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'ABSTRACT

Haemophilus influenzae is a naturally transformable bacterium with a mechanism for the
preferential uptake of conspecific DNA. This mechanism requires the specific
recognition of uptake signal sequences (USS) on exogenous DNA by receptors on the
“bacterial cell surface. The USS-specific DNA receptor in H. influenzae is unknown.
From the set of known and putative competence genes, candidate USS-receptor genes
were identified using bioinformatic approacheé. ComkE1 was initially identified as the
best candidate receptor, since it is orthologous to proteins that bind DNA for uptake in
Bacillus subtilis and other bacteria. A comE] knockout was previously found to have a
10-fold reduction in its transformability, and this retention of partial DNA uptake in
AcomE] allowed a direct test for a change in uptake specificity. Thus, to test for a role as
the USS-specific DNA-receptor, I used DNA-competition experimenté to compare uptake
specificity in the AcomE] and wild type strains. A losé of uptake specificity in AcomE]

was not detected. Therefore, comEl does not encode the USS-specific receptor.

Recently, a putative éompetence operon (comNOPQ) was found to have an upstream
competence regulatory element (CRE), which is essential for competence gene
‘expression, and microarray analysis showed that its genes are induced during competence
development. The operon containedv USS-receptor candidate genes, however, it was not
known whether comNOPQ genes function in competence. To test this, I constructed a
knockout of comN and measured its transformability. The transforrﬁation frequency of
the AcomN strain was 10°-fold less than that of wild type. Furthermore, I found that
DNA binding and uptake were completely eliminated in the AcomN. This suggests that
comN could be a component of the DNA binding and uptake machinery or that it
functions in the assembly of such apparatus. An alternative possibility is that the AcomN
strain has polar effects on downstream genes in the comNOPQ operon, and comN does
not function in the competence mechanism. Further work is needed to test these
possi\bilities. However, I have demonstrated that the comNOPQ operon is part of the
competence regulon and that it contains one or more genes that are essential for the DNA

uptake mechanism in H. influenzae.
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Chapter 1: General Introduction

The work presented here is the combination of two main projects. The findingé were
written with the intentioﬁ for publication in the Journal of Bacteriolog};. Thus, Chapters
2 and 3 are intended to stand-alone. Chapter 4 is a detailed discussion about the results
used in chapters 2 and 3 from my bioinformatics studies for predicting competence
protein function. The present chapter is included to provide a general béckground into
the main underlying theme of my M.Sc. thesis: understanding the mechanism of DNA

uptake in Haemophilus influenzae.

The first project focused on identifying the genevor genes that enc;)ded the USS-specific
DNA—.binding receptor in H. influenzae. Frofn a complete list of the CRE regulon genes
in H. influenzae (Redfield et al., in prep,), caﬁdidate USS receptor genés were identified
using bioinformatic techniques. The best candidate was comE1 (HI1008), since it has

- orthologs knvown to bind DNA in other naturally competent bacteria (Chapter 2). A
previous lab technician, Caixa Ma, had constructed a comEI knockout strain (RR3002)
and found that deletion of comE] had reduced the transformation frequency by only 10-
»fold when compared to wild type. Hence, the competence phenotype of the AcomE]
strain allowed for the direct tesﬁng of comEI as the USS-specific receptor. ‘My
contribution to the project included tesﬁng the AcomE] strain for defects in DNA binding

and USS-specific DNA uptake. The results from this project are presented in Chapter 2.




)

In the light of gene expression dafa (Redfield et al., in prep), I undertook a separate, but
related, project from that described in Chapter 2. In Chapter 3, I demonstrate that the
putative competencé operon (HI0938.to HIO941) contains at least one gene required for
DNA uptake. Details of the mutant construction for Chapter 3, is provided as
supplementary material in Appendix A. Appex;dix B contains the raw data generated
from the localization predictions for proteins that are encoded by CRE regulated genes,

used in chapters 2 and 3, and described in more detail in Chapter 4.

1.1 Natural Competence and Sequence Specific DNA Uptake in H. inﬂuénzae.
Natural competence is the genetically prografnmed physiological state allowing bacteria
to take up exogenous DNA. Natural ‘competence is wiaespread and is'fo‘und in numerous
Gram negative and Gram positive bactg:ria (8, 15). A diagram of the DNA uptake
mechanism is shown in Figure 1. Several explanétions have been given for why
competence evolved (1, 8, 18-20, 22), but these remain controversial due in parttoa

limited understanding of the DNA binding and uptake machinery.

The ihteresting feature of natural competence in Haemophilus influenzae is that this
organism preferentially takes up conspecific DNA (8, 17, 23, 24, 27). This preferential
uptake mechanism requires the‘specific recognition of an “uptake signal sequence” (USS)
on exogenous DNA by receptors on the competent cell’s surface (5, 23, 24). The H.
influenzae USS consists of a conserved 9-base pair core (5'-AAGTGCGGT), surrounded

by an AT-rich 3’ flanking region (26). Several other rhembers of the Pasteurellaceae

family have the same USS-specific DNA uptake mechanism as competent H. influenzae




(1, 30). Species in the Neisseriaceaé also have sequence specific DNA uptake, but‘th_e
neisserial USS (5’-GCCGTCTGAA) is different from tfle pasteurellacean USS (12, 17).
In ;:ontrast, most naturally competent bacteria, including Bacillus sul;tilis and other Gram
positive species, lack this sequence-specific DNA uptake mechanism and can take up
DNA from any source (8). Despite extensive research on USSs anc\l uptake specificity in
Haemophilus (1, 4, 5, 10, 24, 26) and in Neisseria (11, 17, 25), the identities of the USS

receptors in the Pasteurellaceae and Neisseriaceae remain unknown.

We expect that the USS-specific receptors are cell surface proteins (5) and any
competence proteins that localize to the cell surface during competence are ideal
candidates. Therefore, I used protein localizatior; prediction algorithms to identify cell
surface competence proteins in H. influenzae, and make pi‘edictions about possible
functions for CRE regulon genes (Chapters 2 and 4). I tested one of the receptor
candidates (comE]T) for a role in USS-specific DNA binding and the results are described

in Chapter 2.

1.2 H.influenzae Competence Gene Regulation

Although competence genes have been identified in H. influenzae (2,7, 28, 29), the
precise functions of many of these during ’Ehe sequence-specific DNA-uptake prdcess are
poorly understood (e.g., the USS—specific DNA receptor is unknown). Determining what

genes are involved and how they function during DNA uptake, is crucial for

understanding the mechanism and the evolutionary significance of competence.




Figure 1.1: A model of competence in H. influenzae.

(A) A signal from the environment induces (B) competence gene expression in an H.
influenzae cell. (C) DNA binding proteins on the cell surface specifically bind to dsSDNA
containing USSs (uptake signal sequences). (D) The surface bound DNA is then taken
up across the outer membrane and into the periplasm. (E) The DNA becomes
translocated across the inner membrane, where the 5’ strand is degraded by cellular
DNases. (F) The intact DNA strand may then continue on to recombine into the bacterial

chromosome, or else it too also becomes degraded.




In Haemophilus influenzae, genes that are éxpressed under comp_eten(;e inducing
conditions (e.g. by direct transfer to MIV starvation medium) require the presence of a
competence regulatory element (CRE) in the promoter regions (9, 14, 16). In total, there
are 13 CREs in the H. influenzae genome, which specifically regulate nearly 30 ger;es
during competence development (Redfield ef al., in prep). Competence genes may be
regulated by a transcription factor that specifically recognizes CREs in promoter regions.
One poésible competence regulator in H. influenzae is Sxy (21). The sxy gene is known
to be essential for competence gene expression in H. influenzae (competence is

completely abolished in a sxy knockout) (21, 31). How Sxy functions in regulation

" remains to be determined, and is beyond the scope of the present work.

Anothgr factor required for competenée regulation is the cAMP-CRP complex (3, 6).
Increasing cAMP levels can induce competence, while cya (ade_nyl.ate cyclase) and crp
mutants are incapable of inducing competence génes (3, 6, 13). Due to the remarkable
sequence similarity between CRP binding sites and CREs, it is possible that CREs are
CRP-binding sites (16), but further work is required to confirm this hypothesis. The
present work does not focus on understanding the competence regulatory mechanism, but
uses what is known about competence genes to i‘dentify possible USS receptor candidates

and to understand the DNA uptake mechanism.

1.3  The identification of a putative competence operon in H. influenzae
Gene expression of wild type H. influenzae cells under competence inducing conditions

was measured using microarrays (Redfield, in prep.). Microarray data analysis revealed




that four genes (HI0938, HI0939, HIO940,-HIO941) present in “operon 0938” had similar
expression patterns to known competence genes, such as comA (Figure-2). Furthermore,
upon inspection of the upstream promoter region, operon '09‘38 was found to have an
upstream CRE site (Redfield ef al., in prep.). This operon was not previously known to

1

function during natural transformation in H. influenzae.

In a separate microarray experiment, gene expression in a sxy competence regulatory
knockout and in a cya (adenylate cyclase) knockout was corﬁpared to that of wild type H.
influenzae (Redfield et al., in prep). If operon 0938 functions in competence, we would
expect its expression to be affected by sxy and by cya (i.e., competence gene expression
is reduced in either a sxy or a cya knockout) (13). Redfield et al. (in prep.) found that the
expression of operon 0938 was dramatically reduced in the sxy knockout as compared to

its expression in wild type H. influenzae.

The gene expression data, and the presence of the CRE site, strongly suggested that one
or more genes in operon 0938 function during competénce. Therefore, I have named this
operon comNOPQ.' I originally intended to construct knockouts of all four génes in
comNOPQ and test them for competence defects. However, due to tirﬂe constraints, I
was only able to construct knockouts of comN (HI0938). 1 tested the AcomN strains for
defects in transformation and DNA binding. The details of this project are described in

Chapter 3 and Appendix A.
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Figure 1.2: Microarray time course data showing wild type gene expression of
HI0938, HI0939, H10940, and HI0941 in comparison with comA under competence
inducing conditions.

Wild type H. influenzae was grown in sBHI and then transferred to MIV medium (time at
0 minutes). During competence induction, samples were taken at regular time points and
prepared for microarray analysis (Redfield ez al., in prep). Samples in MIV were taken at
several time points up to 100 minutes. Genes in operon 0938 (black lines) have similar
expression patterns as that of comA (blue). To show the expression of a gene that is not

affected by competence development, recB (red) is included.



1;4 Recapituiation Qf Objectives

Using the wéalth of sequence data available for H. influenzae, 1 have used bioinformatics
in an attempt to predict the functions/of competence genes and genetic approaches to test
these predictions. The following are the research directions followed and the questions

that will be addressed in the present sfudy:

A) The H. influenzae ComEl‘protein is a candidate USS-receptor. Because the
AcomE] strain has a reduced, but not abolished, transformation frequency,
AcomE] can be directly tested for USS-specific DNA uptake. Does comEl

: encode the USS-specific DNA réceptor in competent H. influenzae cells? The

results of this project are presented in Chapter 2.

B) Do the putative competence genes HI0938 (comN), HI0939 (comO), HI0940
(comP), and HI0941 (com(Q) function during competence? If so, we expect that
knockouts Qf these genes will affect one or more competence steps (e.g. DNA
binding, DNA uptake, translocation, transformation) in H. influenzae. To test
this, I constructed a knockout of HI0938 (comN) and lcompared it'to the wild type
strain for defects in transformation and DNA binding. The findings of this study

are presented in Chapter 3.

C) Are the predicted cellular locations of competence proteins consistent with the
observed phenotypic effects in competence gene knockouts? A discussion of this

topic is given in Chapter 4.
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Chapter 2: The Role of a Competence Protein, ComEl, in

Haemophilus influenzae.

Sebastian J Molnar, Caixa Ma and Rosemary J Redfield

2.1 ABSTRACT

Haemophilus influenzae is a naturally transformable bacterium With. a mécharﬁsm for the
preferential uptake of conspecific DNA. This mechanism requires the recognition of
uptake signal sequences (USS) on exogenous DNA by receptors on the bacterial cell

| surface. The USS-specific DNA réceptor in H. influenzae has not been identified. The
best candidate recepfor is ComEl, a hbmolbg of proteins that bind DNA for uptake by
Bacillﬁs subtilis (ComEA) and other bacteria. ComE1 ié part of the CRE competence
regulon in H. influenzae, and is predicted to locélize‘at, or near, the competent cell
surface. We constructed a comE] knockout, and found that its transformability was
reduced by only 10-fold. This indicates that comE] is not essential for DNA uptake by H.
influenzae. This is in contrast to known ComEA orthologs in other _natu>ra11y competent
species. We have also demonstrated that AcomE] is defective in DNA binding relative to
the wild type strain. The retention of partial competence in AcomEI allowed us to test
for a change in uptake4specificity. To test for a role as the USS-specific DNA receptor,
we used DNA-competition experiments to compare uptake specificity in the AcomE! and
wild type strains. A loss of uptake specificity in AcomE1 was not detected; therefore,
comE] does not encode the USS-specific receptor. We suggest that ComE] is a non-

. essential competence proiein that functions to enhance the binding of exogenous DNA in

competent H. influenzae.
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2.2 INTRODUCTION

Natural competence is the genetically programmed physiological state allowing bacteria
to efficiently take up exogenous DNA (19). An importaht step in this process is DNA-
binding by receptors at the cell surface, yet the initial interaction between exogenous
DNA and the cell is poorly understood. For example, both Haemophilus influenzae and
Neisseria gonorrhoeae have mechanisms for the preferential uptake of conspecific DNA,
which.require the recognition of uptake signal éequences (USSs) on éxogenous DNA by
sequence specific receptors (13, 48, 49). However, despite extensive research on uptake
specificity in H. influenzae (4, 13, 23, 51) and N. gonorrhoeae (24, 36), the identities of
sequence-specific DNA receptors in the Pasteurellaceae and Neisseriaceae remain
unknown. Identifying such DNA receptors may hellp in answering why uptake specificity
exists in certain species, how USSs became over-represented in the genomes of these
species, and how uptake specificity might evolve (4). Furthermore, an important problem
in understanding DNA uptake may also be resolved with the identification and.functional

analyses of DNA receptors: how DNA is transported across bacterial membranes (4).

Natural competence is widespread, as it is found in numerous Gram positiv'e_and Gram
negative bacteria, and models of the process have been described (19). VIn general, a
signal from the environment induces competence gene expression and is followed by the
assembly of protein machinery for DNA binding and uptake. Then, DNA taken into the
cell is either degraded or incorporated into the bacterial chromosdme (19). In the Gram
negative bacterium H. influenzae, incoming DNA must traverse the outer membrane

(DNA uptake) and the inner membrane (DNA translocation) before DNA can enter the
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cytoplasm (19). Understanding the mechanism of DNA binding and uptake (i.e.,
identifying the proteins involved and determining how they work) is the subject of on

going study.

Type 1V pilus biogenesis (or type II secretion) genes are known to function during DNA
uptake in many naturally transformable bacteria (1, 16, 18, 20, 26, 32, 57, 60). Although
H. influenzae has not been reported as having structures resembling pili, pilin-like genes
in this organism are essential for DNA binding and uptake (16). Pilin-like components
for competence in H. influenzae include the pilABCD operon (16) and comE, which is ~
related to pilQ in nessierial speciés (17). Thus far, pili have not been directly implicated
in the DNA binding or uptake mechanism (37, 60), and the precise roles of these pilin-

like components during the uptake process remain to be determined.

Bagterial species that have USS-specific uptake mechanisms also have genomic USSs
thaf are highly over—re'presented (51). The H. influenzae USS consists of a conserved 9-
base pair core (5'-AAGTGCGGT) and an AT-rich 3’ flanking region (51). In the H.

. inﬂugnzae genome, the USS is present in many more copies than randdmly expected. In
total, there are 1471 USS copies in the H. influenzae genome, while only 8 are expected
in a genome of comparabie size and GC content (50). Several other members of the |
Pasteurelrlaceae family (e.g., Actinobacillus actinomycetemcomitans, Pasteurella
multocida) are also known or predicted to have the same USS-specific DNA uptake

mechanism as competent H. influenzae (4, 56). As with H. influenzae, USSs are enriched

in the other pasteurellacean genomes (4, 50). Similarly, N. meningitidis and N.
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gonorrhoeae also have USSs in high genomic abundance, but the neisserial USS (5'-
GCCGTCTGAA) is different from the pasteu_rellacean USS (24, 50). The possible
evolutionary forces involved in generating USS abundance over time has been argued

elsewhere (4) and will not be discussed here.

Most naturally competent bacteria lack the sequence specific DNA uptake mechanism
found in the Pasteurellaceae and Neisseriaceae, and instead take up DNA from any
source (19, 33). For exarﬁple, competent cells of Bacillus subtilis bind and take up DNA
from Escherichia coli, Salmonella typhimurium, and phage T7 (33, 42, 52). In B.
subtilis, the DNA receptor is ComEA, which lacks sequence-specific binding and is
essential for transformation (45). CorﬁEA orthologs have been detected in both Gram
positive and Gram negative bacteria, including Streptococcus pneumoniae (CelA) (41),
Thermus thermophilus and Acinetobacter sp. (comEA) (20). As with the B. subtilis

comEA, these orthologs were shown to be essential for transformation (20, 41).

In the Neisseriaceae, N. meningitidis and N. gonorrhoeae have comEA homo]ogs present
in multiple dispersed copies (designated gomEI to comE4) (8). This is unlike coniEA
orthologs in other species, which are present only as single genomic copies.
Transformation is dramatically reduced in N. gonorrhoeae when all four neisserial copies
of comE are deleted, but only moderately diminished with two or three copies deleted,
and not significantly affected by singlé-copy deletions (8). Similar to the B. subtilis
ComEA, neisserial ComE binds DNA non-specifically (8). Thus, ComEA homologs

appear to have similar functions in Gram-positive and Gram-negative bacteria.
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H. influenzae was previously found to contain a single comEA homolog (8, 30, 45),
comEI (TIGR accession no. HI1008). comE]l has an upstream CRE site characteristic of
genes i1‘1 the competence regulon (30, 35) and is induced 100-fold during competence
development (Redfield, in prep.). The presence of the CRE, coupled with the expression
data, strongly suggest that comE]! is a competence gene in H. influenzae. To determine if

comE] affects competence in H. influenzae, we constructed a comE] knockout and tested

it for defects in transformation and DNA binding.

2.3 MATERIALS AND METHODS

Bacterial strains and culture conditions

Strains and plasmids used in this study are listed in Table 2.1. All H. influenzae strains
are descendants of the original Rd strain (2). The wild type H. influenzae strain used is
KW20 (58). Standard methods for H. influenzae are described by Poje and Redfield (43,
44). H. influenzae strains were grown aerobically at 37°C in brain heart infusion broth
(BHI, Difco) supplemented with 10xg/ml hemin aﬁd 2ug/ml NAD (sBHI) (22). Where
appropriate, cultures were streaked or plated on sBHI sol.idified with 1.2% Bacto Agar
(Difco) or MBI Agar. When required, antibiotics were used at 7.0 xg/ml for kanamycin,
and 2.5 pg/ml for novobiocin. Escherichia coli strainé ‘We‘re grown in Luria-Bertani broth

at 37°C either with or without antibiotics, as required (47): kanamycin at 10 pg/ml and

ampicillin at 100 yg/ml were used.




Table 2.1: Strains and plasmids used in the present study.

Strain or Plasmid Relevant Genotype Source or Reference
| H. influenzae

KW20 wild type (58)

MAP7 str, kan, nov, nal, spc, vio, stv )

RR3004 glpR::kan _ this work >

RR3003 comEl Bcll::kan this work

RR3002 AcomEl::kan this work

E. coli

DH5a sup44 recAl 27

GM2123 dam- - Noreen Murray

NM554 sup0 recA Noreen Murray

Plasmids

pGEM-T Easy lacZ, amp (Promega)

pComE1l (RR1125) comE] this work

pComEl::Kan (RR1121) kan ‘ this work

pComE1 Bc!l I::Kan | kan inserted at Bcl 1 site this work

(RR1122; RR1123)-
pAComEl::Kan (RR1124) AcomEl::kan this work




Sequence analyses

All competence gene sequences in H. influenzae were obtained from the TIGR database
(The Institute for Genomic Research, vx;ww.tigr.org). BLAST (3) searches were used on
H. influenzae competence protein sequences to find significantly similar sequences in

other species. Sequence topology analyses used SignalP (39, 40), TMHMM v2.0 (31),

PSORT (38), and PSORT-B (21).

E. coli transformation and cloning procedures

Plasmids were transformed into chemically competent E. coli using standard procédures
(47). Competent E. coli cells (DH50 and GM2165) were prepared by treatment with
cold 100 ml CaCl,. Transformants were chosen from LB selective plates. For blue/white
screening of clones, using vectors pPGEM-T Easy or pCR2.1 TOPO-TA, transformed

cultures were serially diluted and grown on LB selective plates containing 80 pg/ml X-

GAL.

PCR amplification, cloning, and comEI mutagenesis

A 2.85 kb fragment flanking HI1008 (comE1) was amplified by PCR using the forward
and reverse primers 5’-GCGGATCATAGTGGCTGGCAAC-3"and 5’-
GCAAGATACCGCT GCGCCCATACCC-3’, respectively. The product was cloned into
the pGEM-T easy vector system (Promega) to generate the plasmid pComE1. Transposon
mutagenesis failed to produce insertions in comE1 But resulted in a plasmid,

pComE1::Tn10kan, carrying a transposon insertion downstream of comE]. The plasmid

pComEl contains a unique Bc! I site located upstream of comE] between the CRE site



http://www.tigr.org

and translational start cocion. A 1.8 kb kanamycin resistance gene from miniTn10kan cut
with BamHI was inserted at the Bc! I site of pComEL. This generated the plasmid
pComEl Bcl I::kan with the same orientation of the kanamycin cassette as in-
pComE!1::Tnl0Okan.

J
To make a deletion of comEI, pComE]1 Bcll::kan and pComEl::kan were cut with Xhol
and Pstl. Two fragments were generated: a 5.7 kb fragment which contained the Qector,
the 5” sequence of the PCR fragment to the Bcll site and half of the transposon from
pComE1-Bcll::kan; and a 1.6kb fragment which éontéined the remaining half of the
transposon and most of g/pR from pComE1::kan. These two fragments were gel purified
using Gene Cléan I Kit (Bio101) and then ligated to generate pAComEl::kan‘which had
the whole comE] region deleted and inc;luded a 45bp deletion from gipR. lThe linearized
construct was then transformed into wild type H. influenzae to generate the comE]

knockout (RR3002).

. DNA sequencing

DNA sequencing was performed by the University of British Columbia Nucleic Acid-
Protein Service Unit, using ABI AmpliTaq DyeDeoxy Terminator cycle-sequencing
chemistfy. In preparation for sequencing, pComE1l::kan was cut with Xho I and Pst 1 to

yield two fragments each carrying half of the miniTn10kan transposon. A ~6.1 kb

. fragment was gel purified, and partially sequenced using a primer complementary to the

ends of miniTn10kan (5’-CCACCTTAACTTAATGATTTTTACC-3’). The location of

the transposon insertion was confirmed at base pair coordinates 1073554 and 1073555.
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Competence induction and transformation of H. influenzae strains
H. influenzae cultures were grown in sBHI, and competence was induced by the transfer
of exponential-phase cells (ODy,=0.25; approximately 10° cells/ml) into MIV starvation

medium (28, 59). Cells were incubated for 100 minutes in MIV.

The standard procedure for transforming the wild type H. influenzae strain KW20 was
followed (6): 1ml competent cells were incubated with 1 yg/ml MAP7 DNA for 15 min
at 37°C. To stop DNA uptake, DNase I (Boehringer Mannheim) was then added at 1
ug/ml and the mixtures were incubated for an additional 5 min at 37°C. Transformed
culturgs were serially diluted and plated on selective (novobiocin) and non-§eléctive
sBHI plates. Colonies were counted after 24 hours of incubation. Transformation
frequencies were then calculated by dividing the antibiotic resistant CFU/ml by the total

CFU/ml.

Radioactive labeling of chroﬁosomal DNA

MAP7 chromosomal DNA was radiolabeled with 30 Ci/mmol [methyl-tritium] thymidine
5’-triphosphate ([*'H]-dTTP; Amersham) using nick translation reactions (47). DNasel
was calibrated to obtain maximal [3H]—dTTP incorporation. Nick translation reactions
were incubated for 2 hours at 15°C, and then 5 minutes at 65°C to inactivate the DNasel
enzyme. Radioactivity levels were measured with a Beckman scintillation counter.

Yields were about 30% radiolabel incorporation or higher (e.g. 5.3 x 10° CPM/pg from

1.6x107 CPM total). Reactions were purified with QIAquick PCR purification kits




(Qiagen).‘ For DNA uptake experiments, radiolabeled MAP7 DNA was diluted to 10°

CPM/ug with cold MAP7 DNA.

DNA binding and uptake experiments

Competent H. influenzae cells were incubated with [’H}-dTTP labeled MAP7 DNA at
10° CPM/ml cells. To determine “total DNA bound and taken up” versus “DNA bound”,
cells incubated with [’H] DNA were split in half for parallel treatments: “DNase” and “no
DNase”. To stop DNA uptake and to remove bound DNA on cell surfaces, DNase I
(Boehr.inger Mannheim) was added at 1 yg/ml and tﬁe mixtures were placed on ice. To
determine total DNA bound and taken up, DNase I was not added. Cells were then
centrifuged for 1 minute ét 13000 rpm, washed twice with MIV, and prepared for
scintillation counting. The negative control included incubating non-competent KW20
cells (i.e. log phase cells, at approximately ODg,=0.25) with equivalent amounts of [3H]
MAP7. The background control used log-phase KW20 cells that had not been incubated

with 'H] MAP7.

Testing USS-specificity of competent AcomE1

For DNA competition experiments, competent KW20 and AcomE] cells were prepared
and then transformed with different mixtures of MAP7 DNA with either KW20 DNA or
E. coli DNA. MAP7 DNA (200 ng) was competed against O ng, 400 ng, or 4000 ng of
KW20 DNA or E. coli DHSQ DNA per milliliter of MIV competent cells.

Transformation frequencies of AcomEI were then determined and compared to that of the

wild type.




24  RESULTS

Functional predictions of the H. influenzae comE1 gene.

The H. influenzae comE1 gene (HI1008) was previously identified as an.ortholog of
ComEA, the chillus subtilis DNA receptor (8, 30, 45). Liké neisserial ComEA
orthologs (8), the H. influenzae ComEl is much smaller than the B. subtilis ComEA (i.e.,
ComE]1 has only 112 amino acid residues, while ComEA has 205). ComEl has sequence
similarity primarily to the CoanA C-terminal region for DNA binding, and lacks most of
the ComEA N-terminal region (Figure 2.1). In particular; ComE]1 lacks the flexible hinge
sequence (QQGGG; Figure 2.1) that is proposed to allow a conformational change in

" ComEA for ﬁresenting bound DNA to the uptake machinery (8, 19, 29). Therefore_, fhe

only expected role for ComE1 during competence in H. influenzae is DNA binding.

Sequences similar to ComEA are present in many different bacterial species and support
the notion that parts of the competence mechanism are evolutionarily conserved (19).
Most of the ComE1 sequence is similar to the C-terminal region in ComEA, which
contains the helix-hairpin-helix DNA-binding domain (8). ComE]1 has 47% identity
(70% similarity) with the C-terminal domain of B. subtilis Com’EA.k Good homologs of
comE] are present in all sequenced Pasteurellaceae. For example, H. influenzae comE!
has 46% identity (69% similarity) to the Pasteurella multocida PM1665 and 47% identity
(63% similiarity) to the Haemdphilus ducreyi HD0650. ComE1 homologs were also

found in the unfinished genomes of Actinobacillus actinomycetemcomitans

(www.genorhe.ou;edu/act_blast.html) and Haemophilus somnus

(genome.ornl.gov/microbial/hsom/). -



http://www.genome.ou;edu/act_blast.html
http://genome.ornl.gov/microbial/hsom/

The B. subtilis ComEA is an integral membrane protein exposed on the surface of
competent cells (29), which is important for its role in DNA binding. Similarly, if
ComEl is a DNA binding protein required for the uptake process in.competent H.
influenzae, we expect ComEl to localize near the cell surface. Therefore, we used
available sequence analysis programs to predict the localization'site of ComE1l. The
SignalP algorithm (39, 40) predicted that ComE1 has a signal peptide that is cleaved at
residue 22. The signal peptide is an N-terminal sequence used by the general secretory
pathway for targeting proteins first to the inner-membrane, where the signal peptide is
then cleaved allowing the mature protein to move to the periplésm, the outer ﬁembrane,
or outside the cell (46). Consistent with this, the transmembrane protein prediction
algorithm TMHMM v 2.0 (31) indicated that H. influenzae ComEl] is not an inner-
membrane protein. Unfortunately PSORT-B, an algorithm that generates a localization
probability for the five Gram-negative bacterial cell compartments (i.e., cytoplasm, inner-
membrane, periplasm, outer-membrane, outside the cell), could not predict the final
localization site of ComE1. However, with the presence of the signal peptide, ComE1

may localize to the periplasm, the outer membrane, or outside the cell.

In Bacillus subtilis, ComEA was shown to be required fof both DNA binding and for
DNA uptake into the cell (29, 45). The Gram-negative orthologs of ComEA, such as the
neisserial and pastuerellacean versions, l’ack the putative flexible motif needed for DNA
uptake in Gram positives (8, 20), and are similar only to the DNA binding region in
ComEA. Therefore, it seems likely that the Gram-negative ComEA .orvtholcjgs function

only for DNA binding at the cell surface, and are not for DNA uptake.
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Hinge DNA binding domain

Bs. ComEA

Hi. ComE1

Pm ComE1

Ng. ComE

Figure 2.1: Schematic of aligned DNA binding domains in ComEA orthologs.

The C-terminal DNA binding domain in ComEA is a helix-turn-helix motif (8), and is
highly conserved among orthologs found in different species. The Gram-negative
orthologs all contain N-terminal signal peptides required for protein localization, but
multiple alignments indicate there is little sequence conservation in the hydrophobic
regions of the transmembrane helices or signal peptides (not shown). The B. subtilis
ComEA has a hinge motif (QQGGG) that is absent in the Gram-negative orthologs (8).
Bs, B. subtilis Bsu2555; Hi, H. influenzae, HI1008; Pm, Pasteurella multocida, PM1665;
Ng, Neisseria gonorrhoeae, NMA2187.
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Construction of a AcomE]1 strain

To determine whether eomE] has a role in eompetence, we constructed a comEl
knockout and tested it for competence defects.” The strategy for generating the plasmids
used to construct the AcomE] strain is shown in Figure 2.2. First, a PCR product
containihg comkE] and flanking Jgenes' was cloned into pGEM-T Easy to generate the
pComEl plasmid. comE] is only 339 bp and contains no convenient restriction sites for
mutant eonstruction. Transposon mutagenesis failed to produce insertions in comE]l.
Therefore, we fused eppropriate fragments from two plasmids, pComE1::Tn10kan and
pComE1 Bcll::kan, to generate the final desired plasmid construct pAComE1::kan, which

contained a kanamycin cassette in place of comE] (Figure 2.2).

The pComE1::Tn10kan plasmid was generated by randorﬁ transposon mutagenesis ahd
contained a miniTn10kan insertion in the 5’ end of glpR. To censtruct pComE1
Bcll::kan, a BgmHI digested kanamycin cassette was ligated directly into the Bcl/l
restriction site of pComE1. The final construct, pAComE1::kan, was generated by
ligating Pstl/Xhol double digested fragments from plasmids pComE1 Bc!/I::kan and
pComE1::kan (Figure 2.2). To generate a comE] deletion in the chromosome (strain
number RR3002), linearized pACemEI::kan was transformed into wild type H.
influenzae, and kanamycin resistant transformants were screened for the deleted comE]

using PCR. |
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Cassette insertion Random Tn hops
at Bcll site

Xhol Xhol

HI1007 .’

HI1007 .

pComE1 Bcll::)kan pComE1::Tn10kan

Combine to make comET1 deletion

Hitooz WVE 907 |

pAComE1::kan

Figure 2.2: Plasmids used to generate the AcomE1 strain.

All plasmids used the pPGEM-T Easy vector that contained a selectable amp” marker.
Horizontal arrows show direction of transcription. Hatched boxes represent the CRE site
upstream of comE 1. Black boxes represent truncated flanking genes. The triangles
represent the location of the kanamycin cassette or miniTn10kan in the plasmids. The
Xhol site in pComE1Bcl/l::kan and pComEl::Tnl0Okan was used to generate fragments for
fusing the kanamycin cassette from pComE1 Bc!/I::kan to the miniTn10kan from
pComEl::Tnl10kan. Horizontal bars in pAComEl::kan represents the truncated gipR.

25


file:///ESSMi

" Transformability of AcomEl

Defects at any step in the competence mechanism (i.e. competence gene regulation,
assembly of uptake machinery, DNA binding, DNA uptake, translocation, or homologous
recombinatidn) may cause a reduction in transformation frequencies up to ldg—fold,
whereas differences in uptake of labeled DNA may only be detectable up to 10-fold.
Therefore, the most sensitivg test for measuring competence in H. influenzae strains is the

determination of transformation frequencies.

When maximal competence was induced by MIV starvation médium, and competent cells
were incubated with saturating amounts of marked DNA, the transformation frequency of
AcomE] was only 10-fold less than ‘that of wild type H. influenzae (KW20). Using data
from five independent experiments, the transformation frequencies were 1.7x107 (SE =
0.3x107) for KW20, and 1.4x10 (SE = 0.3x10™) for AcomEI. This demonstrates that
ComE]1 does have a role in competence, but it is not essential for transformation in H.

influenzae.

Testing growth rates of AcomE1 versus KW20

Previously, wild type comE1 was found to be induced by 100-fold during competence
development (Redfield et al., in prep.). To find out whethe'r log phase growth defects
were present in AcomE] that affected competence development, it was necessary to do a
time course comparison Afor growth between the AcomEI and KW20 strains. We did not

find any significant difference in the doubling time of AcomE] versus the wild type
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KW?20 strain (data not shown). This indicates that comEI does not have a function in log

phase growtfl and supports a specific role for comE! in competence. -

glpR 5’ terminal deletion does not affect competence

Other than growth rate, another possible explanation for any competence phenotype in
AcomkE] is the effects of adjacent genes. The AcomE]! strain (RR3002) includes a 45 bp
deletion at the end of gipR (H1009). glpR is a putative repressor for the glycerol-3-
phosphate regulon (TIGR) and is transcribed in the opposite direction as comE1 (Figure
2.2). glpR is not expected to affect competence, since g/pR expression does not change
during competence induction in MIV (Redfield, unpublished). To test for competence
defects by the g/pR, we constructed a chromosomal g/pR mutant, by transforming linear
pComELl::Tn10kan into the wild type strain, and compared its transformability with wild
type. We found no significant difference in either the growth or transformation
frequency of the g/pR strain (RR3004) when compared to wild type H. influenzae (data
not shown). Therefore, the glpR deletion in the AcomEl strain is not responsible for the

reduction in transformability.

Testing DNA Binding and Uptake in AcomE1

" H. influenzae ComEl has sequence similarity to DNA binding andAuptake proteins in
other species; therefore, w.e expected ComE]1 to have a similar role in H. influenzae.
Thus, we investigated whether ComEl is directly involved in DNA binding and uptake

by determining how much DNA entered competent AcomE] cells compared to the wild

type.




To measure the total amount of cell-associated DNA (i.e. DNA‘ bound plus taken up),
competent cells were incubated for 15 minutes with radiolabeled MAP7 DNA and were
not treated with DNase (adding DNase removes surface bound DNA). From two
independent experiments, the average total amounts of radiolabeled DNA associated with
pellets of KW20 and AcomE] cells were 7586 CPM (SE = 418_CPM) and 1104 CPM (SE
+ 185 CPM), respectively. Therefore, AcomE] binds and takes up DNA seven times less

efficiently than wild type. This is consistent with the 10-fold reduction in transformation

frequency of AcomE1 versus KW20.

ComEl is not likely to be involved in the post-uptake steps (e.g. translocation or
transformation), because the amount of radiolabeled DNA that enters AcomE] cells is
much less than wild type. Othérwise, equivalent levels of radiolabeled DNA bound and
taken up by wild type and AcomEI cells would be observed. Thus, we conclude that

ComEl is involved at the DNA binding and uptake steps during competence.

AcomE]l directly affects DNA binding

Having discovered that our AcomE] strain was defective at the DNA binding and uptake
steps, we attempted to determine at which of these steps ComEl is directly involved. We
compared the ‘amount of radiolabeled DNA bound and taken up by DNase versus non-
DNase treated competent cells. DNase added to cells not only de,grades exogenous free

DNA, but also removes surface bound DNA. Therefore, the difference between non-

DNase versus DNase treated cells should equal the amount of surface bound DNA.




The AcomE1 DNA binding and uptake phenotype caﬁ be explained by either of two
possible scenarios. If delgting comE] results in weakened uptake machinery, but retains
wild type DNA binding, we expect that “no DNase” treated cells would have much
higher associated radiolabeled DNA compared to “DNase” treated cells. Alternativély, if
AcomE] has wild type uptake machinery, but weak DNA binding, then we would expect
nearly equivalent and low values of radiolabeled DNA associated with either DNase
treated or non-treated cells. In which case, AcomEl would display weak DNA binding

and have wild type DNA uptake machinery.

In one trial, competent AcomE] cells bound 10 times less r'adiolavbeled DNA than did
KW20 cells (i.e. 134 CPM versus 1524 CPM, respectively). However, in separate trials,
this precise ratio was not reproducible. For example, the ratio of [’H] DNA bound by
KW20 versus [’H] DNA bound by AcomE], ranged from 5:1 (10840 CPM vs.. 2332
CPM) to 50:1 (2364 CPM vs. 42 CPM) when cells were incubated with [’H] DNA for
different amounts of time. Thus, an accurate determination of‘ total DNA bound versus
DNA taken up could not be made. This is likely due to the poor sensitivity in detecting
surface bound DNA. However, AcomE] consistently bound lesé DNA than wild type.

Thus, our data suggests that AcomE] has a defective, but weak DNA-binding phenotype.

Testing the USS-specificity of AcomE1
Since ComkEl is the only H. inﬂuenﬁae competence protein with known DNA-binding

homologs in other species, it is a candidate for the USS receptor. We thus set out to test

whether the AcomE1 strain is defective for USS-specific DNA binding.
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To dete:rmine if ComE]1 affects USS—specificity during competence, we competed MAP7
DNA (using the selectable-marker, nov®) against unmarked KW20 DNA or E. coli DNA, .
at different concentrations during transformation of competent cells (Figure 2.3). Using
DNA competition during transformation is the classical method used to identify uptake
specificity in H. influenzae (48, 49). When marked H. ir;ﬂuenzae DNA is competed
against increasing amounts of unmarked H. influenzae DNA, we expect the
transformation frequency to decrease in wild type cells. In contrast, when marked H.
influenzae DNA is competed against increasing amounts of unlabeled E. coli DNA, we
do not expect the transformation frequency to change in wild type cells due to the uptake
specificity for conspecific DNA. If AcomE] is defective in USS-specific DNA binding,
we expect the number of transformants will decrease when MAP7 DNA is competed

against increasing amounts of either umarked KW20 DNA or E. coli DNA.

Although transformation frequencies in AcomE1 are 10-fold lower than KW20, bOﬂ“l
strains exhibited similar trends during DNA competition experiments. The MAP7 DNA |
concentration was maintained at 200 ng/ml of competent cells for each sample, while the
competing unmarked DNA was used at 0 ng,‘ 400 ng, or 4000 ng/ml of cells. In both
competent AcomE] and KWZO ce}ls, the transformation frequencies decréased when
MAP7 DNA was competed against KW20 DNA, but did not sign.ificantly decrease when
MAP7 DNA was competed against E. coli DNA (Figure 2.3). This is due to the
preference for USS containing DNA during DNA binding and uptake in H. influenzae.

Thus, ComEl1 is not the USS-specific DNA receptor in H. influenzae. \
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Strain (competing DNA)

Figure 2.3: Competition for DNA uptake.

Competent KW20 and AcomE]I cells were incubated with MAP7 DNA (200 ng/ml cells)
and with the indicated amount of competing KW20 DNA or E.coli DNA. The figure
legend indicates the amount of the unmarked competing DNA from either KW20 or E.
coli. The results represent the mean transformation frequencies from two independent
experiments, and the error bars represent the standard error.
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Identiﬁcation of candidate USS-recéptor genes in H. influenzae

Because comEI does not encode the USS-receptor, we attempted to identify other
candidate USS-receptor genes from known or putative competence genes in H. influenzae
(i.e., genes'that are expressed under competence inducing conditions and have CRE sites
in their promoter regions; Redfield et al., in prép.). The ideal candidate for a USS-

receptor is a protein that localizes to the surface of competent cells.

Using the pfotein sequence analysis al gérithms SignalP, TMHMM, anci PSORT-B, we
found six co‘mpetence genes that encode proteins with cleavable signal peptides,
indicating they are sent to the periplasm or the outer membrane. These are HI0436
(comD), HI0435 (comE), HI0940 and HIO941 (hypothetical proteins), HI1008 (comET)
and HI1182/83 (DNA ligase). Another competence protein (ComB) was initially
predicted to have a signal peptide, but upon further inspectioh it was found to have a
signal anchor (i.e., non-cleavable signal peptide) or transmembrane helix. The HI0938,
HI0939, and pilA genes are predicte,d' to encode pilin or pilin-like proteins (Chapter 3)
that may localize to the periplasm, outer membrane, or outside the cell. Three
competence genes (rec2, pilC, and pi'lD) encode polytopic inngr-membrane proteins with
11, 3, and 6 predicted transmembrane helices, respectively. The remaining thirteen |

known or putative competence proteins were identified as being cytoplasmic (Chapter 4)..
"The protein localization predictions were used to guide us in identifying the most likely

USS-receptor candidates. The H. influenzae comEI gene (HI1008) is the only candidate

with orthologs that are known to have DNA-binding properties in other competent
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bacteria. However, we have demonstrated that ComE1 is not the USS-specific DNA
receptor. Another candidate gene, comE (HIO435,'which is located in a different operon
than comE1, HI1008), was predisted to encode an suter-membrane protein related to the
PulD family of secretins. A knockout of comE is known to eliminate transformation and
DNA binding (54). Its relatedness to the PulD family of secretins, including proteins
such as PilQ in neisserial spec'ies (10, 11), suggests that ComE may have a function in
either the transport of DNA across the outer-membrane (e. g. it may act as a channel for
incoming DNA), or in assembly of the DNA-binding and uptake machinery (it may act as
a channel to transport the uptake machinery proteins). It is possible that ComE functions
as the USS-specific DNA binding protein, aﬁd our lab is currently testing ComE for a
role as the USS-receptor (Redfield, personai communication). The HI1182/83 gene
encodes a periplasmic DNA ligase (9), and therefore i.s not expected to l?ind DNA on the
cell surface. Thus, the most likely candidates for a USS-receptor gene in competent H.

influenzae are H10436 (comD), HI0438 (comE), HI0299 (pilA) and HI0938 to HI0941.

25  DISCUSSION

In our attempts to identify the USS-specific receptor for competence in Haemophilus
influenzae, we determined that one candidate, ComE1, is a DNA binding protein.

ComEl had previously been identified due to its sequence similarity to known DNA
binding proteins, such as ComEA in Bacillus subtilis, CelA in Streptococcus pneumoniae

and ComE in Neisseria sp. (8, 29, 41). The comEA homologs are required for

transformation in these species. In contrast, we found that H. influenzae ComEl is not




essential for natural transformation, because the AcomE] strain has only a 10-fold

reduced transformation frequency compared to the wild type strain.

We have presented evidence that a AcomE] strain is defective in DNA binding relative to -
the wild type. Furthermore, a comE] knockout retains USS-specificity during natural
transformation. Thus, comE1 does not encode the USS-specific receptor. The present
study complements the work by Chen and Gotshlich (8), Which demonstrated that the
nessieral ComEA orthologs directly bind DNA, but do so non—specificaily. It seems

likely that comEA orthologs encode non-specific DNA-binding receptors in many
naturally competent bacteria, as such homologs are found in numerous species (8). It was
suggested that spécies with sequence-specific DNA uptake mechanisms have two

different types of DNA receptors: one for non-specific, and another for sequence-

specifié, DNA—binding (15). This is consistent with the\ transformation phenotype

observed in our AcomE] strain (i.e., AcomEl still retains uptake specificity).

Since ComEl is nét essential for natural transformation in H. influenzae, and it is not the
USS-receptor, it may play a role as an accessory DNA-binding protein during
competence. That is, ComE1 may assist a USS-specific receptor in binding DNA for the
efficient uptake into competent H. influenzae cells. It is possible that the non-spgcific
receptor binds DNA first, and then the USS-receptor scaﬁs bound DNA for the USS core

(8). In contrast, ComEA homologs in Neisseria spp. were suggested to have an essential

role in blndmg DNA after USS specific binding takes place (8). Thls indicates that not




only are the USS-sequences different between the Pasteurellaceae and Neisseriaceae, but

that their mechanisms of DNA binding are different also.

~An important question in cell biology is how macfomolecules are transported across cell
membranes. The USS-specific DNA binding and uptake mechanisms pose interesting
examples. Based on sequence features of the USS core and its AT-rich flanking regions,
it is tempting to speculate how DNA receptors bind exogenous DNA and mediate DNA
uptake across the outer-membrane. _Competent H. influenzae cel.ls bind double-stranded,
rather than single-stranded, DNA (55), and incoming dsDNA does not require a free end
for the binding and uptake steps (5). At the cell surface scale, dsDNA is a stiff molecule,
and therefore dsDNAVtrans'port across the outer-membrane may require local strand
separation to allowing kinking (4). The DNA'receptor could facilitate the melting of the
AT-rich region surrounding the USS core (4, 12, 34). Since DNA bending is a common
feature of many DNA binding. proteins (14, 25), a USS-receptor could initiate DNA |
bending in the AT-rich region flanking the USS core for DNA transport across the
membrane (34). Another possible mechanism for DNA transport across the outer-
‘membrane is that the DNA receptor nicks one strand of bound dsDNA prior to uptake, .
causing a local flexible region in bound DNA. Although it was previously shown that
dsDNA remains intact immediately after the uptake step (53, 55), the periplasmic DNA
ligase (HI1182/83) that is part of the CRE regulon (Redfield, pers. comm.) could repair

the nick before the DNA is translocated into the cytoplasm. Identifying the U,SS—speéific

receptor will be useful to test such speculations. :
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Chapter 3: Identification and Characterization of a New
Competence Operon in Haemophilus influenzae.

Sebastian J Molnar and Rosemary J Redfield

3.1 ABSTRACT

Haemophilus influenzae is a naturally competent Gram-negative bacterium with a
mechanism for the preferential uptake of conspecific DNA. Recently, microarray
analyses revealed the presence ‘of four genes (comN, comO, comP and com()), not
previously associated with competence, that had similar expression patterns to known
competence genes such as comA. The putative competence operon (comNOPQ) has an
upstream competence regulatory elemeﬁt (CRE), which is essential for competence gene
expression. The presence of the CRE site coupled with the gene gxpression data strongly
suggested that one or more of the comNOPQ genes are involved in competence. To test
this, we constructed a knockout of comN (HI0938) and measured its transformability.
The transformation frequency of the AcomN strain was near 10‘é, while that of wild type
was 107. To detérmine what other competence steps were affected in the AcoMN strain,
we incubated competent ﬁells with radiolabeled chromosomal DNA and compared the
amount of DNA bound and taken up by AcomN and wild type cells. We found that DNA
binding and uptake was completely eliminated in AcomN. This suggests that comN is a
éomponent of the DNA binding and uptake machinery or that it functions in the assembly -
of such apparatus. An alternative possibility is that the AcomN strain has polar effects on

downstream genes in the comNOPQ operon, and comN does not function in the

competence mechanism. Further work is needed to determine whether comN is part of




the competence machinery. However, we have demonstrated that the comNOPQ operon
is part of the competence regulon and it contains genes that are essential for the DNA

uptake mechanism in H. influenzae.

3.2 INTRODUCTION

Natural competence is the genetically programmed physiological state allowing bacteria
to efficiently take up exogenous DNA. Although found in numerous Gram negative and
Gram positive bacteria, the competence mechanism differs in certain features among
different species (19? 33). For example, some bacterial specieé, such as HaemophilusA
influenzae and Neisseria gonorrhoeae, have a competence mechanism for the preferential
uptake of conspecific DNA (19, 36, 51, 52, 54). Other species, such as Bacillus subtilis

and other Gram positives, are able to take up DNA from any source (19).

The competence process occurs in multiple steps. In general, a signal from the
environment induces competence gene expression. Tlhereafter? protein machinery is
assembled for DNA binding and uptake, and DNA taken into the cell is either degraded
or incorporated into the bacterial chromosome through naturél transformation 19).
There are, hbwever, fnahy aspects of the competence mechanism that are poorly
“understood. For example, the DNA receptor in H. influenzae is not known and the
precise roles of several competence genes during DNA uptake are unclear. ‘Furthermore,
the evolutionary function of natural competence is controversial (6, 19, 44-47). Hence,

détermining what genes are involved and how they function during DNA uptake is
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crucial for understanding the mechanism and the evolutionary significance of

competence.

Several H. influenzae competence genes have homologs in other species, and this may
assist in the determination of competence gene function, as well as in understanding the
evolutionary reasons for DNA uptake. For example, genes in the H. influenzae
comABCDEF operon have been detected in E. coli and may function in taking up DNA
for nutritional benefits (21). In addition, some H. influenzae competence genes are
related to type IV bpilus-biogenesis genes in N. gonorrhoeae and Pseudomonas

aeruginosa (21).

Type IV pilus biogenesis genes are known to function in the competence mechanisms of
many naturally transformable bacteria (1, 16, 18, 22, 26, 32, 60, 63). Although H.
influenzae has not been reported fo have a pilus structure, pilin-like genes in this
organism are essential components of the DNA binding and uptake machinery (17). For
example, the H. influenzae comE gene is related to the well-characterized neisserial gene,
pilQ (17,19, 58). H. influenzae a‘lso contains a pilABCD operon that is essential for
competence (16). Thusxfar, the precise roles of these pilins and pilin-like components

\

during the uptake process remain to be determined for H. influenzae.
Recently, gene expression of wild type Haemophilus influenzae cells under competence

inducing conditions was measured using microarrays (Redfield et al., in prep.).

" Microarray data analysis revealed that four genes (HI0938, HI0939, HI0940, and
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HI0941) had similar expression patterns to known competence genes, such as comA.
Upon inspection of the upstream promoter region, this four gene cluster was.found to
“have a CRE site required for competence gene expression (30, 34). The gene expression
dafa, and the presence of the CRE site, strongly suggested that one or more of these four
genes function during competence. Therefore, we named this four—gen.e cluster, operon
comNOPQ. In the present work, we constructed a comN (HI0938) knockout and tested it

for defects in transformation and DNA uptake.

3.3 METHODS and MATERIALS
Bacterial strains and culture conditions

J
Strains and plasmids used in this study are listed in Table 3.1. All H. influenzae strains
are descendents of the original Rd strain (2). The wild type H. inﬂuenzaé strain used is
KW20 (61). Standard methods for H. influenzae are described by Péje and Redfield (40,
41). H. influenzae strains were grown aerobicaylly at 37°C in brain heart infusion broth
(BHLI, Difco) supplemented‘wit.h 10pg/ml hemin and 2ug/ml NAD (sBIHI) (24). Where
appropriate, cultures were streaked or plated on sBHI solidified with 1.2% Bacto Agar
(Difco) or MBI Agar. When required, antibiotics were used at 7.0 ug/ml for kanamycin
and 2.5 pg/ml for novobiocin. Escherichia coli strains were grown in Luria-Bertani broth

at 37°C with antibiotics as required (49): kanamycin at 10 xg/ml and ampicillin at 100

ug/ml were used.
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Table 3.1: Strains and plasmids used in this study.

Strain or Plasmid Relevant Genotype Source or Reference
H. influenzae

KW20 wild type (61)

MAP7 | str, kan, nov, nal, spc, vio, stv (10)

RR938 AcomN::kan (this study)
RR1172 AcomN::kan (this study)
RR1173 AcomN::kan (this study)
RR3002 AcomE]l::kan (Molnar et al., in prep)
RR3005 ApurR::kan (Kennith Chan)
E.coli

DH5a sup44 recAl (27)

TOP10 recAl Invitrogen
‘RR921 pWIC3, kan 11

RR1160 pLEFT (this study)
RR1161 pRIGHT (this study)
RR1162 pKAN" (this study)
RR1163 pLEFT_KAN (this study)
RR1164 pLKR-45::AcomN (this study)
RR1165 pLKR-46::AcomN (this study)
Plasmids

pGEM-T Easy lacZ, amp Promega

pCR 2.1-TOPO lacZ, amp, kan Invitrogen
pWIC3 kan (11)

pLEFT comNOPQ CRE site (this study)
pRIGHT comQ, comP (this study)
pKAN kan (this study)
pLEFT_KAN LEFT, kan (this study)
pLKR::AcomN LKR::AcomN, kan (this study)




Table 3.2: Primers for constructing the comN knockout

Primer ‘Sequence* ‘

Pl PstI 5~ CTGCAGTTCGTTGATGCGCAGATAAAGT

P2 BamHI 5'- GGATCCTTCCACTAATGTCATACCTTTCTGC
P3 5’ ~ TTTGATAGTGCTTGTAATTAATGATGAA

P4 5’= GCACCTTGATTATCTCCCTTTTTAG

PC1 5'—- GATTTTTCTACCCATTCATTTAT

PC2 5’- TGCCCTTTTAATAATACTTTCA

K1 BamHI 5'- GGATCCGGGGGGGAAAGCCACGTTTGT

K2 57—~ AGCCGCCGTCCCGTCAAGT

*engineered 5’-end restriction sites for primers are indicated in bold.




Sequence analyses

All competence gene sequences in H. influenzae were obtained from the TIGR database
(The Institute for Genomic Research, v;'ww.ti gr.org)‘. BLAST (3) searches were ﬁsed on
H. influenzae competence protein sequences to find significantly similar sequences in
other species. To make predictions about cellular locaﬂization of CRE regulated
competence proteins, sequence topology analyses were done using SignalP (37, 38),

~ TMHMM v2.0 (31), and PSORT-B (23).

E. cpli transformation and cloning procedures

Plasmids were transformed into chemically competent E. coli using standard- procedures

| (49). Competent E. coli cells (DH5a and GM2165) were prepared by treatment with
cold 100 ml CaCl,. Transformants were chosen from LB selective plates.‘ For blue/white
screening of clones (e.g. using pPGEM-T Easy or with pCR 2.1-TOPO), trapsformed
cultures were serially diluted and grown on LB selective pl;ates containing 80 pg/ml X-

GAL.

PCR amplification and cloning

The primers used in this study are listed in Table 3.2. All primers were designed using
GeneTool (BioTools Inc.) and NetPrimer (Premier Biosoft Interhational), and were
synthesized by Sigma-Genosys Custom Oligos. Expected gizes amplicons were
confirmed using Amplify 1.2 (20). Primers P1_PstI and P2_BamHI were used to amplify

the upstream flanking region (LEFT) of the cémN start codon; P3 and P4 are for the

downstream region (RIGHT) including 16 bases from the 3’ end of comN; PC1 and PC2
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were used to amplify the comN gene starting at 55 bp upstream of the start codon and
ending at 27 bb downstream of the stop codon, respectively; and K1_ BamHI and K2
primers are for amplifying the kanamycin resistance cassette (KAN) from pWJC3. The
primers P1_Pstl, P2_ BamH], and K1_ BamHI were designed to include synthetic

restriction sites near the 5’ ends (Table 3.2) for use in the knockout procedure.

PCR was performed on a Minicycler (MJ Research Inc.) using the following protocol:
denaturationvfor 5 minutes at 94°C, followed by 30 to 35 cyéles of denaturation for 1
minute at 94°C, annealing for 1 minute at 55°C and polymerization at 72°C for 1 minute
per kilobase of the expected amplicon, with a final polymerization step at 72°C for 5
minutes. All PCR products were separated and visualize.d by gel electrophoresis, and

purified with QIAquick gel extraction kits (Qiagen) when required.

Restriction digests and Ligation Reactions

The PCR products LEFT and RIGHT were ligated directly into pPGEM-T Easy, and KAN
into pCR 2.1 TbPO—TA, following the kit procedures by Promega and Invitrogen, -
respectively. Restriction enzymes (BamHI, Pstl, Spel, Aatll, Sacl, and Sspl) were used to
cut out inserts for further ligation reactions or to check for correct insert orientations.
Positions of restriction sites'were determined with DNA Strider 1.1 (35). Restriction
digests were incubated for 1 to 2 hours at 37°C with the recommended buffers for each
enzyme, and checked for complete digéstion in 1.5% agarose gels. Before further
ligation, all inserts and vectors were gel purified using QIAquick gel extraction kits

(Qiagen). Ligation reactions were incubated overnight at 4°C with T4 DNA ligase (New
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England Biolabs) and 1x T4 Ligase Buffer. To increase the chances of obtaining the
desired clones, several insert:vector DNA ratios were used (e.g. at least 2:1 for

insert:vector amounts) in different ligation reactions for direct transformation into

competent E. coli.

Competence induction and transformation of H. influenzae strains

H. influenzae cultures were grown in sSBHI and competence was induced by the transfer
of exponential—phasé cells (OD4,=0.25; approximately 10° cells/ml) into MIV starvation
medium (29, 62). To induce maximal competence levels, cells were incubated in MIV

for 100 minutes.

The standard procedure for transforming the wild type H. influenzae strain KW20 was
followed (7): 1 ml competent cells were incubated with 1 yg/ml MAP7 DNA for 15 min
at 37°C. . To stop DNA uptake, DNase I (Boehringer Mannheim) was then added at 1
pug/ml and the rﬁixtures were incubated for an additional 5 min at 37°C. Transformed
cultures were serially diluted and plated on selective (novobiocin) and non—selecﬁve
sBHI plates. Colonies were cc;uﬁted after plates were incubated at 37°C for at least 24
hours. Transformation frequencies were then calculated by dividing the antibiotic

resistant CFU/ml by the total CFU/ml.

Radioactive labeling of chromosomal DNA

MAP7 chromosomal DNA was radiolabeled with 30 Ci/mmol [methyl-tritium] thymidine

5’-triphosphate (Amersham) using nick translation reactions (49).  DNasel was calibrated




to obtain maximal [’H]-dTTP incorporation. Nick translation reactions were incubated
for 2 hours at 15°C, and then 5 minutes at 65°C to inactivate the DNasel enzyme.
Radioacti;/ity levels were measured with a Beckman scintillation counter. Yields were
obtained at about 30% radiolabel incorporation or higher (e.g., 5.3 x 10° CPM/ug from
1.6x107 CPM total). Reactions were purified with QIAquick PCR purification kits
(Qiagen). For DNA uptake experiments, radiolabeled MAP7 DNA was diluted to 10°

CPM/ug with cold MAP7 DNA.

DNA binding and uptake experiments

Competent H. influenzae cells were incubated with 1 g of radiolabeled‘ MAP7 DNA at
10° CPM/ml cells. To determine total DNA bound and taken up.versus DNA bound, half
of the volume of cells incubated with [°’H] DNA was used for DNase versus no DNase
treatments in pardliel. To stop DNA uptake and to remove bound DNA on cell surfaces,
DNase I (Boehringer Mannheim) was added at 1 yg/ml and the mixtures were placed on
ice. To determine total DNA bound and taken up, DNase I was not added. Cells were
then centrifuged for 1 minute at 13000 rpm, washed twice with MIV to remove excess
[*H] MAP7, and prepared for scintillation counting. The negati've control included
incubating non-competent KW20 cells (i.e. log phase cells, at approximately ODy,=0.25)

with equivalent amounts of [’H] MAP7. The background control used log-phase KW20

cells that had not been incubated with PH] MAP7.




RESULTS

Plasmid construction to generate AcomN

To determine if comN has a role in competence, we constructed a comN knockout and
tested its transformability. The overall knockout procedure is shown in Figure 3.1. In
steps 1, 2, and 3, PCR was used to amplify the segments LEFT and RIGHT from KW20
chromosomal DNA (the 1 kb upstream and downstream flanking regions of the comN
gene, respectively), and KAN (the kanamycin resistance cassette) from pWJC3. The

PCR products were gel purified and ligated into the appropriate vectors (LEFT and

" RIGHT each into pGEM-T Easy, and KAN into pTOPO) to make the best use of the

multiple cloning sites. Ligation reactions were then cloned into E. coli, and

transformants were selected for using ampicillin LB plates.

Colonies that potentially contained the pLEFT, pRIGHT, and pKAN plasmids were
chosen based on blue-white screening (Fi guré 3.1, steps 1, 2, and 3). Clones were then
checked with colony PCR using primers corresponding to the appropriate inserts (i.e.
primers. P1 and P2 for LEFT; P3 and P4 for RIGHT; and K1 and K2 for KAN). Once
candidate clones for plasmids pLEFT, pRIGHT, and pKAN were obtained, restriction
digests with Pstl, Sspl, and BamHI, respectively, were used to check for the correct insert
orientations. Clones with the appropriate pLEFT, pRIGHT, and pKAN plasmids were

given the strain numbers RR1160, RR1161, and RR1162, respectively.

To construct pLEFT_KAN (pLK), plasmids pLEFT and pKAN were cut with BamHI and

fragments were gel purified, and the KAN insert was i gated into pLEFT at the BamHI




site (Figure 3.1, step 4). Ligaﬁons were subsequently transformed into E. coli. Colony
PCR was used to screen for kanémycin reéistant colonies with the LEFT_KAN construct.
The orientation of the KAN insert in pLK was determined with PCR (using P1 and K2
primers), since no useful restriction sites were found. Of eleven colonies tested, five
were found to contain KAN in the desired orientation. The pLK clone used in step 5

(Figure 3.1) was given the strain number RR1163.

"i‘o generate the pLEFT_KAN_RIGHT (pLKR) plasmid, plasmids pLK and pRIGHT
were Pstl digested, and the LK fragment was ligated into the Pst/ site of the'pRIGHT '
vector (Fi gure-1, step 5). The ligation was transformed dire(;tly into competent E. coli.
Colony PCR was then used to screen clones for the LKR construct and, in parallel, to
determine the LK insert orientation in pLKR clones. Correct orientation of the LK insert

was confirmed using Pstl and Sspl digests on pLKR. Plasmids from two pLKR clones

(RR1164 and RR1165) were used to generate comN knockouts (Figure 3.1, step 6).
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Figure 3.1: Overall scheme for comN knockout construction

In steps 1, 2, and 3, PCR was used to amplify the LEFT and RIGHT segments from
KW20 chromosomal DNA, and KAN from pWJC3. PCR products were then gel purified
and ligated into the vectors pGEM-T Easy (for LEFT and RIGHT) and pTOPO (KAN).
Subsequent steps used minipreps, restriction digests, ligation reactions, and cloning (steps
4 & 5) to engineer the pLKR::AHI0938 construct. The 3.3 kb LKR construct was cut out
of pLKR::AHI0938 with Sacl and Aatll, and then transformed into competent wild type
H. influenzae to generate the HI0938 knockout (step 6). CRE, Competence Regulatory
Element; LKR, the 3.3 kb LEFT_KAN_RIGHT construct.
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Construction of AcomN strains

Once the pLKR plasmid was obtained; it was used to generate the AcomN strain (Figure
3.1, ste[; 6). The 3.3 kb LKR linear construct was cut out of pLKR::AcomN ;zvith Sacl
and Aatll, and then transformed.into competent wild type H. influenzae. In this -
transformation step, serial dilutions of digested pLKR::AcomN were used to obtain
kanamycin resistant colonies, becaﬁse higher amounts of DNA increases the likelihood of
generating transformants with tandem repeats or other arréngements in the H. influenzae
chromosome due to the presence of a periplasmic ligase (Poje and Redfield, 2002).

' Colénies were chosen for screening from plates containing the lowest colony numbers
(e.g., clones obtained from transformations using higher DNA dilutions). The positive
control was the transformation of wild type competent cells with MAP7 DNA, with
subsequent selection on nov and kan plates. N_egative controls were untransformed
competent cells (no DNA control) plated on nov, kan, and amp plates. The positive and
negative controls gave results as expected: corripetent wild type KW20 cells had the
typical 10” transformation frequency, and untransformed cells did not grow on antibiotic

| plates.

Although sevéral of the resulting kanamycin resistant colonies from these transformations
on kan plates appeared to have normal wild type coloriy sizes, many others were much
smaller than wild type colonies grown on plain plates. Additional controls were included
asa check for colony growth of putative AcomN clones on kan plates. The ApurR
(RR3005) and AcomE1 (RR3008) strains were streaked on plain and kan plates, since

both carry the same pWJC3-derived kanamycin cassette as pLKR::AcomN. After one
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day of incubation, colonies from ApurR and AcomE] on kan plates had similar sizes to
wild type colonies grown on plain plates. However, the putative AcomN microcoionies
took two days of incubaﬁon on kan plates to become visible to the unaided eye. On plain
plates, putative AcomN colonies were similar in size to the wild type, ApurR and AcomEI.v

strains after 24 hours of incubation. Reasons for the difference in colony growth on kan

versus plain plates are unclear.

For rapid screening and to increase the chance of isolating AcomN strains, putative
AcomN microcolonies were pooled for colony PCR analysis with K1 and K2 primers.
From seven microcolony péols tested, five were identified as containing the KAN
segment. From one pool, ten microcoloﬁies were chosen for colony PCR to confirm the
presence of KAN. Positive controls included amplifying KAN from the pLKR plasmid
and from a purR colony. The negative control used a wild type H. influenzae colony for
the DNA témplate source and had no amplification in PCR. Of the ten colonies screened,
only one had the KAN fragmenf (strain RR1172). To check for the repiacement of comN
vs;ith KAN in the putative AcomN clone, different primer sets were used in parallel for
colony PCR (i.e. primers P1/P2 for LEFT; K1/K2, KAN; P3/P4, RIGHT; P1/K2,

LEFT_KAN; K1/P4, KAN_RIGHT, and P1/P4 for the full length LKR).

One explanation for the small colony sizes in AcomN isolates is that the pLKR plasmid

had a defective kan gene; however, this does not seem likely, as there were no colony

size differences on kan plates of E. coli clones harboring the pLKR plasmids. As an

additional control, a different construct containing the same kan® cassette (ApilB::kan®




plasmid and chromosomal DNA, obtained from Minghui Yang, unpublished) was
transformed into competent KW20 — normal size colonies and microeolénies were still
observed. This indicates that the kan® cassette might not be properly expressed in the
microcolony transformants. Another possibility is that the comN gene affects growth on
kan. This is not expected, because comN is not expressed during exponential growth. A
third possibility is that the AcomN strain, named RR1172, carries a mutation unlinked to

the comN deletion that affects growth on kan.

To confirm fhat strain RR1172 was H. influenzae and to determine whether the small

colony morphology was not due to separate mutations linked to the comN deletion, a

backcross was done using RR1172 chromosomal DNA to transform KW20 cells. This

backcross generated approximately twice as many normal sized kan" colonies (when

compared to wild type on plain plates) as microcolonies. Thi.s indicates that the small

colony morphology on kanamycin plates observed in RR1172 rﬁay be an independent

genetic defect from the comN replacement with KAN. To test this, six large coloni‘esi

were chosen for colony PCR using primer sets PC1/PC2 and K1/K2 (data not shown).

All six colonies had the KAN insert (997 bp), however PC1/PC2 amplifications failed to ’
detect any band (1219 bp expected), which is similar to PCR resuits obtained for the

RR1172 strain. One of these clones, a backcross strain, was given the named RR1173.

Due to amplification difficulties with some primer sets on colonies or purified DNA from
strain RR1172, an additional transformation experiment was done to generate replicate

AcomN strains. A similar mix of colony sizes was observed in separate attempts (i.e., on
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kanamycin selective plates, numerous microcolonies and several large colonies were
pre.sent). From this independent transformation experiment, four additiohal clones
containing the KAN fragment were isolated. PCR with different primer sets (PC1/PC2,
P1/K2, and K:1/P4) was used with purified DNA to determine the genotypes of these four
clones. Only one of the four putative AcomN strains (RR938) had the desired
amplification for all primer sets used. However, PCR did reveal that the other three

clones were likely to have a replacement of comN gene with KAN. Only one primer set

failed for these strains (i.e. different primer sets failed for each clone), while the

remaining primer sets indicated that comN had been replaced. All AcomN strains

(RR1172, RR1173, RR938, and three other clones) were checked for competence defects.

Testing for Transformation Defects in AcomN Strains.

The simplest and most sensitive method for detecting competence defects in H. |
influenzae strains is by measuring the transformation frequencies of competent cells.
Therefore, we compared the transformation frequencies of AcomN::kan® clones (RR1172,

RR1173, and RR938) to that of wild type.

In the positive control, wild type H. influenzae had a transformation frequency of 10'3‘ as
e;(pected. For all AcomN::kan" clones, colonies appeared normal on plain plates. On nov
plates, no colonies were present on undiluted plates for RR1172 or RR1173, while only
one colony was observed for RR938. Three other comN strains obtained independently
from the original microcolony pools (P3-1, P4-1, and P4-2) were similarly tested for

transformation defects; these had three or fewer colonies on undiluted nov plates. The
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transformation frequencies for AcomN strains were reduced by 10°-fold when compared

to wild type (Figure 3.2). This demonstrates that the comNOPQ operon contains genes

required for competence in H. influenzae.

Testing growth rates of AcomN versus KW20

To rule out whether comN has a role dﬁring log phase growth, which may affect
competence development, we compared thé growth of AcémN and wild type strains. The
AcomN strains which grew as microcolonies on kan plates grew similar to wild type cells
when grown on plain plates. No significant difference was found in the growth rates of
AcomN::kan® strains grown in plain broth as compared to wild type (data not shown).
Thus, the transformation phenotype in AcomN strains is not due to defects in log phase

growth. The results are consistent with a specific role for comN in competence.

Testing for DNA binding and uptake defects in AcomN strains.

The second assay. for detecting competence defects determines whether or not any DNA
is bound or taken up by the cells. Thus, we incubated competent cells with ’H] MAP7
chromosomal DNA and measured the total amount of cell-associated DNA (DNA bound

and taken up by cells).

The competent wild type cells used as controls took up about 7% of the labeled DNA
(approximately 11000 cpm in total). Non-competent or log phase H. influenzae cells were

'used for a negative control. For AcomN strain RR1172, essentially no *H-DNA was

bound or taken into the cells (Figure 3.3). In total the counts were 75 cpm for RR1172,




which was not significantly different from the negative control (29 cpm). These results

demonstrate that the comNOPQ operon is essential for natural competence in H.

influenzae.
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Figure 3.2: Transformation frequencies of AcomN strains versus KW20.

Since no colonies were present on any nov plates for strains RR938, RR1172, and
RR1173, the transformation frequencies (TF) for these strains were calculated assuming a
single colony had been present on undiluted plates. Thus, TFs for RR938, RR1172, and
RR1173 are upper detection limits. For strains P3-1, P4-1, and P4-2, the TFs are the
actual TFs (2, 3, and 1 colonies were present on undiluted nov plates).
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Figure 3.3: DNA bound and taken up by AcomN.

Competent cells were incubated with *H MAP7 DNA. DNasel was not added so that
total cell-associated DNA (DNA bound and taken up) could be measured. The positive
control used competent KW20 cells, and the negative control used non-competent KW20
(cells in log-phase growth).




Localization predictions of C01;1NOPQ proteins

To predict possible functions of the comNOPQ genes, two bioinformatics approaches
were used: (1) sequence analyses to predict where the proteins localize in the cell, and (2)
identifying orthologs in other species using BLAST. To determine the potential
localization si.tes of proteins encoded by comNOPQ genes, we used the sequence analysis
al gorithrﬁs TMHMM v2.0 (31, 55) and SignalP (8, 37, 38) to predict topoiogical features
such as transmembrane helices and signal peptides. PSORT-B (23) was used to predict
protein location sites for the five Gram-negative cellular compartments (cytoplasm,
inner-membrane, periplasm, outer-membrane, or outside the cell). The final PSORT-B
localization predictions were inconclusivé for each of the four ComNOPQ proteins.
Thus, a combination of the transmembrane helix and signal peptide prediction algbrithms

were used to determine possible protein localization sites.

Predictions from SignalP version 3.0 (8) indicated that ComN does not contain a signal
| peptide, while ComO has a non-cleavable signal anchor rather than a cleavable signal
peptide. The TMHMM algorithm predicted that both ComN and ComO cbntain single
transmembrane helices. Therefore, ComN and ComO appear to be inner—membrgne
proteins. TMHMM also predicts that ComQ and ComP have single transmembrane
helices near the N-terminal regions, however, SignalP indicates that these hydrophobic

segrhents are parts of cleavable signal peptides. As such, ComQ and ComP may localize

to either the periplasm, the outer-membrane, or outside the cell.




Functional predictions of ComNOPQ proteins by ortholog comparisons

Our expectation is that H. inﬂuenzqe genes involved in competence will be conserved in
related species with similar competence mechanisms. Using BLAST (3) and the TIGR
database (www.tigr.org), genes with strong.sequence similarities to comNOPQ genes
Were found within the Pasteurellaceae family. In addition, comO (HI0939) was similar to
sequences (ppdB, or prepilin peptidase dépendent protein B) in Yersinia pestis and
Pﬁotorhabdus luminescens. This led us to use PSI-BLAST (4, 5), a program that is more
sensitive than BLAST in detecting weak sequence similarities by using iterated searches

for orthologs of corﬁNOPQ genes in other species.

With PSI-BLAST, weak orthologs of comN and comO were found in many bacterial
species. These were primarily in the Proteol:;acteria (beta-, delta- and gamma-
subdivisions), but also in the Cyanobacteria:‘(Nostoc sp.) and Firmicutes (Bacillus spp.,
zllnd Streptocoécus phuemoniae). Iﬁ E. coli and all other sequenced specieé in the
Enterobacteriaceae, comN and comO orthologs are named ppdA and ppdB, respectively.
These genes encode proteins belonging to the PulG and Pull families, pilin-like
components of the type Il secrétion system, which are required for pullulanase secretion
in Klebsiella pneumoniae and.pectat‘e lyase secretion in Erwinia chrysanthemi (28, 42,
50, 59). Interestingly, comN has weak similarity to cvomGD and cglC, which encode
pilin-like proteins required for DNA uptake in Bacillus spp. and Streptococcus
pﬁeumoniae, respectively (12, 13, 39). Alignments of ComN with ComGD proteins from /

Bacillus spp. showed patchy similarity along the lengths of the proteins, with the highest

similarity near the N-terminal region. In particular, ComN has a putative PilD peptidase
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cleavage site near the N-terminus that is similar to the sequenc‘e in the Bacillus ComGD -
and pilins from other species (Figure-4). The peptidase cleaves the prepilin aﬂér the
glycine residue in the —1 position, and the residue in the +1 position of mature pilins is
either a phenyalanine or methionine that caﬁ be N-methylated by the PilD peptidase (43,
56). The N-methylation may be needed for pilus assembly, but does not seem to be
essential for substrate recognition by the prepilin peptidase (43). ComO also has a
potential P‘ilD peptidase cleavage site (KGQTL). The type IV prebilin signal peptide is
similar in amino acid composition as the classical signal peptide for type II secretion,
except that the prepilin signal pepﬁde is cleaved between the N-terminal and hydrophobfc
regions (43). Thus, the localization predictions made by SignalP and TMHMM did not

account for alternative mechanisms used by the general secretion pathway.

PSI-BLAST did not detect any sequences significantly similar to comP (HI0940) or
comQ (H10941) outside the Pasteurellaceae. In theﬁ Enterobacteriaceae, ppdA and‘ ppdB
(comN and comO orthologs) -are present in a four—géne cluster'with ygdB and ppdC.
BLAST searches directly against the E. coli K-12 genome did not detect Y gdB or PpdC
as orthologs to ComP or ComQ), and alignments using CLUSTALW indicated that ComP

and ComQ are probably not related to Y gdB and PpdC.

The localization predictions and ortholog comparisons suggest that the ComNOPQ
proteins could be components of the DNA binding and uptake machinery or function to

assemble such apparatus. The construction of non-polar mutants of the comNOPQ genes

would be needed to test these hypotheses.
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‘ Figure 3.4: ComN contains a putative prepilin peptidase cleavagé site.

Multiple-sequence alignments (57) of ComN to weak orthologues revealed similarity near the N-terminal ends. The potential
peptidase cleavage sites (KGFTL) are separated by gaps in the protein seqﬁences. The peptidase cleaves the prepilin after the glycine
in the —1 position. The +1 position indicates the residue (typically phenylalanine or methionine) in processed pilins that is potentially
| .N.—methylated by the prepilin péptidasé (56). /The asterisks indicate the hydrophobic domains that follow the processing site. All
sequences are from the TIGR or GenBank databases. Pilin-like proteins are: H. influenzae (Hi) HI0938; P. multocida (Pm) PM0965;
Actinobacillus actinomycetemcomitans (Aa) PilA; E. coli K-12 (Ec) b2826; B. subtilis (Bs) Bsu2468; S. pneumoniae (Sp) CglC.

- Pilins from N. gonhbrreae (Ng PilE) and H. influenzae (i—Ii PilA) are also included.




3.5 DISCUSSION

We have presented evidence that a previously unknown competence operon, comNOPQ,
contains genes that are essential for competence in H. influenzae. It is interesting that-
these genes are related to prepilins, or type-IV pilus biogenesis proteins, since pilin-like
proteins are involved in the competence mechanisms of H. influenzae and othér bacteria
(1,9, 14, 18, 26, 48). However, H. influenzae has not been reported to have pili and the

précise roles of these pilin-like components during the uptake process remain to be

© determined.

We have not ruled out the possibility that the comN deletion has polar effects on
downstream genes in the comNOPQ operon. Thus, we can only conclude that one or
more genes in the comNOPQ operon is involved in competence. The results from the
transformation and DNA uptake assays demonstrate that-the comNOPQ operon contains
genes with essential functions for competence in H. influenzae. The competence
phenotypes observed indicate that these genes may either be components of the DNA |
binding and uptake machinery, or function in the assembly of the DNA receptor and

uptake machinery.

The comN and comO genes are related to components in the Pul secreton, PulG and PulJ,
respectively. Both PulG and PulJ are required for pullulanase secretion in Klebsiella
pneumoniae (28). Recently, it was shown that PulG, an abundant pseudo-pilin, is able to

form a periplasmic pilus-like structure (50, 59). The function of the PulG pilus remains

* unknown, but is thought to be responsible for generating the force necessary to transport




pullulanase through secretin channels (59). In this case, ComN may have a similar
function during competence in H. influenzae, but for fransporting the- DNA reéeptor to
the cell surface. At present, little is known about PulJ, a minor pseudopilin, éxcept that it
is not needed for PulG pilus-assembly, but is necesvs.ary for pullulanase seéretion (59).
Therefore, it is uncertain what function ComO has during competence. Their relatedness
to PulG and PulJ proteins/suggest that ComN and ComO could assemble into pili-like

structures in competent H. influenzae.

The most interesting feature of natural competence in H. influenzae is thaf this organism
takes up DNA preferentially from its own species (51). This mechanism requires the
recognition of uptake signal sequences (USSs) on exogenous DNA by sequence specific
receptors (15, 51, 52). However, despite extensive research on uptake specificity in H.
influenzae (6, 15, 25, 53), the identities of sequence—specific DNA receptors in the
Pasteurellaceae remain unknown. Previously, candidates for the USS-specific DNA
receptor (Chapter 25 were identified. Here, we show that ComN and ComO contain
potential prepilin peptidase cleavage sites, iﬁdicating that these proteins might be
transported to the cell surface as components of the DNA binding and uptake machinery.
Itis .possible that the USS-receptor and DNA uptake apparatus is a pilin-like structure
that traverses outermembrane in H. influenzae. We have not ruled out whether the comN
deletion has polar effects on downstream genes in the comNOPQ operon. It will be
interesting to determine if each of the comNOPQ genes function during competence, and

whether they can affect uptake specificity in H. influenzae.
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Chapter 4: Functional Predictions of CRE Regulated Genes in

Haemophilus influenzae.

4.1  Theoretical protein localization of H. influenzae competence genes
Determining where competence proteins localize in the cell (i.e., the cytoplasm, inner
membrane, periplasm, outer membrane7 or secreted outside the celf) may assist in
understanding what their functions are in competence. Protein localization predictions
were made using sequence analysis programs SignalP (signal peptide prediction) (14,
15), TMHMM (transmembrane helix predictioﬁ) (12), and PSORT-B (predicts protein
localizations to one or more of the five poésible compartments in Gram-negative bacteria)
(8). The raw data (probabilities, topological featurés, and pbssible localization sites)
generated from each of these programs used for all CRE regulated genes in H. influenzae
are provided in Appendix B. A summary of the analyses from each algorithm and a final
overall prediction are given in Table 4.1. Protein localization predictions for some of the

competence proteins are discussed below. I suggest possible roles for each competence

~ . protein with the goal of identifying those that are likely to be part of the DNA binding,

uptake, and translocation machinery, as well as candidates responsible for specifically

recbgnizing the USS.

4.2  Identification of candidates for the USS-specific DNA receptor
The most likely candidates for the USS-specific receptor in H. influenzae are CRE

regulated competence genes whose proteins are localized to the cell surface. The

presence of a signal peptide detected by SignalP and a final localization to the outer




membrane or “outside the cell” predicted by PSORT-B are the desired predictions for a
USS-specific DNA receptor. Unfortunately, most of the final predictions by PSORT-B
for the CRE regulated genes were inconclusive (Table 4.1). As noted by Gardy et al. (8),
PSORT-B is less effective in predicting the localization of périplasmic proteins, proteins
containing less than three transmembrane helices, and proteins that have multiple

localization sites.

Several of the CRE genes are predicted by TMHMM V.2;d to encode proteins with only
single transmembrane helices (Table 4.1). These are comNOPQ, comB, comC, and pilA.
However, transmembrane helices (TMHs) and signal peptides (SPs) may be predicted for
the same amino acid region in the same protein (12). This is due to the sifnilarity in
amino\acid composition of the hydrophobic region in TMHs and SPs. Signal peptides
that are not cleaved are known as “signal anchors” and proteins with signal ahchofs
remain embedded in the inner-membrane. Whether or not a si gnal peptide is likely to be
cleaved or not cleaved can be predicted by SignalP version 2.0. If the S-score predicts a
signal peptide (the S-score is higher than the 0.44 cutoff value), while the Y-score does
not (the Y-score is less than the 0.32 cutoff value), then the protgin is likely to be a signal
anchor (14,-15). Therefore, closer inspectjon of the probabilities generatéd by. SignalP

may assist in determining the most likely localization sites for competence proteins.

As predicted by SignalP version 2.0 (see Appendix B), the following CRE regulated

genes encode proteins with signal peptides: comNOPQ, comB, comD, comE, comE],

pilA, and HI1182. However, comparing the Y-scores and S-scores to threshold values,




the proteins encoded by cémB, pilA, comN, and comO are likely to have signal anchors
(i.e., these proteins are expected to localize to the inner membrane only). Competence
proteins were re-analyzed using the recently released SignalP version 3.0 (1), which
increases the accuracy of cleavage site predictions ahd reduces false positives. The final
predictions for all compefencc proteins were similar qsing SignalP v.3.0 as compared to
version 2.0, except for ComN in which a signal peptide was not detected by \version 3.0.
Overall, the SignalP results are consistent with.the data generated from TMHMM, which

together suggest that ComN, ComO, ComB, and PilA are inner membrane proteins.

The SignalP algorithm is only capable bf identifying classical signal peptides that are
cleaved by signal peptidase I (SPasel) (1). The classic signal peptide contains an N-
terminal region, a hydrophobic core, and a C-terminal regioﬁ followed by an SPasel
cleavage site (5, 19). There are two other types of SPs that are similar to the classical SP
type: lipoprotein SPs and type IV prepilin SPs (19). Lipoprotgins have shorter signal F'
peptides that are cleaved by siénal peptidase II (SPasell) (19). To determine if there were
any SPaséII cleavage sites in H. influenzae corﬁpetence proteins, I used LipoP (10) and
found that only' ComD has a potential SPasell cleavage éite. Type IV prepilin SPs are
similar to the classical SPs, but are cleaved by prepilin peptidase between the N-terminus
and the hydrophobic core (17, 19, 20). Thus, SignalP may detect the presence of SPs in
prepilins or prepilin-like proteins, but will give an incorrect cleavage site for pilins and
pilin-like proteins. Since the N-terminal ends of unprocessed PilA, ComN, and ComO

~ contain potential pilin peptidase cleavage sites (Chapter 3), it seems likely that these

proteins are not inner-membrane proteins, as prediéted by SignalP or TMHMM, but are




transported to the periplasm, the outer membrane, or outside the cell. Therefore, PilA,

ComN, and ComO are included as USS-receptor candidates.

In Gram-negative bacteria, secreted proteins may be transported by one of several
terminal branches in the general secretory pathway (GSP) (19), including the type II
secretion system that uses signal peptides for »targeting proteins to the inner membrane bor
_to other compartments. Since non-classical signal pepti‘des or leader-less secreted
proteins are not identified by SignalP, a negative classification does not necessarily mean
a protein is a non-secreted protein (1). Thus, it is possible that some of the competence
proteins identified as being cytoplasmic (Table 4.1) could be secreted. At present, thére |
are no prediction methods to make this determination; therefore the simplest explanation

is that these proteins are cytoplasmic.

The remaining CRE regulated genes that encode proteins with signal peptides are comD,
comE, comEl, comP, and comQ (Table 4.1). These genes, and the pilin—like genes pilA,
comN, and comO, are the most likely candidates for encoding the USS-specific receptor.
In Chapter 2, I ruled out comE1 (HI1008) as a USS-receptor candidate, since the 'cémE]
knockout is capable of uptake specificity during transformation. I would also rule out
comP as a USS-receptor gene, since orthologs were not found in Actinobac;illus

actinomycetemcomitans — a species known to have the USS-specific uptake mechanism.

The comE (HI0435) gene is part of the comABCDEF operon (11, 13) and a transposon

insertion in comE eliminates DNA binding, uptake, and transformation (21). The comE
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1

knockout does not appear to have polar effects on comF, since the disruption of comF
only eliminates transformation and not DNA binding and uptake (21). BLAST searches
revealed the presence of ComE orthologs, such as PilQ, in many bacterial species (7, 22).
. The ComE and PilQ proteins belong to the PulD superfamily kﬁown as “secretins” (3, 4,
16). PilQ forms a dodecameric ring and is involved in the assembly of the type II
secretion (type IV pili) apparatus in neisserial species (3, 4). Interestingly, PilQ is
essential for competence in Neisseria gonorrhoeae (7). It is likely that ComE plays a
similar role in H. influenzae. For example, ComE could function in the assembly of the
DNA binding and uptake apparatus during competence development. It is-also possible
tﬁat ComE binds directly to incoming DNA and acts as a channel for DNA transport-
across the outer membrane and into the periplasm. However, the precise function of
ComE in competence remains to be experimentally determined. Currently, the role of

ComE as the USS-receptor is being tested in the Redfield lab.

At present, mutants of the USS-receptor candidates comD, comO, and comQ do not exist.‘
Although these ca;ldidates are part of CRE regulated operons, it is not known whether
these genes directly function in cémpetence. It is possible that disrﬁption of comN
(Chapter 3) haé polar effects on the other genes in operon comNOPQ. In this case, comN
ﬁi ght not be a part of the competence mechanism. One way to test if comN is required
for competence is to complement the deleted comN with a plasmid that carries and

' expresses‘the wild type gomN gene. This approach could be used for the other

competence genes and for USS-receptor candidates for which mutants are not yet

available.




-

Table 4.1: Localization Predictions for Competence Proteins in H. influenzae.*

PSORT-B**

Gene | TIGR HI# | SignalP v2.0 | TMHMM v2.0 Overall
(No. of TMH) Prediction

comN | 0938 SA TMH (1) Unknown (C) PS/OM/SEC

comQO | 0939 SA TMH (1) Unknown (TMH) | PS/OM/SEC

comP | 0940 Sp TMH (1) Unknown (TMH) | PS/OM/SEC

comQ | 0941 SP TMH (1) Unknown (TMH) | PS/OM/SEC

comA | 0439 None None Unknown (C) C

comB | 0438 SA TMH (1) Unknown (TMH) | IM

comC | 0437 None TMH (1) Unknown (TMH) IM

comD | 0436 SP None Unknown (C) PS/OM/SEC

comE | 0435 SP TMH (1) oM oM

comF | 0434 None None Unknown (Unk.) - | C

comkEl 1008 SP None Unknown (SP/C) PS/OM/SEC

comM 1117 None None Unknown (Unk.) C

dprA 0985 None None Unknown (Unk.) C

pilA 0299 SA TMH (1) Unknown (Unk.) PS/OM/SEC

pilB | 0298 None None C C |

pilC 0297 None TMH (3) IM IM

pilD 0296 None TMH (6) M IM

radC 0952 None None Unknown (C) C

rec2 0061 None TMH (11) IM IM

ssb 0250 None None Unknown (Unk.) C

Hyp. 0365 None None Unknown (C) C

Hyp. 0659 None None Unknown (Unk.) C

Hyp. 0660 None None Unknown (C) C

Hyp. 1162 None None C C

Hyp. 1 182 SP None Unknown (SP/C) PS/OM/SEC

Hyp. 1183 None None Unknown (Unk.) C

*SP, signal peptide; SA, signal anchor; TMH, transmembrane helix; C, cytoplasmic; Unk,
unknown; IM, inner membrane; PS, periplasm; OM, outer membrane; SEC, secreted
**Abbreviations in parentheses are possible localization sites or features predicted by PSORT-B.
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APPENDIX A: Plasmid Construction and HI0938 Knockout Procedures.

This appendix section includes the overall cloning strategy (Figure—A.l), details of tHe
plasmids constructed (Figures-A.2 to —A.20), and of procedures for the chromosomal

HI0938 knockout strains generated (Figures-A.21 to —A.29). In this study, LEFT and
RIGHT refer to the 1 kb upstream and downstream flanking DNA regions from the

HI0938 start and stop codons, respectively. KAN refers to the kanamycin resistance

cassette from pWJC3.

A.l1  Construction of plasmids pLEFT, pKAN, and pRIGHT |

In steps 1,.2, and 3 (Figure-A.1), PCR was used to amplify the LEFT, RIGHT, and KAN
DNA segments (Figure-A.2). The PCR products were gel purified and ligated into the
appropriate vectors (i.e. LEFT and RIGHT each into pPGEM-T Easy, and KAN into
pTOPO) to make the best use of the multiple cloning sites, and then cloned into E. coli.
Transformants were selected for using ampicillin LB plates, and the pLEFT, pRIGHT,

- and pKAN clones were choéen for colony PCR analysis based on Blue/White screening.
Colony PCR was then used to detect and confirm the presence of the desired cqnétructs ih
the clones (Figures-A.3 and -A.4 for pLEFT; -A.7 for pKAN; and -A.10 for pRIGHT),
using primers corresponding to the appropriate inserts (i.e. primers P1 and P2 for LEFT;
K1 and K2 for KAN; and P3 and P4 for RIGHT). To determine insert orientat.ions‘,
restriction maps and digests for pLEFT (Figures-A.5 and -A.6), pKAN (-A.8 and —-A.9),
and pRIGHT (-A.11 and -A.12) are shown. The E. coli clones carrying the desired |

pLEFT, pRIGHT, and pKAN plasmids were given the strain numbers RR1160, RR1161,

and RR1162, respectively.




The Colony PCR results for pLEFT clones (RR1160) are shown in figures-A.3 and -A.4.
Using P1 and P2 primers on purified DNA or on colonies, the expected band of 1124 bp
for the LEFT fr-zmlgrrient was observed for the colony tested (Figure-A.3, lanes 1, 2 and 3),
as well as for the positive cont'rols using gel purified LEFT DNA or a KW20 colony. No
amplification was observed, as expected, when DH5a DNA was used as the template
source in a negative control. Eight additional colonies from an independent
transformation experiment were checked for the presence of the LEFT insert (Figure-
A.4), of whicbh three héd tested positive (lanes 2, 4, ana 6, Figure-A.4). To determine the
orién_tation of the LEFT inéerts, restriction digesté using Pstl was done on pLEFT
plasmid DNA (Figures-A.S and —A.6). The expected bands for LEFT in the correct
orientation, are 1147 bp for the LEFT fragment and 2993 bp for the vector (Figure-A.5).
For LEFT in the opposite orientation, 23 bp and 4117 bp bands are expected. Only one
of the four pLEFT plasmids isolated had the LEFT insert in the correct orientation

(RR1160), while the others had LEFT in the reverse orientation F gure-A.6).‘

For putative pKAN transformants, the presence of the KAN insert was detected in all
sixteen clones tested with colony PCR (Figure-A.7). Restriction digests using BamHI on
purified pRIGHT DNA revealed that five of the clones (#K-9, K-11, K-13, K-14, & K-

16) had the KAN insert in the correct orientation (Figures-A.8 and —A.9). One pKAN

- clone (K-11; RR1162) was used in the knockout procedure (Figure-A.9, lane 5).

For the putative pRIGHT clones, sixteen colonies were screened for the presence of the

RIGHT insert with colony PCR using primers P3 and P4 (Figure-A.10). Five of the




clones showed relatively faint bands of the expected 997 bp size for the RIGHT
amplicon, and were excluded from further tésting (Figure-A.10). Minipreps were then
done on nine of the remaining ten colonies, which had the RIGHT fragment, followed by
restriction digests with Sspl to determine the orientation of the RIGHT insert (Fi gure's—l
A.11 and —A.12). Of the nine pRIGHT plasmids that were checked, two of them had the
“desired RIGHT insert orientation (pRIGHT-4 and pRIGHT-11). The pRIGHT-4 clone

used to construct pLKR::AHI0938 was given the strain number RR1161.

A.2  Construction and cloning of the pLEFT_KAN and pLKR plasmids |

Once the pLEFT, pKAN, and pRIGHT plasmids with the correct insert orientations were
obtained, steps 4 and 5 (Figure-A.1) of the knockout procedure were implemented.
pLEFT (from RR1160) and pKAN (RR1162) were cut with BdeI, and then gel
purified. The KAN insert was then ligated into the pLEFT plasmid at the BamHI site and
subsequently transformed into E. coli (Figure-A.1, step 4). Colony PCR was used to
screen for kanamycin resistant cqlonies with the LEFT_KAN construct (Figures-A.13
and -A.14). The orientation of the KAN insert in pLEFT_KAN was determined with |
PCR using P1 and K2 primers (Figure-A.13), since no useful restriction sites were found
(Figure-A.15). With primers P1 and K2, a band of 2100 bp is expected for pLEFT_KAN
with KAN in the correct orientation, whereas no bands are expected when KAN is in the
opposite orientation (Figure-A.13). Of eleven colonies tested, five where found to
contain KAN in the. desired orientation (Figure-A.14). One clone carrying th¢

pLEFT_KAN plasmid was given the strain number RR1163.
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The pLEFT_KAN (RR1163) and pRIGHT (RR1161) plasmids were cut with Pst/
(Figure-A.16), and the LEFT_KAN fragment was ligated into the Pst/ site of the
PRIGHT vector. The ligation was then transformed directly into competent E. coli.
Coleny PCR was used to ‘screen for clones with the pLEFT_KAN_RIGHT (pLKR)
vconstruct (Figures-A.17 and -A.18). In.instailnces where colony PCR was suspectea to be
unreliable (e.g. no bands detected for LEFT_KAN in twenty colonies screened),
restriction digests were done on plasmid DNA to determine insert orientations. However,
in all cases where PCR had not detected LEFT_KAN in the correct orientation, restriction
digests confirmed that LEFT;_KAN was in the reverse orientation (data not shown). Of
thirty-one clones tested, 25 of them contained the, LEFT_KAN insert (F gure—A'. 18A). In
parallel, colony PCR Was ﬁsed to determine the LEFT_KAN orientation in ‘pLKR clones -
(Figure-A.18B). Only four clones (pLKR-45, -46 -48 and -49) were found to have the
LEFT_KAN in the desired orientation, which was cenfirmed using restriction di geets
(Figures-A.19 and —A.20). The pLKR-45 and pLKR-46 clones were given strain
numbers RR1164 and RR1165, respectively, and were used to generate HI0938

knockouts (step 6, Figure-A.1).

82



A3  Generation of AHI0938 chromosomal mutants

A.3.1 Overview

Since HI0938 is part of a putative competence operon, the rﬁain goal of the present work
was to construct H. influenzae strains with HI0938 chromosomal deletions, and test them

for competence defects. Figures A.21 to A.29 are the results for the construction of

H10938 knockouts.

During the knockout procedures, several difficulties were encountered. PCR and colony
PCR were frequently used during the screening of clones, and for confirming genotypes -
of plasmid constructs and chromosomal deletions. One problem was an inability td
amplify fragments more than 2 kb from plasmid or chromosomal DNA templates using
PCR. The reasons for this problem were unclear. Another problem was that colony PCR
was unreliable. For example, 2kb segments could be amplified from plasmid DNA, but
not from colonies. Thus, an alternative approach was used: primers (i.e. PC1 and PC2)

~ that amplified DNA fragments of 1kb, instead of fragments greater than 2kb, were used

to confirm plaémid and chromosomal genotypes.

One concern with constructing mutants is whether the target gene is an essential gene.
We do not expect HI0938 to be an essential gene, as the microarray data suggest that
HI0938 is effectively off under growth conditions and only turns on when competence is
induced (data not shown). Furthermore, before construction of AHI0938 strains, we did

not know what colony or growth phenotypes would be observed when HI0938 was K

deleted. In independent trials, kanamycin resistant colonies, carrying the putative HI0938




deletion, appeared as small (or “microcolonies”) and normal sized colonies. The reasons
for the colony sizes were unclear. Interestingly, clones that grew as microcolonies on kan

selective plates grew to the typical wild type colony sizes when grown on plain plates.

During screens for putative AHI0938 clones, the microcolonies carried HI0938 deletions
plus the KAN inserts, while normal sized putaﬁve AHI0938::kan colonies did not.
Subsequently, using colony PCR to screen for HI0938 deletions and for the preéence of
the KAN insert was problematic when single microcolonies were tested. Thus, pools of
microcolonies were screened with colony PCR for KAN inserts. Then, singlé clones
grown in plain media were tested for HI0938 deletions. Finally, the AHIO938 strains
obtained were tested for competence defects using transformation and DNA uptake

assays (Chapter 4).

A.3.2 Construction of AHI0938 chromosomal mutants

Once the pLKR plasmid was obtained, it was used to generate strains carrying the
chromosomal HI0938 deletion (Figure-A.1, step 6). To do this, the 3.3 kb
LEFT_KAN_RIGHT (LKR) linear construct was cut out of vpLKR::AHIO938 with chl
and Aatll (Figure-A.24), and then transformed directly into competent wild type H.

influenzae.

From the transformation step, kanamycin resistant colonies were screened for the KAN

insert using colony PCR (Figure-A.22). Positive and negative controls for colony PCR -

gave results as expected (i.e. 997 bp band for KAN in positive controls, no bands presenf




in negative controls) (Figure-A.22). From seven pools of microcolonies tested, five were
identified as having the KAN insert. In contrast, KAN was not detected in any of the -
large colonies that were screened (data not shown). Aliquots of overnight cultures of

AHI0938::kan candidate pools were then frozen in glycerol at -80°C.

To prepare pure cultures, ten colonies from the one of the pools (containing 5
microcolonies) were chosen for screening, since this pool (as compared to the 30
microcolony pool) had the highest probability in which detection. of fhe AHI0938::kan”
could be made. The ten colonies were checked for the presence of KAN with colony
PCR using K1 and K2 primers (Figure-A.23). Positive controls included amplifying
KAN from thé pLKR plasmid and from a purR colony. The negative control used a wild
type H. influenzae colony for the DNA template source and had no amplification in PCR.
of the ten colonies screened, only one had the KAN insert (Figure-A.23, lane 5). This

clone was given the strain number RR1172.

To confirm the replacement of HI0938 with KAN in strain RR1172, colony PCR was
attempted using different primer sets in parallel (i.e. P1/P2 for LEFT; K1/K2, KAN;
P3/P4, RIGHT; P1/K2, LEFT_KAN; K1/P4, KAN_RIGHT, and P1/P4 for the full length
LKR) (Figure-A.24). From these reactions, only the ~1 kb PCR products, representing
the LEFT, KAN, and RIGHT fragments, were obtained (Figure-A.24, lanes 1, 2, 3),
while none of the expected ~2kb for LEFT_KAN or KAN_RIGHT, or full length 3.3 kb
LKR::AHI0938 fragments were amplified. - Positive controls that used pLKR::AHIO'938,as

the template all worked (i.e. the 1 kb and 2 kb regions could be amplified), except for
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amplification of the full length 3.3 kb construct, which required at least 10 ng plasmid

DNA to obtain a faint 3.3 kb band (Figure-A.24, lane 8).

Due to the difficulties in amplifying DNA frégments larger than ikb, I de_:s'i gngd primers,
PC1 and PC2, that would amplify from just outside of the HIO938 gene (55 bp upstream
of the start codon, and 27 bp downstream of the stop codon) resulting in a 593 bp product
for the wild type HI0938, or 1219 bp for the KAN replacement of HI0938. The PCI1 and
pC2 primefs should definitively identify AHIO938 replacement mutants versus wild type

strains, without the difficulties of amplifying the longer DNA fragments.

To test the efficacy of PC1 and PC2 p‘rimers, I used PCR with serially diluted KW20 and
pLKR DNA templates (Figure-A.25). In parallel, PCR was done using K1 and K2
primers for the KAN fragment. Positive and negative controls worked as expected
(Figure-A.25, lanes 1 to 7). Colony PCR with the RR1172 strain (Figure-A.25, lanes 8
and 13) did not'work for either the PC1/PC2 or KAN K1/K2 amplicons, which highlights
the unreliability with using colony PCR (i.e. amplification with KAN primers K1/K2
usually work). However, using chromosomal DNA as template, the putative AHI0938
strain RR1172 was clearly found to have HI0938 replaced with KAN (Figure-A.25, lane
9). The amplification yield with RR1172 DNA template was much less than that
obtained using a comparable amount of KW20 DNA template. This indicates a possible

mutational change in RR1172 where PC1 or PC2 anneals to during PCR.

To test which primer annealing site was affected (i.e. PC1 or PC2), different primer sets

using PC1 and PC2 with either K1 or K2 were used (Figure-A.26). The positive controls
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(593 bp band using KW?20 DNA or colonies; and 1219 bp band with pLKi{ DNA) and
negative controls (no amplification) worked as expected (Figure-A.26, lanes 1 to 6, and
15 to 19). The PC1 primer was identified as having difficulties annealing to RR1172
chromosomal DNA during PCR, especially when colonies were. used as the DNA

template source.

An attempt was made to confirm the genotype of RR1172 using purified chromosomal
DNA, rather than colonies, as the template source (Figure-A.27). Aé in Figure-A.24,
when colonies were used as the template source, the 1 kb bands (KAN, LEFT, and
RIGHT) could be amplified from chromosomal RR1172 DNA (Figure-A.27, lanes 16, 17
and 18). A féint 1219 bp band with PC1 and PC2 primers (Figure-A.27, lane 15), and a
1085 bp band witﬁ PC1 and K2 primers (Figure-A.27, lane 20) were observed. Although
the ~2 kb regions using P1/K2 and Kl/P4‘did not amplify from RR1172 DNA (Figure-
A.27, lanes 19 and 21), the results with PC1/PC2 primers indicate that RR1172 is not
wild type for HIO938, and therefore has the HI0938 gene replaced with the KAN insert.
An independent transformation experiment was done to generate replicate AHI0938
strains, since RR1172 was the only clone obtained from the initial screening process, and
apparently contains a genetic alteration (i.e. in the LEFT region) other than simply the
replacement of HI0938 with KAN. As with the first attempt, similar colony sizes were
observed in the second trial (i.e. on kanamycin selective plates, numerous micr_ocollonies

and several large colonies were present). Thus, microcolony pools were screened to
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isolate HI0938 deletion mutants. Ten colonies were screened from one pool, and four of

these were found to contain the KAN insert (Figure-A.28).

Chromosomal DNA frorﬁ these clonés, were tested further, using primer sets PC1/PC2,
P1/K2, and K1/P4, to confirm the replacément of HI0938 with KAN V(Fi gure-A.29).
Only- one of the putative AHI0O938 strains (RR938) had the desired amplification for all
three primer sets used (Figure-A.29, lanes 10 to 12). This demonstrates that the RR938
strain has the HI0938 gene replaced by KAN. In addition, PCR revealed that the other
three clones were not Wild type for the HI0938 gene. All four AHIO938 strains (i.e.

RR1172, RR938, P3-1, P4-1, and P4-2) were checked for competence defects (described

in Chapter 4).
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Figure-A.2: Gel purified LEFT, RIGHT and KAN inserts. [EXPT#064-4]

The three DNA fragments (LEFT, RIGHT and KAN) were each amplified by PCR, then
purified by electrophoresis and gel extraction. DNA concentrations calculated from the
absorbance readings with a UV spectrophotometer were 170 ng/ul for LEFT and KAN,
and 150 ng/ul for RIGHT. Lane L is the 1 kb ladder. Lanes 2, 3 and 4 are gel purified
PCR products of LEFT, RIGHT, and KAN, respectively, and were run in this gel to
determine DNA quality and approximate quantities after use of the gel extraction kit.
Lanes 5 and 6 are 100 ng and 10 ng, respectively, of MAP7 DNA as a comparison of
band intensity for DNA amounts loaded in the gel. The gel purified PCR products were
ligated directly into pPGEM-T Easy or pTOPO (Figure-A.1, steps 1, 2, and 3) and then
cloned into E. coli.
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L 1 2 383 4 5 6

<1124 bp

Figure-A.3: Colony PCR shows the presence of the LEFT insert in a pLEFT E. coli
transformant. [EXPT#069-3]

After transformation of ligation reactions of the LEFT insertion into pPGEM-T Easy
vector, colony PCR was done to screen clones containing the pLEFT construct.
Ampicillin resistant clones were chosen based on blue/white screening. Lane L is the 1
kb ladder. Lane 1 is the LEFT PCR product from using a single colony as the DNA
template source. Lanes 2 and 3 are PCR products done on samples from two independent
overnight cultures inoculated from the same colony used for lane 1. The bands in lanes 2
and 3 are higher in product yield than the band in lane 1, because the overnight cultures
used for the DNA source in PCR were at a much higher cell density (and therefore,
contained a higher amount of template DNA) than for the single colony PCR. Lane 4isa
negative control PCR using DH5a DNA as the template (i.e. no band expected). Lanes §
and 6 are positive controls using the templates KW20 DNA and purified LEFT DNA,
respectively. The bands present are of the expected 1124 bp size for the LEFT product.
Minipreps of this pLEFT clone (strain #L-1B-1; RR1160) were then used for restriction
digest analysis (Figures-A.5 and —A..6).
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1018 = e <1124 bp

Figure-A.4: Screening for pLEFT clones using colony PCR. [EXPT#074-3]

In addition to the pLEFT clone from figure-A.3, eight more clones chosen with

blue/white screening from an independent transformation experiment were tested for the

presence of the LEFT insert using colony PCR. Of the eight, only three clones were
found to have the expected 1124 bp LEFT insert (lanes 2, 4 and 6, for clones L-2, L-4,

and L-6). Lane 9 is the positive control PCR using KW20 DNA as the template (1124 bp

band expected), and lane 10 is the negative control using DH5o. DNA (no band

expected). Minipreps of the three clones with LEFT insert were then used for restriction

digest analyses (Figures-A.5 and —A.6).
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(A) Correct Orientation:

Expected sizes (Pstl):
1147 bp (LEFT + Vector)
2993 bp (Vector)

|l«—— 1124bp ——»|23]

pLEFT

(B) Reverse Orientation:

Expected sizes (Pstl):
4117 bp (LEFT + Vector)
23 bp (Vector)

|e—— 11240p —»{23|

pLEFT: REV

Figure-A.5: Restriction map of eXpected PLEFT correct and reverse orientations.

The LEFT fragment inserted into pGEM-T Easy can occur in either of two orientations.
The desired orientation is that in (A). Differentiating between the two orientations can be
easily done through Pst/ restriction digests, as a Pst/ site is present on the vector and
another Pst/ site was engineered to occur at the end of the LEFT insert.
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2036
1636

<2993 bp

1018 <€ 1147 bp

AR

506

Figure-A.6: Restriction digests using Pstl on pLEFT plasmids. [EXPT#075-3]

Restriction digests with Pstl were used to confirm the presence, and to determine the
orientations, of LEFT inserts in pLEFT plasmids. For the expected band sizes of digests
with the correct and reverse orientations, see figure-A.5. Lane L is the 1 kb ladder.
Lanes 1 and 2 are, respectively, the undigested and Pst/ digested pLEFT isolate #L-1B-1
(RR1160) from figure-A.3. Undigested and PstI digested plasmids for isolates #L-2
(lanes 3 and 4), #L.-4 (lanes 5 and 6), and #L-6 (lanes 7 and 8) are also shown. Plasmid
from RR1160 clearly has the LEFT insert with the correct orientation (expected band
sizes of 1147 bp and 2993 bp vector), while isolates L-2 and L-6 have the LEFT insert in
the reverse orientation (expected size of 4117 bp). It is, however, unclear what the
constitution of the pL-4 plasmid is. The pLEFT plasmid from RR1160 (#L-1B-1) was
used to continue with the knockout procedure of HI0938 (Figure-A. 1, step 4).
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L 1 2 3 4 5 6 7 8 9 10

<997 bp

Figure-A.7: Colony PCR to screen for pKAN clones. [EXPT#077-2]

After transformations with ligations of the KAN insert into pTOPO vector, colony PCR
was used to screen clones for pPKAN. A total of sixteen colonies doubly resistant for
ampicillin and kanamycin were chosen using blue/white screening. BamHI restriction
digests of plasmids from the initial eight clones tested indicated that these plasmids had
the KAN cassette in the reverse orientation (not shown). Thus, eight more clones were
tested for the desired pKAN construct. Lane L is the 1 kb ladder. Lanes 1 to 8 are
colony PCRs for the second set of eight colonies that were screened. Lane 9 is the
positive control using pWJC3 DNA as the template (997 bp band expected). Lane 10 is
the negative control with DH5a chromosomal DNA as the template (no band expected).
The KAN insert was detected for the clones tested and for the positive control.
Minipreps were then done on overnight cultures from these eight clones in preparation
for restriction digest analysis (Figures-A.8 and —A.9).
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BamHI!

(A) Correct Orientation:

Expected sizes (BamH|):
1039 bp (KAN + Vector)
3858 bp (Vector)

|<_997 bp ——|42|

pKAN

BamH|

(B) Reverse Orientation: Bambi

KAN
le—— 997 bp ——»|42 |

PKAN:REV

Expected sizes (BamH|):
4897 bp (KAN + Vector)
42 bp (Vector)

Figure-A.8: Restriction Map of Expected pKAN Correct and Reverse Orientations.

The RIGHT fragment inserted into the pCR2.1 TOPO TA vector can occur in one of two
orientations. The desired orientation is that in (A). Use of the engineered BamHI site on
the insert, and the BamHI site already present in the vector, allow for distinguishing
different pKAN plasmids with the two possible KAN insert orientations.
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Figure-A.9: BamHI Restriction digest analysis of pKAN plasmids. [EXPT#077 -5]

Minipreps of each pKAN clone were prepared for BamHI restriction digest analysis. See
figure-A.8 for the expected band sizes of the correct and reverse KAN insert orientations.
Lane L is the 1 kb ladder. Lane 1 is a representative undigested pPKAN plasmid. Lane 2
is a positive control for the BamHI digestion on a plasmid with KAN in the reverse
orientation (PKAN:REV, expected size of 4897 bp). Lanes 3 (clone #K-9), 5 (K-1 1),7
(K-13), 8 (K-14) and 10 (K-16) show digests of pKAN with the correct orientation
(expected band sizes of 1039 bp and 3858 bp). Lanes 4, 6 and 9 are pPKAN:REV
plasmids (expected size of 4897 bp; compare with lane 2). One of the pKAN plasmids
(RR1162, lane 5) was BamHI digested and purified for the insertion of KAN into pLEFT
(Figure-A.1, step 4, and Figure-A.13).
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1078 bp

Figure-A.10: Colony PCR to screen for pRIGHT clones. [EXPT#092-7]

After transformation with ligation reactions of the RIGHT insert into pGEM-T Easy
vector, colony PCR was done to screen clones for the pRIGHT construct. Ampicillin
resistant clones were chosen based on blue/white screening. Lanes 1 to 16 show colony
PCR for different clones to detect the presence or absence of the RIGHT insert. Colonies
for lanes 3,4, 7, 8, 11, 12, 15, and 16 correspond to clones #R-3, -4, -7, -11, -12, -15, and
-16, respectively. Lane 17 is a positive control using the gel purified RIGHT insert as a
DNA template for PCR. Lane 18 is a negative control using DH50. DNA as the template.
Minipreps were done on all overnight cultures of clones (except R-3, R-7, R-15 and R-

16), and were analysed for insert orientation using Ssp/ restriction digests (Figures-A.11
and -A.12).
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(A) Correct Orientation:

Expected sizes (Ssp)):
3153 bp (RIGHT + Vector)
759 bp (RIGHT + Vector)
182 bp (Vector)

. Expected sizes (Sspl):
2222 bp (RIGHT + Vector)
1683 bp (RIGHT + Vector)

182 bp (Vector)

(B) Reverse Orientation':

Pstl e l

Lt ’

H

23 |4— 1001 bp —>i77|

682 bp
pRIGHT

2152 bp

Sspl
Sspl R

Sspl

23|77 |<—1001 bp —~——»
682 bp
pRIGHT:REV

2152 bp

- Sspl

Sspl

Figure-A.11: Restriction map of expected pRIGHT correct and reverse orientations.

The RIGHT fragment inserted into pGEM-T Easy can occur in one of two orientations.
The desired orientation is that in (A). Sspl was identified as being the best diagnostic
restriction enzyme for determining the orientation of RIGHT.
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<182 bp

Figure-A.12: Restriction digests using Sspl on pRIGHT plasmids. [EXPT#092-9]

Restriction digests on pRIGHT plasmids with the Sspl enzyme was done to determine the
RIGHT insert orientation in pGEM-T Easy vector. The expected band sizes for correct
and reverse orientations are given in figure-A.11. Lane 1 is a representative undigested
pRIGHT plasmid. Lane 2 is positive control Ssp! digested pRIGHT:REV plasmid.

Lanes 3 to 12 are Sspl digests of pRIGHT plasmids from figure-A.7. The band near 4074
bp is the single cut (i.e. partial digest) of pRIGHT (4094 bp). The 182 bp band was
present in all digested plasmids as expected. Only two pRIGHT plasmids were found to
contain RIGHT in the desired orientation (lanes 5 and 10, clones R-4 and R-11,
respectively), based on the expected band sizes of 3153 bp, 759 bp, and 182 bp that were
present. One of the clones (RR1161; clone #R-4, lane 5) was used to construct the pLKR
plasmid (Figure-A.1, step 5).
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(A) Correct Orientation: P1_Pstl BamH|
\ BamHl

Expected size (P1_Pst/ & K2):
2121 bp LEFT_KAN

pLEFT_KAN

(B) Reverse Orientation: P1_Pstl BamHl ~ BamHI

Expected size (P1_Pst/ & K2):

no bands expected

pLEFT_KAN:REV

Figure-A.13: Expected PCR products for pLEFT_KAN.
When primers P1_PstI and K2 are used on pLEFT_KAN, with KAN in the correct

orientation, a 2121 bp PCR product is expected. Conversely, no PCR products are
expected when KAN is in the reverse orientation.
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Figure-A.14: Colony PCR to screen for pLEFT_KAN clones. [EXPT079-4]

In step 4 (Figure-A.1), the KAN fragment was ligated into pLEFT vector at the BamHI
site, and ligations were transformed into competent E. coli. Eleven ampicillin and
kanamycin resistant colonies were then screened for the presence of the kanamycin
cassette, and for the LEFT_KAN fragment, using colony PCR. (A) The KAN fragment
was detected in all eleven colonies tested (using K1 and K2 primers). Colony PCR for
clone KL-11 (lane 11) resulted in a high molecular weight smear, the reasons for which
are uncertain. (B) Colony PCR for the KAN_LEFT fragment (using primers P1 and K2)
was done in parallel with A to determine the KAN insert-orientation. Samples from
overnight cultures of pPKAN_LEFT clones containing the desired KAN orientation (KL-
1,-2,-5, and -10, from lanes 1, 2, 5 and 10, respectively) and with the putative reverse
orientation (KL-6 and KL-7, lanes 7 and 8, respectively) were stored at —-80°C and used
for minipreps. Plasmid pKL-1 (RR1163; lane 1) was used for step 5 (Figure-A.1) in the
HI0938 knockout procedure.
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(A) Correct Orientation: Pstl BamHI  Sspl

Expected sizes (Sspl):
2673 bp (LK + Vector)
2326 bp (K + Vector)

182 bp (Vector)

1124 bp

pLEFT_KAN
2152 bp

Sspl Sspl

(B) Reverse Orientation: Pstl BamH| Sspl  BamHI

Expected sizes (Sspl):
2695 bp (LK + Vector)
2304 bp (K + Vector)

182 bp (Vector) 42| 456 bp

1124 bp

pLEFT_KAN:REV
2152 bp

Sspl

Sspl

Figure-A.15: Restriction Map of Expected pLEFT_KAN Correct and Reverse
Orientations.

* The pLEFT_KAN (pLK) plasmid can occur with the KAN insert in one of two
orientations. Distinguishing between the two pLK types could not be done with any of
the available restriction enzyme sites, as DNA fragments from digests would be similar
for either pLK or pLK:REV. Thus, the desired pLK construct was determined by using
PCR with primers P1 and K2. Using the primers P1 and K1 should be able to detect
plasmids with the reverse KAN orientation.
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Figure-A.16: PstI digests of pRIGHT and pLEFT_KAN. [EXPT#079-6]

Plasmids pRIGHT and pLEFT_KAN were digested with Pstl. The Pstl digest of
pLEFT_KAN had the expected bands of 2100 bp (LEFT_KAN insert) and 3016 bp
(pGEM-T Easy vector). PstI digested pRIGHT had the expected 4094 bp band. Digests
were purified before ligating the LEFT_KAN with pRIGHT for cloning the final pLKR
construct into E. coli.
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(A) Correct Orientation:

Expected sizes:
P1_Pstl/ K2 2121 bp LEFT_KAN
K1 /P4 2202 bp KAN_RIGHT

P1_Pstl K1_BamH| Pstl P4

Sacl Aatll

«
K2

pLKR:HI0938-

(B) Reverse Orientation:

Expected sizes:
P1_Pstl/K2 2121 bp LEFT_KAN

K1 /P4 no bands
K2 P4
Pst| =—p

Sacl

Aatll

[ - :
K1_BamHI P1_Pstl

pLKR:HI0938- REV

Figure-A.17: Expected PCR products for pLKR.

When P1 and K2 primers are used, a 2121 bp PCR product is expected for pLKR with
LEFT_KAN in either orientation. When primers K1_BamHI and P4 are used, a 2202 bp
band is expected when LEFT_KAN is in the desired orientation, while no bands are
expected when LEFT_KAN is in the reverse orientation.
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Figure-A.18: Colony PCR to screen for pLKR clones. [EXPT#095-14]

Ligations of the purified LEFT_KAN inserted into the Pst/ site of pRIGHT were
transformed into E. coli. Colonies that were doubly resistant to ampicillin and
kanamycin were then chosen for colony PCR to check for (A) the presence of the
LEFT_KAN insert (using primers P1 and K2), and (B) for the correct orientation of
LEFT_KAN (using primers K1 and P4). Except for one colony (lane 7), all had the
LEFT_KAN insert present, and four of the colonies tested had the LEFT_KAN insert in
the correct orientation (pLKR-45, pLKR-46, pLKR-48, and pLKR-49, lanes §, 6, 8, and
9). Samples from overnight cultures of these four pLKR clones (pLKR-45, -46, -48, and
—49) were stored at -80°C, and minipreps were obtained for further analysis with
restriction digests (Figures-A.19 and —A.20).
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(A) Correct Orientation:

Expected sizes (Sspl):
3796 bp (LK + Vector)
1545 bp (KR + Vector)  pst Sspl

759 bp (R + Vector)
182 bp (Vector)

Pstl S8l

‘

Sacl

21| 1124bp | 520 | 456 [65[23| 1001 [77]44

pLKR:HI0938-

2131 bp

Sspl Sspl
(B) Reverse Orientation:
Expected sizes (Sspl):
2673 bp (K + Vector)
2668 bp (KLR + Vector) Sepl Pstl Sspl
759 bp (R + Vector) Pstl | !

(
182 bp (Vector) Sacl

o1les| 456 | 520 | 1124pp 23] 1001 [77]44

pLKR:HI0938- REV

2131 bp 182 bp

Sspl

Sspl

Figure-A.19: Restriction Map of Expected pLKR Correct and Reverse Orientations.

Once the LEFT_KAN insert is ligated into pRIGHT, the LEFT_KAN orientation can be
determined by using Sspl digests. The Sspl positions on the plasmid are asymmetrical
and therefore yield different DNA fragments for pLKR and pLKR:REV. The Pst/ sites
can be used to confirm the presence of the LEFT_KAN insert (2165 bp for LEFT_KAN,
and 4115 bp for the pRIGHT). In order to generate the AHI0938 strains, the Aatll and

Sacl sites were used to cut out the 3.3 kb LKR construct to transform the linear DNA
fragment into competent wild type KW20 cells.
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759 bp
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Figure-A.20: Restriction digests to confirm the correct orientations of LEFT_KAN
in pLKR. [EXPT#095-21]

Minipreps of clones containing the desired pLKR plasmids (pLKR-45, -46, -48, and —49)
were put through several different restriction digestions for confirmation of the correct
LEFT_KAN insert orientation. PstI (lanes 1 to 5) was used to confirm the presence of
the LEFT_KAN (expected size of 2165 bp) insert in pRIGHT (4117 bp band). The 6282
bp band present in lanes 2 to 5 are partially digested (i.e. single cut) plasmid DNA. Lane
1 is a positive PstI digest control using a pLKR plasmid (clone #LKR-24) with the
reverse LEFT_KAN orientation that was identified in a previous screen. Sspl was found
to be the best possible diagnostic restriction enzyme for the LEFT_KAN orientation in
pLKR. See figure-A.19 for the expected band sizes of pLKR with LEFT_KAN in the
correct and reverse orientations. Lane 6 is the Ssp/ digest of the control pLKR-24
plasmid with LEFT_KAN in the reverse orientation (expected band sizes of 2673 and
2668 bp, 759 bp, and 182 bp). Lanes 7 to 10 are pLKR test plasmids (pLKR-45, -46, -48,
and -49, respectively) digested with Sspl. Three pLKR plasmids (pLKR-45, -46, and -
49) are clearly the desired constructs. Plasmid pLKR-48 may also be the correct
construct, but it was only partially digested and has a double band at approximately 1.5
kb, which suggests a potential sequence difference (e.g. mutation) compared to the other
three plasmids. Lanes 11 and 12 are undigested plasmids pLKR-24:REV and pLKR-45.
To be certain the pLKR plasmids were the desired constructs, an empirical analysis
calculating band sizes from gel migration distances was done, and the results indicated
that the constructs were as desired.
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Figure-A.21: AatII and Sacl double digests of pLKR plasmids. [EXPT#095-21]

Double digests using AatIl and Sacl were used to confirm the desired construction of
pLKR plasmids (with the expected band sizes of 3331 bp for LKR construct and 2951 bp
for the vector), and for transformation of the linear construct into H. influenzae to
generate the HI0938 knockout (Figure-A.1, step 6). Three different pLKR plasmids
(pLKR-45, -46, and -48) were each digested with Aatll or Sacl separately (lanes 1 to 12).
To determine optimal conditions for double digestions using Sacl and Aatll restriction
enzymes (lanes 13 to 18), two different reaction buffers were tested (New England
Biolabs, NEB buffer#4 versus Boehringer Mannheim, BM Buffer L). The gel above was
run for an additional 5 hours (approx.) to separate the Aatll/Sacl digests further, for a
higher resolution of band sizes (not shown) to calculate the actual band sizes. Lane 19is
undigested plasmid pLKR-24 to show that the digests worked. Complete digestion was
obtained with NEB buffer #4, while BM buffer L yielded a partial digestion. Unpurified
Aatll/Sacl double digests with NEB buffer #4 were used for transformation of the linear
LKR construct (from pLKR-45 or pLKR-46) into H. influenzae (Figure-A.1, step 6).
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Pos. Pos. Neg. Pos.

L 12 3 456 7 8 9101112 1314151617 18 19

““*.”.u 997 bp

Figure-A.22: Colony PCR to screen pools of putative AHI0938 H. influenzae clones
for the KAN insert. [EXPT#096-8]

Colony PCR was done to simultaneously screen for the KAN insert in seven pools of
microcolonies (lanes 2, 3, 5, 7, 10, 11, and 12) and 5 normal sized single colonies (lanes
1,4, 6, 8, and 9) that were putative AHI0938::kan® H. influenzae transformants.

Although none of the large colonies had the KAN insert, KAN was detected in five of the
seven microcolony pools. Lanes 13 and 14 are positive PCR controls with approximately
1 ng and 0.1 ng of pLKR-46 undigested plasmid, respectively. Lanes 15 and 16 are
positive controls using 1 ng and 0.1 ng of Aatll/Sacl digested pLKR-46 as plasmid DNA
templates. Lanes 17 and 18 are negative controls using MAP7 DNA and a KW20
colony, respectively. Lane 19 is a positive control using a ApurR colony. Colonies and
pools had been streaked on plain and kan plates before colony PCR was carried out. To
isolate pure cultures of putative AHI0938::kan" strains, five colonies from streaked
kanamycin plates for each of two pools (lane 5 and lane 10) were tested further with
colony PCR for the presence of the KAN insert (Figure-A.23). These single colonies
were also streaked on plain and kan plates, and were used to inoculate overnight cultures
(both plain sBHI and kanamycin sBHI) in preparation for —-80°C storage.
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colony PCR test strains Pos. Neg.

L 123 45 6 7 8 9101112

o — - i | P

997 bp

Figure-A.23: Colony PCR to screen individual putative AHI0938 H. influenzae
clones for the KAN insert. [EXPT#096-12]

To determine whether the putative AHI0938 clones contain the KAN insert, colony PCR
was done using primers K1 and K2. Lanes 1 to 5 are colony PCRs for five different
colonies from microcolony pool number five, and lanes 6 to 12 are from pool number 10.
Lane 11 is the positive control using a ApurR colony, and lane 12 is a negative control
using a KW20 colony. Although very faint bands of the expected KAN insert size (997
bp) could be seen in some of the lanes (e.g. lanes 6, and 7), the only definitive signal for
the presence of KAN was in lane 5 (AHI0938 clone #5-5). Samples of this clone from
overnight cultures were stored at -80°C. Colony PCR using different primer sets were
the done to further characterize the genotype of AHI0938 #5-5, strain RR1172 (Figure-
A.24).
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Figure-A.24: Colony PCR to determine genotype of the putative AHI0938 strain
RR1172. [EXPT#096-14]

To characterize the genotype of the putative RR1172, colony PCR was done using a
variety of primer sets, and the banding patterns were compared to PCR with pLKR DNA
and KW20 chromosomal DNA templates. Lanes 1,2, 3 in A and B were to amplify the
KAN, LEFT and RIGHT DNA regions (each approximately 1 kb), and worked as
expected using primer sets K1/K2 (997 bp), P1/P2 (1124 bp), and P3/P4 (1078 bp).
Colony PCR to amplify 2.1/2.2 kb regions (e.g. LEFT_KAN or KAN_RIGHT, lanes 4
and S, respectively, with primer sets P1/K2 and K1/P4) did not work for RR1172
colonies (A), but did work in PCRs for pPLKR DNA (B, lanes 4 and 5). PCR to amplify
the 3.3 kb region in AHI0938 colonies or the pLKR plasmid (lane 6, in both A and B), or
the 2.7 kb region in wild type KW20 DNA (lanes 8 and 9 in A) did not work as expected.
The 3.3 kb amplification was not observed for RR1172 colonies, nor the 2.7 kb amplicon
for KW20 DNA (using P1/P4 primers in both cases). Lane 8 in B did have a faint band at
the expected 3.3 kb position, but only with pLKR plasmid at a rather high DNA
concentration. A negative control for RR1172 and pLKR used primers (P2 and P4) for
LK in the reverse orientation (lane 7 in A and B). Lane 9, which used pLKR-24 (i.e. LK
in the reverse orientation) as the DNA template in PCR with primers for the reverse LK
orientation, worked as expected and confirms that the pLKR-46 plasmid (lanes 1 to 6, B)
is the desired construct (i.e. LK is not in the reverse orientation in pLKR-46).
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PC1 and PC2 primers K1 and K2 Primers

KW20 DNA pLKR RR1172 RR1172
100 10 1 0.1 10 1 Neg. Col. 100 10 Neg. Pos. Col. 10
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1500
1219 bp
1000 997 bp
593 bp
500

Figure-A.25: PCR to confirm the genotype of strain RR1172. [EXPT#101-3]

PCR was done on serially diluted KW20 chromosomal DNA (lanes 1 to 4; numbers
below bars are DNA amounts in nanograms) and on pLKR DNA (lanes 5 and 6) to
determine the efficacy of the PC1 and PC2 primers for diagnostic PCR. A negative
control using E. coli DNA was included and worked as expected (i.e. no amplification in
lane 7). PCR was done on a RR1172 colony (lane 8) and on purified chromosomal DNA
(lanes 9 and 10). A secondary set of PCR controls used K1 and K2 primers on the
template DNA to amplify the KAN insert. Lane 11 is a negative control using KW20
DNA. Lane 12 is a positive control using pLKR-46 plasmid DNA as a template. Lanes
13 and 14 are PCRs using a RR1172 colony and purified DNA as templates, respectively.
In this case, colony PCR did not work (lanes 8 and 13), probably due to the age of the
colonies, which highlights the unreliability of colony PCR. However, PCR did work on
the purified DNA. A faint band in lane 9 shows that the strain RR1172 has the HI0938
gene replaced by the KAN insert. Confirmation of this result was done with different
primer sets in diagnostic PCR (Figures-A.26 and —-A.27).
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Figure-A.26: PCR using colonies and purified chromosomal DNA as templates to
test PC1 and PC2 primers. [EXPT#105-4]

As PC1 and PC2 primers did not seem to work effectively for the RR1172 strain, as
compared to the pLKR plasmid or KW20 DNA, a more rigorous approach in determining
the problem was implemented. Colony PCR was compared to regular PCR (i.e. PCR
done using purified DNA) using different primer sets on colonies and purified
chromosomal DNA from KW20 and RR1172, and with PCR using the pLKR plasmid.
Primers PC1 and PC2 were used on a KW20 colony and on DNA (lanes 1 and 6,
respectively), and the expected 593 bp amplicon was detected. The expected 1219 bp
band was observed in PCR with pLKR (lane 15), but not with the RR1172 colony (lane
7). A faint band was detected when RR1172 purified chromosomal DNA was used as the
template, however it was obviously not as strong a signal as obtained with pLKR DNA,
or with wild type KW20 DNA. Negative controls included using primer sets PC1/K2
(lanes 2 and 5) and K1/PC2 (lanes 3 and 6), and K1/K2 (lane 19) with a KW20 colony or
chromosomal DNA as the template source. Positve controls for these primer sets were
lanes 16 (PC1/K2), 17 (K1/PC2), and 18 (K1/K2) on pLKR DNA, with expected sizes of
1085 bp, 1131 bp and 997 bp, respectively. Primer set PC1/K2 did not work when either
DNA or a colony from RR1172 was used as the template source, however strong signals
were observed with primer sets K1/PC2 and K1/K2 were used. This indicates that the
PCI primer does not work effectively in the RR1172 strain, but works fine for wild type
DNA or pLKR DNA. Further attempts to demonstrate whether the RR1172 strain had
the HI0938 gene replaced by the KAN insert were carried out using purified DNA, rather
than with colonies as the PCR template source (Figure-A.27).
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Figure-A.27: PCR with different primer combinations to confirm the RR1172
genotype. [EXPT#118-2]

PCR was carried out on purified DNAs to determine the genotype of RR1172. As in
Figure-A.24, the ~1 kb regions (KAN, LEFT, and RIGHT) could be amplified from
RR1172 chromosomal DNA and from the pLKR plasmid. The negative control for KAN
(K1/K2 primers) on KW20 DNA worked as expected (i.e. no band in lane 9). The
positive controls (lane 10, P1/P2 primers for LEFT; lane 11, P3/P4 primers for RIGHT)
with KW20 DNA also worked as expected. However, attempts to amplify the 2.1 (P1/K2
primers for LEFT_KAN, lane 19) and 2.2 kb (K1/P4 primers for KAN_RIGHT, lane 21)
regions from RR1172 DNA did not yield the desired product (i.e. no bands present).
PC1/PC2 used in positive controls amplified the expected 593 bp fragment from KW20
(lane 8), and the 1219 bp from pLKR DNA (lane 1). A faint 1219 bp band (with PC1 and
PC2) was present in lane 15 with RR1172 DNA template. Lane 20 shows a faint
amplification using PC1 and K2 primers. Despite some difficulties in confirming the
genotype of RR1172, probably due to some mutation in the LEFT DNA region that
prevents PC1 from appropriately annealing during PCR, it seems likely that this strain is
not the wild type form for the HI0938, and that it has the HI0938 gene replaced by the
KAN insert.
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Figure-A.28: Screening for putative AHI0938 clones using colony PCR.
[EXPT#117-20]

From an independent replicate transformation experiment to generate A0938 strains, as
that used to isolate clone RR1172, colony PCR was used to screen ten putative
AHI0938::kan” clones for the KAN insert (i.e. with K1 and K2 primers). The positive
(lane 11; 997 bp band) and negative (lane 12; no band) controls worked as expected,
using pLKR-45 and KW20 DNA as the templates, respectively. Four of the clones tested
were found to contain KAN (lanes 7, 8, 9, and 10). Samples of these were stored at -
80°C and used for chromosomal DNA extraction for further analysis (Figure-A.29).
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Figure-A.29: PCR on putative AHI0938 strains confirms that the HI0938 gene has
been replaced by the KAN insert. [EXPT#119-8]

PCR was done on purified chromosomal DNA extracted from the putative AHI0938
clones. For each DNA, the primers sets were used in the following order: PC1/PC2,
P1/K2, and K1/P4. The positive and negative controls worked as expected: with 1219 bp
in pLKR (lane 1) and 593 bp in KW20 DNA (lane 4); 2121 bp in pLKR (lane 2), and no
band for KW20 (lane 5); 2202 bp for pLKR (3) and no band for KW20 (lane 6). PCR for
clone numbers P3-1, P3-2 (RR938), P4-1, and P4-2 worked with some primer sets, but
not with others. Overall, however, the results indicate that all four of the above strains
have HI0938 replaced by KAN. The clearest signals are from RR938, which had the
expected amplicons for the three different PCRs, and from P4-1, which had the expected
1219 bp band using PC1 and PC2 primers. Although the PC1/PC2 primer set for P3-1
and P4-1 (but for P4-1 there was a very faint band of the correct size, lane 16), did not
yield detectable signals, PCRs for the other two primer sets did work, suggesting that
KAN replaced the HI0938 gene, but have some sequence change in the LEFT region (e.g.
similar to RR1172) which prevents PC1 annealing. Following these results, all of the

above clones were tested for transformation defects as compared to the wild type strain,
KW?20.
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APPENDIX B: SXY AND CRE PROTEIN SEQUENCE ANALYSES.

GENE

comN
comQ
comP
comQ

COmA
comB
comC
comD
comE
comF
com@G
comJ

comE1
comM
dprA
pilA
pilB
pilC
pilD
radC

rec2

ssb

hyp
hyp
hyp
hyp .
hyp
hyp

SXy

HI#

0938
0939
0940
0941

0439
0438
0437
0436
0435
0434
0433
0441

1008
1117
0985
0299

0298
0297

- 0296

0952

0061

0250

0365
0659
0660
1162
1182
1183

0601

SignalP v 2.0
HMM

SP? SP Prob
SP 0.555
SP 0.988
SP 0.867
SP 0.999
no 0
SP 0.931
no 0.001
SP 0.867
SP 0.999
no 0
no 0
no 0
SP 1.000
no 0.003
no ¢}
SP 0.727
no 0.000
no 0.000
no 0.413
no 0.000
no 0.401
no 0
no 0
no 0
no 0
no 0
SP 1
no 0
no 0

Cleavage Site

NN max C

£ 0.333 (56)

0.163 (36)
0.299 (23)
0.217 (36)

0.054 (60)
0.116 (38)
0.155 (25)
0.404 (63)
0.619 (24)
0.093 (49)
0.241 (17)
0.291 (11)

0.760 (22)
0.121 (17)
0.102 (19)
0.205 (58)
0.532 (15)
0.083 (25)
0.093 (35)
0.468 (70)
0.159 (16)
0.193 (30)
0.153 (21)
0.115 (64)
0.052 (54)
0.169 (10)
0.860 (19)
0.085 (52)

0.113 (66)

NN maxY

0.283 (25)
0.314 (34)
0.426 (23)
0.368 (36)

0.088 (10)
0.272 (38)
0.290 (38)
0.490 (19)
0.668 (24)
0.106 (12)
0.158 (17)
0.174 (11)

0.717 (22)
0.236 (14)
0.118 (19)
0.218 (33)
0.328 (15)
0.090 (11)
0.145 (19)
0.273 (70)
0.220 (70)
0.069 (3)

0.072 (9)

0.081 (12)
0.048 (13)
0.170 (10)
0.830 (19)
0.109 (12)

0.051 (66)

NN max S

0.924 (19)
0.974 (21)
0.930 (15)
0.981 (20)

0.619 (2)
0.980 (30)
0.908 (33)
0.917 (4)
0.932 (15)
0.580 (1)
0.227 (7)
0.221 (25)

0.971 (10)
0.722 (5)
0.465 (2)
0.958 (27)
0.513 (5)
0.453 (1)
0.914 (10)
0.844 (1)
0.966 (51)
0.359 (1)
0.411 (4)
0.610 (1)
0.159 (37)
0.411 (30)
0.982 (11)
0.289 (1)

0.311 (64)

NN mean S

0.614 (1-24)
0.827 (1-33)
0.750 (1-22)
0.795 (1-35)

0.442 (1-9)

0.630 (1-37)
0.431 (1-37)
0.789 (1-18)
0.790 (1-23)
0.423 (1-11)
0.137 (1-16)
0.165 (1-10)

0.809 (1-21)
0.591 (1-13)
0.249 (1-18)
0.615 (1-32)
0.249 (1-14)
0.362 (1-10)
0.778 (1-18)
0.194 (1-69)
0.819 (1-69)
0.323 (1-2)

0.293 (1-8)

0.235 (1-11)
0.106 (1-12)
0.411 (1-9)

0.936 (1-18)
0.197 (1-11)

HMM site&prob

24
33
22
34

40

19

24

22

32

23

16

18

0.089 (1-65)

0.305

0.62
0.441
0.488

0
0.558
0

0.866
0.999

0.994

0.002

0.325

0.188

0.257
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APPENDIX B: SXY AND CRE PROTEIN SEQUENCE ANALYSES.

SignalP Legend

NN=Neural Network

HMM= hidden Markov Model, pos. for max cleavage probablllty
SP Prob.=Signal Peptide probability (cut-off=0.5)

max C (cutoff=0.50) = cleavage site residue

max Y (cut off =0.32) = max Y score prob and position
max S (cutoff=0.90) = residue is part of SP or not
‘mean S (cutoff=0.44)

TMHMM v2.0 legend
TMH (transmembrane helix) cut-off = 0.5
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APPENDIX B: SXy AND CRE PROTEIN SEQUENCE ANALYSES.

TMHMM v2.0 PSORT _ PSORT-B

GENE HI# TMH? localization C IM P OM EX  Analysis:
comN 0938 1 (7-28) OM 0.881, PS 0.270 7.31 \0.67 0.98 0.54 0.51 Unk. (C)
comO 0939 1 (10-32) IM 0.359 2 2 2 2 2 Unk. (1 T™M)
comP 0940 1 (7-26) iM 0.482 : 2 2 2 2 2 Unk. (1 TM)
comQ 0941 1 (13-35) PS 0.789, OM 0.278 - 2 2 2 2 2 Unk: (1 T™)
comA 0439 no cyto 0.315 7.31 0.67 0.98 0.54 0.51 Unk. (C)
comB 0438 1 (20-42) IM 0.472 . 2 2 2 2 2 Unk. (1 TM)
comC 0437 1 (20-40) IM 0.287 2 2 2 2 2 Unk. (1 T™)
comD 0436 no PS 0.937, OM 0.296 7.31 0.67 0.98 0.54 0.57 Unk. (C)
comE 0435 1 (5-24) PS 0.825,0M 0.198 0 0 0 10 0 OM

.comF 0434 no cyto‘O.391 2 2 2 2 2 Unk. (C)
comG 0433 no cyto 0.150 ‘ 7.31 0.67 0.98 0.54 0.51 Unk. (C)
comJ 0441 no IM 0.083 7.31 0.67 0.98 0.54 0.51 Unk. (C)
comE1 1008 no ‘ PS 0.940, OM 0.334 414 1.46 2.13 1.17 ' 1.1 Unk. (SP/C)
comM 1117 no cyto 0.013 2 2 2 2 2 Unknown
dprA 0985 no ' cyto 0.260 2 2 2 2 2 Unk (Unk).
pilA 0299 1 (12-34) OM 0.493, PS 0.303 2 2 2 2 2 Unk. (Unk)
pilB - 0298 no cyto 0.163 8.44 0.1 1.27 0.1 0.1 Cytoplasmic
pilC 0297 3(162-184) IM 0.601 ©0.18 9.02 0.1 0.35 0.35M
pilD 0296 6 (4-26) IM 0.286 0 9.99 0 0 OIM
radC 0952 no cyto 0.156 7.31 0.67 0.98 0.54 0.51 Unk. (C)
rec2 0061 11 (5-22) IM 0.667 0.18 9.02 0.1 0.35 0.35 M
ssb 0250 no cyto 0.078 2 2 2 2 2 Unk. (Unk)
hyp 0365 no cyto 0.272 7.31 0.67 0.98 0.54 0.51 Unk. (C)

- hyp 0659 no cyto 0.455 : 2 2 2 2 2 Unk. (Unk.)
hyp 0660 no cyto 0.371 7.31 0.67 0.98 0.54 0.51 Unk. (C)
hyp 1162 no _ cyto 0.579 : 8.96 0.51 0.26 0.01 0.26 Cyto.
hyp 1182 no PS 0.927, OM 0.190 4.14 1.46 2.13 1.17 1.1 Unk. (SP/C)
hyp 1183 no cyto 0.380 2 2 2 2 2 Unk. (Unk)
SXy 0601 no v cyto 0.243 7.31 0.67 0.98 0.54 0.51 Unk. (C)
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APPENDIX B: SxY AND CRE PROTEIN SEQUENCE ANALYSES.

PSORT legend

IM=inner membrane
OM=outer membrane
PS=periplasmic space
cyto=cytoplasm

not shown="not clear’'

PSORT-B legend

Unk.=unknown

TM=has a Transmembrane Helix
SP=has Signal Peptide
C=cytoplasmic

P=found in Periplasm

IM=found in Inner Membrane
OM=found in Quter Membrane .
EX=Extracellular

SP/C=predicted to have SP and be cyto.

P/C=predicted in both Peri. and Cyto.
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