of DNA-
binding motifs. None of the proteins idehtiﬁéd as being involved in the mechanism of

competence have such a sequence.

1.7 Experimental Strategy

comA is one of the genes involved in DNA uptake, and thus may be involved in the
specific binding of the USS. It may play a role in assembly of the binding and uptake

mechanism, it may function as a structural part of the mechanism, or it may directly bind
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or transport DNA. To answer the question, “Do point mutations in comA alter the ability
of H. influenzae to recognize the USS,” it was first established that ComA is not involved
in the regulation of competence. I then followed the two-step procedure outlined in
Figure 4. After testing the mutation and transformation protocols in Step I, I used
mutagenic PCR to create a population of comA sequences with point mutations, in-Step
I1. RR804, a hypercompetent strain, was then transformed with the

PCR products. This strain was chosen as the parental type.because high competence
levels facilitated the mutant screen [47]. Transformants were screened for decreased
transformation frequency with respect to the hypercompetent parental strain, then comA

was sequenced from all isolates with consistently low transformation frequencies.
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Do point mutations in comA alter the ability to recognize the USS?

Step I: Establishing mutational protocol

ejefficiently trans

m
A L TR N e RO B

A

ctedm

Step II: Mutation of comA and screening for mutants

CR Amiplificiation of ¢om.
ndef mutagenic. condition:

Figufe 4: Organization of the experimental strategy.
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2. General Materials and Methods

2.1 Culture Techniques and Strains

The strains used in this study are listed in Table 1. All strains are descended from the
original KW20 strain [76] of Haemophilus influenzae rough serotype d [77]. Gene

numbers (HI#) and names are those assigned by Fleischmann et al. [9] and The Institute

for Genomic Research (TIGR).

Unless otherwise specified, strains were streaked to yield colonies on appropriate
antibiotic selective plates and single colonies were chosen for analysis, or strains were
cultured from a 1 ml sample frozen in early log growth; these originated from a single

colony.

Strains were cultured at 37°C in brain-heart infusion (BHI) (Difco) medium -
supplemented with hemin (10 Qg/ml, Sigma) and NAD (2 pg/ml, Boerhinger Mannheim)
(sBHI) [78]. Microbiological quality agar (12 g/I, Marine Bioproducts) was added for
solid media. Plates older than 24 h were supplemented with additional hemin (5 Opulofa
1 mg/ml solution) and were not used for transformation frequency experiments.
Antibiotics were added to liquid media or to melted agar media to give concentrations as
follows, unless otherwise stated: novobiocin, 2.5 pug/ml; kanamycin 7.0 pg/ml;

streptomycin, 250 pg/ml; chloramphenicol 1 pg/ml.
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Table 1: H. influenzae strains used in this study.

Strain name __Relevant genotype Reference
KW20 Wwild type [76]
MAP7 Ccm®, Nov®, Kan® [79]
RR804 murE [47]
1G4S comA::m10 Kan® [48]
Ig7 comC::tn10 Kan® [48]
Jgl comE ::tn10 Kan® [48]
RR871 rec-2::lacZ - Cm® [80]
RR885 cya’, rec-2::lacZ, Cm" [80]
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Strains were incubated in a 37°C incubator, either statioha'ry ot, if mild aeration for small
amounts of liquid media was required,.in 10 ml culture tubes on a tissue culture roller at
approximately 60 rpm. If vigorous aeraﬁon was required, cultures were grown inan
Erlenmyer flask of at least five times the culture volume, shaking at 200 rpm in a heated
water bath. Density of cultures was measured using a spectrophotometer, using the
absorbance of the culture at 600 nm (OD600). For plating, serial dilutions of a culture
were made in dilution solution. This consisted of 1x Phosphate Buffered Saline (PBS)
solution (components listed in Table 2) supplemented with approximately 4% BHI.
Stocks were frozen for‘storage at -70°C in 15% glycerol, in log growth phase for storage
of stock strains, or in MIV medium (components listed in Table 3), ready for
transformation. All cémponents of media and solutions were sterilized by autoclaving or
by filtration, except hemin. He?nin suspension was prepére‘d in 4% triethanolamine, then

incubated at 65°C for 30 minutes.

2.2 Transformation

Several different techniques were used in transformation of cells. The geheral procedures

follow. Methods have been described in 47,78, 81, 82].




Table 2: Phosphate-buffered saline.

0.3 g KH,PO,

1.1 g Na,HPO,*7H,0
8.5 g NaCl

dH,Oto 1L

Table 3: MIV medium: 1 m! of each of solutions 22, 23, 24 and 40 is added to 100 ml of solution 21.

Amount
Solution 21
Distilled water _ 850 ml
L-Aspartic acid 40¢g
L-Glutamic acid 02¢g
Furmaric acid 10g
NaCl 47¢g
Tween 80 02 ml
Potassium phosphate (dibasic) 087¢g
Potassium phosphate (monobasic) 067¢g
Solution 22
L-Cystine 0.04¢g
L-Tyrosine 0lg
L-Citruline 0.06 g
L-Phenylalanine 02g
L-Serine 03g
L-Alanine 02¢g
Solution 23
CaCl2 0.1M
Solution 24
MgSO4 0.1 M
Solution 40

5% w/v solution of vitamin-free casamino acides (Difco)
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2.2.1 Hypercompetent Strains

RR804 has a point mutation in murE, a peptidoglycan synthesi$ gene. RR804 develops |
high coﬁpétence levels, comparable to induced Qild type, during log growth phase (i.e.
without induction) [47]. For transformation of RR804, eight to ten colonies were picked
one day after plating, and suspended together in 5 m] sBHI. The test tube was rolled for
fifteen minutes at 37°C then aliquots wefe taken for transformation with DNA

concentrations as specified for each experiment.

2.2.2 Colony Competence

To determine the average competence of all viable cells in a colony, colonies were picked
24 to 36 hours after plating. Each colony was suspended in 5 m! sBHI containing 1
ug/ml MAP7 chrémosomal DNA obtained frém lab stocks. These were incubated,

standing, for 15 min at 37°C, before plating to determine transformation frequency [26].

2.2.3 Induction of Competence Using MIV '

15 ml of culture at log growth in sBHI (OD6OO = 0.2 to 0.3) were collected onto a 0.2 um
filter using a Nalgene analytical filter funnel, and washed with 15 ml of MIV medium.
The filter was then placed in 15 ml of MIV, and shaken for 100 minutes at 100 rpm, 37°C

[82]. 10 to 15 ml of culture were filtered, and equal volumes were used for washing and

resuspension of cells.
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2.2.4 Plating to Determine Transformation Frequency

Once a culture was incubated with DNA containing an antibiotic resistance gene, it was
necessary to determine what fraction of cells were transformed. To accomplish this, tﬁe
culture was treated for ten minutes with DNase I sufficient to digest all DNA used in the
transformation (10 pul of 100 pg/pl Dnase Iin a 1 ml transformation). Dilutions of the
culture were plated on antibiotic-containing sBHI plates and on plain sBHI plates. The
number of colonies growing on each type of plate was used, with the dilution factor and
the volume plated, to determine the number of colony forming units (CFU) per ml in the
culture, and the number of resistant CFU per ml in the culture. The frequency of
resistance in the sample was the transformation frequency. With all transformations, a

no-DNA control was included.

2.3 DNA Techniques

2.3.1 Chromosomal DNA

Chromosomal DNA was obtained from lab stocks or isolated using techniques described
in [82]. Distilled water was used to dilute DNA to appropriate concentrations. The -
absorbance of DNA at 260 nm, with a conversion factor of 50 ug/ml, was used to

determine concentration.

2.32 PCR from Chromdsomal DNA and Colonies

Amplification of DNA using PCR was used to confirm DNA fragment size, obtain copies

of genes, and mutate sequences. Taq DNA polymerase, buffer, and nucleotides were
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supplied by Clontéch, as was the mutagenic PCR kit DiversifyT.M. Primers were designed
using the computer program Genetool [83], and then checked against 30 Kb H. influenzae
genomic sequences for possible non-target afnpliﬁcation using the computer program
Amplify 1.2 [84]. Reactions were carried out in an MJ Research minicycler. The
suppliers’ protocols were followed for ;che reaction, using annealing temperatufes specific

to the primers.

Template for PCR was either chromosomal DNA (2 ng/pl) or cells from a single cqlony.
When a colony was used, a 200 pl pipet tip was touched to the colony to obtain a sample
(;f cells, Fhén imrhcrsed in the PCR reagent mix. To lyse the cells, the reactions were held
at 94°C for ten minutes prior to normal PCR temperature cycling. A no-template control

was run with each reaction. The mutagenesis kit’s controls were included each time.

Reaction products were visualized using agarose gel electrophoresis. Unless otherwise

"noted, 2% agarose gels were used when the product was expected to be less than 1 Kb,

otherwise 1% agarose gels were used. Ethidium bromide (0.2 pg/ml) was used to stain
the gel, and then the fragments were trans-illuminated with UV light. DNA fragment
sizes and concentrations were estimated by comparison to the appropriate sized ladder,

using either 1 Kb (GibcoBRL) or 100 bp (Roche) ladders.
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2.3.3 Restriction Digests

Digestion of PCR products with restriction enzymes was done according to the
manufacturers' specifications. Incubation at the appropriate temperature was done in a

37°C air incubator, a heating block set to 68°C, or using the minicycler.

2.3.4 DNA Sequencing

The PCR amplified DNA sequence of interest was obtained using colonies less than 24
hours of age. To ensure purity of the product, bands were cut from agarose gels and the
DNA extracted using a gel extraction kit (Qiaquick, Qiagen). Sequencing of PCR
amplified fragments was done by the UBC Nucleic Acid Protein Service (NAPS) using
Applied Biosystem (ABI) amplitaq Dyedeoxy terminator sequencing techniques and ABI
prism 337 automatic sequenéers. The fragments were sequenced from each end using the
same primers as used in PCR. The computer program Se-Al 2.1 was used to assist in

manual alignment and comparison of the sequences.
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3. The experiments: Speciﬁc Methods and Results

3.1 Background investigations

Several preliminary investigations were required. I needed to eliminate the possibility
that mutations in comA prevent binding and uptake of DNA by affecting the expression
of competenée genes. It was also essential to show that my experimental methodology
could be expected to work. The gene respénsible for resistance to novobiocin was used
to demonstrate that H. influenzae could be transformed by APCR products, and that the
mutagenesis created point mutatio.ns as expected. Finally, the colony competence assay
needed to be investigated to determine whether or not the age of colonies éffects

competence.

3.1.1 comA does not alter expression of other competence genes

A protein that regulates the expression of competence genes is unlikely to be a part of the
uptake machinery. Working with Ph.D candidate Andrew Cameron, I created strains to

confirm that comA, as well as comC, and comkE, are not regulatory.

rec-2 is expressed during the devélopment of competence [85]. Using RR871, which has
a duplicate rec-2 gene fused with lacZ, expression levels of rec-2 can be infefred by
measuring f-galactosidase activity. Ina cell that is unable to become competent due to a

regulatory defect we expect that rec-2 will not be expressed, and f3-galactosidase activity

will be low.




We created cells with both mutant comA4 and rec2.: lacZ-cm® by transforming KW20
simultaneously with RR871 and JG48 ( comA: -tn10-kan") DNA, then selecting for both
kanamycin and chloramphenicol resistance. The transformation was repeated using DNA
from JG7 (comC: -tn10-Kan®), and JG1 (c'omE.' tn10-Kan®) instead of JG48 to create
isolates mutant at both comC and comE. Two transformant colonies of each were
cultured and a 15 ml sample transferred to MIV as per the cbmpetence-inducing prptocol.
The remainder of the sSBHI cultures continued growing overnight. B-galac.tosid'ase
activity was assessed from samples taken in log growth, stationary phase (overnight
cultures),»and MIV-treated cells. following the methods described in [30]. RR871 was
included as a positive control‘ in all conditions. RR885 (cya’, rec-2: ‘lacZ-cm®) was
‘ncluded to indicate the reduced activity expected in regulation mutants in all conditions,

and MIV-induced KW20 was included as a control.

The average B-galactosidase activity for each strain and condition is shown in Figure 3.
As only two replicates were done, statistical analysis is not possible. In all conditions,
the double mutants of com gene knockouts with rec-2:: lacZ showed B-galactosidase
activity roughlgl equal to the activity in RR871. The cya), re¢—2: :lacZ control had
severely reduced B-galactosidase activity, as expected. These results indicate that the

expression of rec-2 is not influenced by the competence gene mutations.
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Figure 5: B-galactosidase activity in com/rec-2 double mutants.
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If the loss of DNA binding and uptake in the competence mutants is not due to a
regulatory effect, it follows that the proteins are either a part of the binding and uptake

mechanism, or assist in assembly of the components of the mechanism.

3.1.2 H. influenzae can be transformed by PCR products

’

As the uptake of DNA by H. influenzae is sequence specific, competent cells should
readily take up PCR products. However, this had not yet been demonstrated. My
experiment protocol involved transforming cells with mutated PCR fragments, so it was

necessary to do this.

To test the ability of H. influenzae to be transformed by PCR fragments, the novobiocin

 resistance conferring gyrB allele (gyrBnov®) from MAP7 was used. Primers mbgyrB1

(5’-CTCTTTGGTGCCCTTTCAGTCAT) and mbgyrB2 (5’-CCTTTTTTTATCGTTTTCCTTTCC)
were designed to flank the entire gyrB sequence. The resulting PCR fragment was 2564
bp in lengt.h. Four ten-fold dilutions of the PCR product were used to transform
competent KW20 cells to novobiocin fesistance, at concentrations 16 ng/ml to 0.016

ng/ml. Each transformation was performed in duplicate.

Transformation frequencies were expected to decrease proportionately to the tenfold
dilution steps over the lower concentrations, possibly reaching saturation in the higher
concentrations. Figure 6 shows the transformation frequency to novobiocin resistance for

each dilution of the MAP7 gyrB DNA, as well as the no DNA control and the
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- Figure 6: Transformation using PCR fragments. Transformation Frequencies of MIV competent
KW20, using PCR amplified gyrB from MAP7 (novR), compared to Transformation Frequencies using
genomic MAP7 DNA. Error bars indicate range of duplicates. * indicatés that colonies were seen only in
one duplicate.
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chromosomal MAP7 DNA control. The maximal transformation frequency of the PCR
products was roughly equal to that of MAP7 chromosomal DNA. Each ten-fold dilution
resulted in a proportional decrease in transformation frequency. This indicates that 16

ng/ml was not a saturating concentration of DNA.

3.1.3 The mutation protocol creates point mutations in gyrB

To test the mutational ability of Clontech’s mutagenic PCR kit, I‘used the kit to amplify
gyanovS under mutagenic conditions. Point mutations in a highly conserved ATPase

~ region of gyrB interfere with novobiocin binding to DNA gyrase, conferring resistance to
this antibiotic. Transformation c;f KW20 with gyrB amplified under the kit’s mutagenic
conditions would indicate that the kit is functioning, if there was an increase in
novobiocin resistant colonies. It would then follow that the kit will produce point

mutations in comA.

The Clontech mutagenic PCR kit is expected to create point mutations during
amplification. Specific point mutations in gyrB have bgen mapped in novobiocin
resistant E. coli, S. pneumoniae, and S. aureus [86-89]. The number of nov" sites in
GyrB depends on the species, but by comparing sequences in the ATPase regipn, it can
be estimated f[hat any one of up to four amino acid substitutions could lead to a nov R
phenotype in H. influenzae. Predictions can then be made of the expected frequency of
mutation to nov® under mutagenic PCR conditions, and are shown in the prediction bars
for each mutation rate in Figure 7. The probability of any ‘base being substituted by a

particular base is one-third the mutation rate per Kb, divided by 1000. The probability of
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Figure 7: Mutation of gyrB(nov®) to gyrB(nov®). Frequencies of transformation of MIV competent
KW20 to novobiocin resistance, using wild-type gyrB amplified under mutagenic conditions.
Error bars indicate duplicate ranges.
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a cell taking up and being transformed by a nov® fragment is then the probability of the
fragment containing ;chis mutation multiplied by the probability of transformation based
on transformation by the amplified gyanovR fragment. This calculation makes the
assumptions that there is only one site at which a mutation will prevent novobiocin
binding to the protein, that only one specific substitution at that location will sufﬁcé, and

~ that the probability of mutation to any given base is equally likely.

Using primers from the previous experiment, I used the kit to amplify the gyanovS allele
from KW20 DNA under conditions predicted to produce 2.0 and 4.8 substitutions per Kb.
To confirm that the conditions were appropriate for mutation, I followed the protocol for
the kit’s controls. As well, I émpliﬁed gyanovS in normal PCR. conditions, expected to
have a mutation rate of 0.4 substitutions per Kb according to the supplier. Competent

K W20 cells were transformed with the gyrB mﬁtational PCR products and with the
products of the normal PCR amplification, each at transformation concentrations of
approximately 16 ng/ml. The positive controls were transformation with the gyanovR
PCR products from the previous experiment and with MAP7 chromosomal DNA. Each

transformation was performed in duplicate.

The results of the transformations by mutagenized gyrB are shown in Figure 7. In all
mutation rate categories the frequency of transformation to nov® closely matched the |
predictions (although statistical analysis is not reasonable due to the low number of |
replicates). The.transforma_tion frequency of the culture with chromosomal MAP7 DNA
was 2.6x107, within normal range of MIV transformation frequency of KWéO

(approximately 1x107% for novR).‘ The transformation frequency using normal fidelity
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PCR amplified gyanovR was higher (6.2x10'2). This is a higher transformation
frequency than obtained carlier with similar quantities of DNA. However, the
concentration was possibly greater than the estimated 16 ng/ml. The kit’s control
amplifications indicated that in the control tubes, the conditions were appropriate for

mutation (not shown).

It is evident that the mutation protocol is producing point mutations in gyrB, and at a rate
within realistic expectations, and it can be expected that this technique will produce point

mutations in comA.

- 3.1.4 Colony competence decreases in RR804 after 36 hours

To maximize the sensitivity of the colony competence assay used to identify possible
reduced transformation frequency mutants, I examined the effect of colony age on

competence.
Cultures of KW20 and the hypercompetent RR804 were plated at dilutions appropriate to
yield individual colonies. Two colonies were sampled from each at intervals over three

days, and their competence determined by the colony competence assay.

The changes in transformation frequencies of the colonies with age are shown in Figure

8. Maximal transformation frequencies of each were comparable to published data [47]
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in 24 hour-old colonies. At 35 hours, the transformation frequency of KW20 had
decreased, and transformation was barely detectable at 42 hours. After this boint, no
transformation was detected. RR804 maintained maximal transformation frequency at 30
hours, then decreased. This indicates that to ensure maximum potential transformation
frequencies, RR804 colonies should be used in colony gompetence assays within 30

hours of plating.

3.2 Mutation of comA and co-transformation

Once it was confirmed that PCR fragments of amplified gyrB could transform H
influenzae, the mutagenesis experiments with com4 could proceed. Primers comAF (5-
AGCAAGCAAGATAAATAAAGCGATA) and comAR (5’-GAGACCTATGATTTGGCTGTTAAGT)

were designed to lie outside of comA4 as shown in Figure 9, so the 950 bp PCR fragment

“includes the entire gene. comA was amplified using these primers, under conditions -

expected to produce a mutation rate of 4.8 point mutations per Kb, as well as under
normal PCR conditions. As comA is 798 bp in length, the mutagenic condition-should

produce an average of 3.8 substitutions within the gene.

PCR products were checked using gel electrophoresis. Each reaction resulted in a single
band that migrated with the 1Kb band of the ladder. The kit’s mutagenesis controls were
included, and indicated that mutagenic conditiéns were appropriate in the control tubes.
These results predict that comA was successfully amplified and mutated in the

mutagenesis reaction.
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Figure 9: comA amplification. Location of primers in relation to comA, comB, and the CRE site upstream

of the operon.
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The mutated comA fragment does not contain a selectable marker, and so it was
impossible to detect which cells had taken ub comA in a normal transformation
procedure. Expected transformation ffequencies are approximately 1x107%, and so only
roughly one in a hundred colonies would contain a mutant com4. To increase the
likelihood that transfor_med colonies contained a mutated comA I used a co-
transformation procedure. Cells were transformed with the selectable gyanovR PCR
amplified fragment at a limiting concentration (1:23) compared with the excess
concentration of the rﬁutated comA fragment. As cells take up multiple fragments, a cell

transformed to novobiocin resistance is then likely to also have a mutant com4 fragment.

RR804 was transformed in 500 pl aliquots with 23 ng comA44.8 (comA amplified at a
mutation rate of 4.8 point mutations per Kb) and Ing gyanovR, then plated on
novobiocin plates. As determining transformation frequency was not important to this
stage, DNasel was not used; production of sufficient transformed colonies was my goal.
As controls, 20 ng gyanovR and 500 pg of chromosomai MAP7 DNA were each used to
transform RR804 cells to novobiocin resistance, and a no DNA control was used to
confirm that spontaneous mutation to novobiocin resistance was rare. The PCR reactions
and cotransformations were performed multiple times to provide colonies for use on

several days, as the following screen was time-consuming.

3.3 Screening for reduction in transformation frequency

To identify mutations in comA that caused a phenotype of altered recognition of the

uptake signal sequence, I searched for mutations that reduced transformation. A series of
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two screens were used. Both screens are modifications of the colony competence assay,
outlined in the Materials and Methods chapter. The first screen identified possible
reduced-competence mutants, the second and more sensitive screen was used to eliminate

erroneously identified cell lines.

3.3.1 Initial Screen

In the first screen, colonies from the comA4.8/ gyanovR transformation were tested 24-30
hours after transformation and plating. Single colonies were picked from the plate and
then touched to a numbered location on a catalogue plate before being suspended in sBHI
containing MAP7 DNA. The assay proceeded as degcribed in the Materials and Methods
chapter. Fifty microlitres of the transformation suspension was plated on kanamycin
plate‘s.. ’As a positive control, four colonies of RR804 transformed with gyrBnov® were

assayed.

847 colonies of comA4.8*/ gyrB(novR) were screened, shown in Figure 10 a. The
majority of colonies had transformation frequencies-indistinguishable from Rﬁ804
colonies, resulting in more than 1000 transformant colonies per plate. Colonies that
showed no transformation (zero colonies growing on the kanamycin plates) were selected

for the second screen.

125 colonies had zero transformants per plate, but only 81 of these were determined to be
possible low transformation frequency mutants, because there were several instances

where more than ten colonies sampled in a row produced no transformants in the assay.
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Figure 10: Identification of mutants with reduced transforiation frequency. (A) First screen: the distribution of
transformability after mutagenesis (871 colonies tested).(B) Second screen: re-test of 81 colonies from ‘none’ category of
first screen. The parental strain had a TF of 1.3E-2.
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As this appeared suspicious, thirteen of these colonies from two series were subjected to

the assay a second time, and showed normal (above 1000 colonies) transformation rates.

It was assumed that these were representative of other similar series, and I concluded
that experimental error or variation in plates was responsible. The source colonies of

these series were not included in the subsequent screen.

3.3.2 Second Screen

Thé 81 reduced transformation frequency colonies were streaked on fresh plafes from the
catalogue plate colonies. After 24-36 hours, four colonies of each isolate were picked
and separa";ely resuspended in 1ml of sBHI with MAP7 DNA. The reduced volume,
compared with the initial screen, increases the density of cells and thus the sensitivity of
the test. The suspensions were plated on kanamycin plates, and diluted and plated on
plain plates, allowing calculation of transformation frequency. Each time this screen was

performed, four colonies of RR804 transformed with gyrBnov® were subjected to the

same test, as positive controls.

The results of this secondary screen are shown in Figure 10 b. Of these 81 cell lines, 48
were found to have a transformation frequency comparable to RR804 transformed with
gyrBnov®. Twenty-five colonies had transformation frequencies at least 10 fold below
this baseline transformation frequency. The remainder had transformation frequencies

between the expected transformation frequency for RR804 and the ten-fold reduction.
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. Each screened colony is expected to contain a mutated com4. Roughly three percent of
all screened colonies showed a decrease in transformation frequency of at least tenfold. .
This is likely an underestimate, as it is possible that some colonies that were not

subjected to the secondary screen also had this low transformation frequency.

3.4 Sequencing of comA from mutants

The comA géne of each of the 25 lines with the lov;/est transformation frequencies (at

| least 10-fold below RR804 levels) was sequenced .to determine the locations of the
mutations resulting in this phenotype. comA alleles from RR804 and KW20 were also
séquenced. The s.equencing primeré were those used in mutagenesis, so the sequenced
region contained the entire mutagenized segment. The PCR products wére gel-purified

prior to sequencing.

Sequencing was done in both directions, to create overlap in the middle region. Mutant
sequences were compared to the wild type and RR804, as well as to the published
sequence for KW20 comA available from the TIGR website. Ambiguities were

investigated using the electropherograms supplied by the sequencing center.

Although an average of 3.8 mutations was expected, none were found in the 25 mutants.
This is not due to poor sequence data. The sequences of the comA fragment provided
clear unambiguous sequences, with approximately 300 bp overlap. In regions where the
signal was insufficient or there was overlap of peaks the complementary reverse strand

“ confirmed that there were no differences from wild type. The only apparent difference
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from the published sequences was immediately after corﬁARI, but this was consistent
across all isolates including KW20. This was likely a misread error, based on the
consistency of the error. The fluorescent signal in the sequencing process was high, and
may have been strong enough in the initial bases of the sequence to saturate the

sequencing apparatus.

3.5 Investigation of Mutants

The reduced transformation frequencies of the 25 isolates must be due to mutations
elsewhere in the genome. The location of the mutations was unknown, and mapping their
locations would be too time-consuming and difficult for this study. However, two

experiments were done to further characterize the isolates.

3.5.1 MurE is unchanged

The parental strain was hypercompetent due to a point mutation in murE (murkE749). A
reversion of this point mutation would cause cells to have normal KW20 competence,
which would appear in the colony competence assay as a dramatic reduction in
transformation frequency. This can be checked because the hypercompetence point

mutation created a new Mnl I site.

To check for retention of the murE749 allele, a 587 bp region surrounding the murE point

mutation was ampliﬁed from colonies of each mutant, KW20, and RR804 using Primer 1
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and Primer 2 [47]. The fragments were then digested with Mnl] for 3 hours and separated

ina4% agﬁarosev gel.

The PCR amplification prbduced the expected 587 bp band, as well aé a faint second
band at 340 bp which was ignored (gel not shown). Figﬁre 11 shows representatives of
the restriction fragment gels. The restriction fragments of KW20 and RR807 migrated aé
expected. KW20 has a single Mn!/ I cut site, and was cut into two fragments, one 219 bp,
the other 368. RR807 has a second Mnl I cut site, resulting in three fragments of 219,
229, and 139 bp. All twenty-ﬁve mutants showed 'b-ands that migrate similarly to the

RR804 pattern, with a thick double band near 220 bp and one near 140 bp.

These results indicate that the hypercompetent RR804 mutation is still present in all
twenty-five mutant isolates. The mutations causing their reduction in transformation

frequency must be located elsewhere.

3.5.2 MIV with limiting DNA

In a normal tranformation assay, cells are given an excess of DNA, but using limited
DNA for transformation allows greater sensitivity. The presence of excess DNA may
mask subtle differences in competence, allowing a cell with reduced uptake ability to still

be transformed at a similar rate to the wild type. If DNA is present at low concentrations,

binding DNA is a less frequent event, and defects in transformation will be more obvious.




B

100bp uncut P WT Lane:1 2 3 45 678 910

Figure 11: Digestion of murE fragment with MNLI. (A) Diagram of expected band sizes. WT
fragment sizes should be 219 and 368 bp. Hypercompetent mutation of murE (P) should be cut to
219, 229 and 139 bp. (B) Sample of six mutants compared to WT and P. Lane 1: 100 bp ladder, 2:
RR804, 3: KW20, 4 through 9: mutants, 10: uncut KW20 fragment.
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Each of the 25 reduced-competence isolates was transformed with limiting DNA (10
ng/1ml culture) after 100 min inqubation in MIV. RR804 was also transformed to show
the expected maximal transformation frequency under these conditions. MIV éompetent
cells of the wild type KW20 strain were also transformed with excess DNA (1 ng/ml
culture) to ensure that the conditions were sufficient to induce maximal competence.

This was conducted in triplicate, and all but eight isolates had transformation frequencies |
similar to the wild type. The eight isolates with low transformation frequencies were

assayed a second time in duplicate.

The results of the second test are shown in Figure 12. KW20 with excess DNA had a
transformation frequency of 1.5x102, indicating that the conditions were appropriate to
fully induce competence. With limited DNA, RR804 and KW20 had transformation
frequencies of 2.86x10“and 2.78x10™, respectively. This approximately 100-fold
deprease in transformation frequency corresponds with the decrease in DNA available.
Four of the eight isolates re-tested had transformation frequencies ten-fold lower than
their parental strain; colonies 21, 22, 23, and 18 had transformation frequencies 3.43x10°

5 3.21x107%, 4.56x107 and 1.62x10° respectively.

These results indicate that the four isolates with a consistently low frequency of

transformation possess mutations that affect their ability to efficiently bind DNA.
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A Figure 12: Transformation frequencies of selected mutants under MIV-induced, limiting DNA conditions. Mutant
strains are identified by their original catalogue number. KW20max represents transformation of MIV-competent KW20
cells with non-limited concentrations of DNA. Error bars show ranges of duplicates.




3.6 Is transformation mutagenic?

It is possible that transformation itself is mutagenic. None of the isolates had mutations
in comA, yet they had mutations that affected transformation frequency. Finding twenty-
five mutants out of 847 screened indicates a high rate of mutation, and yet the only

apparent treatment was transformation by comA4.8 and gyrBnov®.

To investigate the mutagenic effects of transformation, I transformed RR804 with three
different combinationé of PCR products and screened for reduced transformation
frequency mutaﬁts using the same initial screen in my comA experiment. The four
transformation treatment groﬁps were: (A) 1 ng gyrBnovk, 25ng comA44.8; (B) I ng
gyrBnov®, 25 ng comA,; (C) 26 ng gyrBnov®; and (D) no DNA. 44 colonies of A, C, and

D, and 45 colonies of B were screened.

In the no DNA treatment, all tested colonies had normal transformation frequencies. No
plates had obviously reduced numbers of colonies. The three transformed treatment
groups each had similar numbers of colonies with reduced transformation frequencies.

This is shown in Figure 13.

The transformed treatment groups all had rates of reduced transformation frequency

similar to those seen in the first screen of mutagenized comA transformed colonies. This

indicates that the uptake of DNA or transformation is causing mutations in the cells.
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Figure 13 : Mutagenic effects of transformation. (A) 1 ng gyrBnovR, 25 ng comA4.8; (B) I ng
gyrBnovR, 25 ng comA; (C) 26 ng gyrBnovR; and (D) no DNA.
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4. Discussion

4.1 Background investigations

The background investigations provided basic information as to the role of the com
operon genes in DNA binding, demonstrated that the protocol I planned to use in
mutagenesis should result in mutation of comA4, and optimized sensitivity of the labour-

intensive mutant screen.

Mutations in comA, comC and comE did not cause loss of expression of rec-2, another
gene expressed in competencé development. This showed that the mutant com operon
genes do not cause loss of DNA binding by interfering with expression of the DNA
binding protein. Had comA played a regulatory role, it would not have been suitable for

my research question.

The mutagenesis protocol used in my experiments required that competent H. influenzae
cells could be transformed by PCR amplified fragments. PCR reagents, at the
conceﬁtrations used in the amplification reaction, should not affect competence nor
viability when added to a culture. The uptake mechanism is sequence-based, and so PCR
amplified fragments should be taken up efficiently as long as they contain at least one
USS. The ability of H. influenzae to be trénsformed by PCR fragments was
experimentally confirmed, as gyrB amplified from novobiocin resistant cells efficiently

transformed sensitive cells to resistance. This amplified fragment had a higher
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transformation frequency than genomic DNA. This is not unexpected, as only a small

fraction of genomic fragments contain the novobiocin resistance allele.

The critical part of the initial experiments was the confirmation that the mutagenesis
protocol could produce mutations at the desired rate, and that H. influenzae would
express a mutant phenotype in accordance with these mutations after transformation. In
the mutation of gyrB experiment, the frequency of transformation to resistance was
approximately ten fold higher when low-mutation cénditions were used to amplify gyrB,
compared with normal PCR conditions. This corresponds with the ten-fold differences iﬁ
the expected mutation rates: 4.8 mutations ber Kb, compared with 0.4 mutations per Kb.
Without sequencing gyrB from novobiocin resistant transformants, it is not possible to
“know if the mutation rates were exactly as the mutagenesis kit claimed, but it is evident

that mutation was occurring, and at approximately the desired rate.

Colony age was shown to effect compet?:nce in both KW20 and RR804. In order to
ensure maximal levels of competence, and in turn sensitivity of the mutant screen,
transformed RR804 colonies were screened for competence in later tests between 24 and |
30 hours of plating; This meant that for each day of screening forAmutants, new plates of

colonies were needed.
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4.2 Identification of mutants in transformation

Point mutations in a gene may offer more information about 2; protein than can be gained
from insertion/deletion mutations. The relevance of specific amino acids to the function
of the protein can be detected, or the function itself can be altered, instead of simply the
phenotype associated with a complete lack of functién. To attempt an analysis of the
function of comd, mutagenic PCR was used. EMS would also have produced point
mutations, but they would occur at random throughout the entire genome. Using PCR

allowed me to target comA, with primers that flanked this gene.

I used PCR conditions designed to produce a mutation rate of 4.8 per Kb, a rate higher
than suggésted for protein function studies. Vartanian et al. [71] suggest that mutation
rates prodﬁcing on average 1.5 mutations per gene are useful for studying wild type gene
function. Because the genetic code is redundant, some point mutations will not affect the
amino acid sequence. Introducing just one base substitution per copy of com4 would be
inefficient. This is a method that can be used when attempting to identify indivi'dual
amino acids crucial to protein function, but in my study yI was interested in interrupting or
altering function, intending to change the ability of the cell to recognize the USS.
Alteration in more than one amino acid should not hinder this goal. Using a rate of 4.8
mutations per Kb should have introduced an average of 3.7 substitutions in each comA
-fragment. Had I isolated mutants with more than one substitution in com4 , it would
have been uncertain which of the mutations caused the reduction in transformation

frequency. Further investigation to identify which mutation was responsible would give

information on functional regions within the protein.




Prediction of the frequency at wﬁich mutations of a given type should be seen was
problematic. Little is known of the structure of ComA, and nothing of the relationship
between structure and function. Predicting th\e effect of an amipo acid substitution within
the protein is therefore nearly impossible. However, it should be possible to estimate the -
frequency of stop codons generated by the mutations. Three of sixty-four mutations
should result in a stop codon. Knowing the leﬁgth of comA (795 bp), the expected
frequency of mutations (4.8/Kb, resulting in a predicted 3.816 mutations per gene), and
the fact that 3/64 of these should produce a stop codon, the frequency at which a stop
codon should arise .can be calculated to Be 0.1788. This does not directly translate into a
'knockout' phenotype, as it may be that the protein can retain partial or complete function
in the absence of a portion of its C-terminus. Even so, given this frequency and the
number of colonies screened in my study, it would be reasonable to expect that at least
one knockout mutation should be observed. However, out of 847 colonies screened, all

had detectable transformation frequencies either initially or on the second screen.

When comA was sequenced from each muFant line, jt was seen that no mutations of any
type had occurred in this gene. Clearly, mutations in com4 were not responsible for the
reduced transformation frequency phenotype. This was unanticipated, as spontaneous
mutations should be rare, and so the only differences between the mutants and RR804

should be in gyrB and comA.
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The consequence of these results was that the original purpose of these experiments had
to be abandoned. Mutations in comA could not be used to determine the role of ComA in

USS binding, nor to test hypotheses of the evolution of USS recognition.

(

4.3 Investigation of mutants

Though the mutants identified in the colony competence screens did not have mutations
in comA, they are still mutants defective in the ability to be transformed. The mutations
responsible for the reduced transformation frequency phenotypes may be located within
genes already identified as competence genes, within genes with other functions that have
an effect on competence, or in genes not yet identified as beiné competence genes. It was
beyond the scope of this experiment to map the location of the mutations responéible for
the reduction in transformation frequency, however some possible 1ocations‘wer'e tested, _

and the nature of the defect in competence was explored.

4.3.1 Did the murE mutation revert?

The parental strain was hypercompetent due to a point mutation within murE [47]. It was
not surprising that none of the 25 tested reduced competence isolates were reversions to

the wild type version of murE, as this would be unlikely.

Though the mutations responsible for the decreases in transformation frequency were not

due to a back-mutation of the murE point mutation, they could still be mutations that
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interfere with the unknown murE pathway to competence. These could be located in

murE, elsewhere in the murein pathway, or in some other regulatory gene.

4.3.2 MIV competence of mutants

Four mutant isolates had transformation frequencies lower than RR804 under MIV
competence inducing conditions with limiting DNA concentrations. These four probably
have mutations in genes directly involved in some step of the competence pathway. This
does not necessarily mean they are involved in the mechanism of DNA uptake; they

could be regulatory or part of the recombination apparatus.

The seventeen isolates with MIV/limiting DNA transformation frequencies comparable to
RR804 may have been identified due to experimental error. The consistency of the
phenotype in the two colony competence assay tests weakens this argument. It is
unlikely that a colony wasl accidentally identified twice as having reduced transformation
frequency. These seventeen isolates may have mutations in genes that affect the pathway _ |
by which the murE mutation turns on competence. Four of the eight re-tested isolates
returned to transformaﬁon frequency levels comparable to RR804. These may have been
unstable mutations, or it may be that the phenotypes are sensitive to subtle environmental

cues.
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4.4 What went wrong?

4.4.1 Why were there no mutations in comA4?

It is surprising that not one mutation in comA was isolated. Mutation of gyrB produced
point mutations that conferred novobiocin resistance to cells transformed by this gene.
This indicates that the mutation and transformation protocol should work. We know that
comA possesses a USS, and that the tested cells that should have been transformed with
comA were competent. Had they not been, they would not have been transformed to
novobiocin resistance in the cotransformation step. As comA was in 25-fold excess of
gyrB, it is unlikely that the mutants only bound and took up gyrB. The number of
fragments taken up by competent cells has been estimated to be between four and forty,
dependent on size of fragment [20]. Point mutations in comA are unlikely to be lethal,

because the knockout is fully viable.

Clues to the reason why the mutant comA did not transform the cells might lie in the
differences between the DNA fragments themselves. Perhaps the comA4 fragment forms a
secondary structure that inhibits uptake, or perhaps the effect of two USSs in gyrB

outweighs the abundance of the comA fragment in the cotransformation.

The size difference between the fragments may also be responsible; gyrB is three times

the length of comA. Once within the cell, the single strand of DNA is possibly protected
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from degradation by a protein such as SSB, but it does slowly degrade. When creating
knockouts, or attempting to make other non-homologous insertions, a rule of thumb that .
is used is that there should be five hundred bp of homologous flanking DNA to either
side of the insertion. This suggests that much less than five hundred bases are degraded,
ledving well over half the fragment in the case of comA. Barany et al. [22] suggest,
however, that up to 1.5 Kb of a fragment is degraded prior to recombination. It is thena
possibility that,the comA fragment was either completely degraded before recombination

could occur, or was too short to recombine.

This reaéon for the lack of transformation by mutated comA could be tested using gyrB.
We know the general region of this gene in which point mutations cause novobiocin
resistance. Primers could be designed to flank this region, resulting in an amplified
fragment» approximately 1 Kb in length, then this DNA could be used to transform
competent cells. A decrease in transformation frequency (relative to transformation
frequency of the entire noyR gyrB gene), or a total loss of transformation, would indicate

\

that a 1 Kb fragment is not long enough to be reliably integrated.

4.4.2 Why were there any mutants?

The process that created the mutations isolated in this study is also an unknown. The
appearance of decreased transformation frequency mutants in all transformation groups
(section 3.6) suggests that transformation itself may cause mutations. The lack of such

mutants in the no-DNA treatment group indicates that this phenotype is not simply
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present at low levels in the RR804 population, nor is it the expression of competence
genes that causes the mutations. It is possible that the process of recombination or the

presence of single stranded DNA in the cell increases the mutation rate.

There are other possible explanations. Recent research suggests that mutation rates
increase in bacteria that have been exposed to low levels of some antibiotics, reviewed in
[90]. Itis possible that a cell that has the MAP7 originating gyrB mutation perceives 2.5
pg/ml novobiocin as being a comparably low level. This concentration is sufficient to
prevent grthh of non-resistant cells, lgut perhaps resistant cells are slightly susceptible

rather than insensitive to novobiocin. This may be sufficient to increase mutation rates.

Another cause of increased mutation rates could have been introduced alongside the
mutated comA DNA. The gyrB used to transform the cells was PCR amplified, and as
already discussed, PCR has a low but nbt inconsequential mutation rate. Mutations in the
C-terminal half of the gyrB gene have been implicated in alterations of mutation rates.
One mutation within gyrB is known to increase mutation rates, while another decreases
them, by altering the extent of the negative supercoiling [91]. However, this would take
several steps to achiéve; a more direct explanation is that the alterations in negative
supercoiling affect other functions in the céll, such as transcription and recombination. In
this way, it would act much as a topA knockout does, interfering with transformation due

to changes in DNA coiling [92].
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4.5 Future directions

Though‘ the study failed to yield any comA4 mutants, this does not mean the mutants that
were isolated are useless: They affect the abiiity of cells to be transformed, and may
offer new knowledge of the system. The mutations may be located in genes already
descriBed, which would offer the same opportunity to studyk those genes as point
mutations in comA would have offered. They may equally be located in genes as yet only
suspected of involvement in competence, or novel genes. The mutations may also not be
within a gene, but may be located in a regulatory sequence instead. However, mappiﬁg
an unknown mutation is time-consuming. It may be better to first fully characterize the

mutant phenotypes.

Various techniques can be used to identify the process affected by the mutation. If the
mutation affects regulation of corhpetence gene expression, real-time PCR can be used to
_quantify transcription of a competence gene. Deﬁciencies in binding and uptake may be
detected using DNAse treatments after incubation with labeled DNA; cells that can bind
and take up DNA will have label associated with them after DNAse treatment, while cells

that cannot bind DNA will not.

Though the mutations might have occurred in any gene involved in competence, there is a
possibility that one or more of the mutant strains has a mutation in the gene reéponsible
for USS binding. Such a mutation would be expected to alter the cell's abﬂity to
selectively take up H. influenzae DNA. The increase iﬁ the ability of H. influenzae to

take up foreign DNA could be detected by a competition assay [93]. DNA containing the
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USS competes with other USS containing DNA for binding and uptake. Diluting H.
influenzae DNA with E.coli in a wild type cell does not alter the transforfnation
frequency of the cell by a marker on the conspecific DNA. If recognition of the USS is
altered, E.coli DNA would then be in competiti9n with H. influenzae DNA, and

transformation frequency of that marker would decrease.

A compeﬁtion assay was attempted with the four mutant strains (data not shown).
However, the transformation frequencies of the wild type control with varying

~ concentrations of the two types of DNA were inconsistent. No conclusions could be
drawn. It is possible that the DNA I was using was contaminated, or that concentrations

were not accurate.,

The questions of where the mutations came from, and why cbmA was not transformed,
are as interesting as the mutations themselves. A better-designed experiment to
investigate the source of the mutations may be worthwhile, as it may be that PCR
generated mutations in gyrB could affect mutation rates. To circumvent this, RR804
transformed with chromosomal MAP7 DNA should be used. To investigate the lack of '
comA mutations, several possible experiments may be done. Uptake studies using
labeled comA would demonstrate whether comA is in fact being taken up into the cell. If
it is being taken up, the ciuestion is then"why'doésn‘t it recombine?' It may be that the

fragment was too short, in which case a longer fragment could be amplified.

65




4.6 Conclusions

The attempt at identifying the gene responsible for USS binding by mutation of comA
was unsuccessful, as the procedure used to mutate the gene failed. This means that there
is no new information on the role of ComA in competence, and no progress towards

understanding the recognition of the USS.

There are now four new competence mutants available for study, each with a reduction in
transformation frequency phenotype. At this time, it is not considered a high priority to
map or further characterize these mutants, but it is possible that they will be useful in the
future. These new strains may have independent mutations in already identified
competence genes, Or may have mutations in genes not known at this point to be involved

in competence.
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