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Abstract 
 
The gram-negative bacterium Neisseria gonorrhoeae utilizes an O-linked 

glycosylation system to decorate a selected set of its proteins. So far however, no 

glycosylation associated phenotypes have been detected. The most abundant 

glycosylated protein in N. gonorrhoeae is PilE, the major pilin subunit of Type IV 

pili (Tfp). The expression of Tfp is associated with several phenotypes in this 

microbe such as attachment to the human cells, motility, agglutination, and finally 

horizontal gene transfer.  

The major goal of this project was to investigate whether protein glycosylation 

played any role in the process of competence for natural transformation. There were 

three main reasons for exploring this possibility. First, the PilE protein in its 

assembled form is essential for DNA binding and uptake during transformation. 

Secondly, the PilE glycan is predicted to map on the surface of the type IV pilus and 

structural data and modelling have suggested that the pilus surface might be 

implicated in DNA binding. Third, the gram-negative pathogen Campylobacter jejuni 

also utilizes type IV pilus pilin-like proteins in transformation and the efficiency of 

this system is dramatically reduced in a mutant lacking its endogenous general 

protein glycosylation pathway. Here, I examined transformability in a variety of 

genetic backgrounds in which protein glycosylation was altered or abolished. In 

addition, transformability was also examined under a variety of conditions that 

altered the proficiency of competence. The latter included instances where key 

components of the type IV pilus were aberrantly expressed as well as experiments, 

where concentrations of transforming DNA were limiting. The possible effect 

phosphoethanolamine (PE) modification of PilE in conjunction with altered 

glycosylation status was also investigated. Despite all of these efforts,  no significant 

alterations in transformation frequencies associated with the various glycosylation 

backgrounds and conditions were demonstrated. Thus, O-linked protein glycosylation 

appears to have no effect or influence on horizontal gene transfer in N. gonorrhoeae, 

at least not measured under these conditions investigated here.
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1. Introduction 

1.1 Protein glycosylation  

Until recently, protein glycosylation in prokaryotic organisms was viewed as a 

phenomenon. On the other hand, glycosylation in eukaryotes is a well-established 

form of post-translational modification and is considered to be a fundamental strategy 

to influence and modulate protein structure (Hitchen & Dell, 2006). However, the 

dogma has been challenged due to the identifications of an increasing number of 

glycosylated proteins in archaea and bacteria. Even more intriguing is the fact that 

many glycosylated proteins in bacteria are associated with virulence factors of 

medically significant pathogens (Benz & Schmidt, 2002, Messner & Schaffer, 2003, 

Power & Jennings, 2003). 

The first example of protein glycosylation in prokaryotes was demonstrated in 

archaea where the S-layer proteins were shown to be glycosylated (Mescher & 

Strominger, 1976). The first glycosylated protein reported in pathogenic bacteria was 

found in neisserial species, namely,  the glycosylation of gonococcal pilin (Robertson 

et al., 1977) although it took nearly twenty years until the structure of the pilin glycan 

was resolved (Parge et al., 1995). In the recent past, the widespread of reported 

glycoproteins has been shown in the bacterial organelles such as pili and flagella 

(Hitchen & Dell, 2006).  

There is an increasing interest in the field of prokaryotic protein glycosylation. 

In particular, its precise biological functions in prokaryotes remain to be determined. 

However, recent studies has provided evidence that protein glycosylation in bacteria 

can play roles in adhesion (Lindenthal & Elsinghorst, 1999), protein assembly (Goon 

et al., 2003), antigenic variation (Doig et al., 1996), protein solubility (Marceau & 

Nassif, 1999), and resistance against proteolytic digestion (Moens & Vanderleyden, 

1997). 
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There are two main systems in protein glycosylation: N-glycosylation, where 

the saccharide is attached to asparagine residues, and O-linked glycosylation, in 

which the saccharide may be attached to one of three amino acids (serine, threonine, 

and tyrosine). For instance, N. gonorrhoeae has been found to utilize the O-linked 

glycosylation pathway (Aas et al., 2007a), while C. jejuni contains both N-linked  

and O-linked glycosylation systems (Szymanski & Wren, 2005). The other bacteria 

such as Pseudomonas aeruginosa, Helicobacter pylori, and Listeria monocytogenes 

O-glycosylate their flagellar components as well (Hitchen & Dell, 2006). 

 

The O-linked glycosylation system of N. gonorrhoeae 

N. gonorrhoeae has been shown to have a O-linked protein glycosylation pathway 

which targets the type IV pilus (Tfp) pilin subunit (Aas et al., 2007a). Besides pilin, 

other gonococcus proteins are glycosylated although further in depth investigation is 

needed (unpublished data from M. Koomey laboratory). The covalent post-

translational sugar modification of pili is similar and well studied in both N. 

gonorrhoeae and Neisseria meningitidis. So far, no glycosylation specific phenotype 

has been found in either the meningococcal or the gonococcal system (Jennings et al., 

1998). The information obtained from both species will provide a deeper 

understanding of the O-linked glycosylation system.  

The first enzymes responsible in the pilin glycosylation pathway are those 

involved in the synthesis of the first sugar subunit. N. gonorrhoeae strain N400 bears 

a disaccharide where DATDH (2,4-diacetamido-2,4,6-trideoxyhexose) is the first 

subunit (Hegge et al., 2004). The mass of DATDH is consistent with bacillosamine, 

but the stereochemistry of the sugar is not yet known (Aas et al., 2007a). The bunch 

of the protein glycosylation (pgl) genes is then involved in the synthesis of the 

glycan. The products of pglC and pglD genes are structurally related to transaminases 

and dehydratase, respectively (Weerapana & Imperiali, 2006) and they are involved 

in modification of the first sugar. The PglB protein is a bifunctional enzyme with 

both acetylation and glycosyltransferase activities (Power & Jennings, 2003, Power et 

al., 2000). Before transferring activated DATDH onto the lipid carrier, PglB 

acetylates the carbon atom of the first sugar (Chamot-Rooke et al., 2007). In N. 
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meningitidis, however, the first sugar of the trisaccharide can be either DATDH or 

GATDH (glyceramido acetamido trideoxyhexose) and the pglB locus are responsible 

for this variation (Chamot-Rooke et al., 2007). When the meningococcus possesses 

the pglB1 allele, the first sugar is going to be DATDH, whereas the presence of  

pglB2 allele results in  GATDH as the first sugar (Chamot-Rooke et al., 2007). 

PglA is involved in the addition of the second sugar and was first identified in 

N. meningitidis (Jennings et al., 1998). The product of pglA is homologous to 

glycosyltransferases and adds a galactose molecule onto the DATDH/GATDH 

(Power & Jennings, 2003). As later shown by Hegge et al (2004), PglA is also 

responsible for addition of the second sugar in the gonococcus. Another 

glycosyltransferase, PglE, adds the third sugar in the trisaccharide chain of N. 

meningitides and N. gonorrhoeae. However, due to phase-variation of pglE, both di- 

and trisaccharide may be synthesized. N. gonorrhoeae strain N400 makes mainly 

disaccharide, whereas the FA1090 strain expresses the trisaccharide (Banerjee et al., 

2002, Jennings et al., 1998, Power et al., 2000).  

The glycan of the gonococcal  pilin was also found to be decorated with an 

acetyl group on the hexose proximal to DATDH  (Aas et al., 2007a). The enzyme 

responsible for the addition of this moiety is an acetyltransferase, PglI, which O-

acetylates the second hexose (Aas et al., 2007a). 

Once synthesized, the oligosaccharide is translocated from the cytoplasm into 

the periplasm where it is attached to the protein. The enzymes responsible for these 

last steps are PglF and PglO. PglF is a transmembrane protein involved in the 

translocation of the lipid-linked oligosaccharide across the membrane (Kahler et al., 

2001, Power et al., 2000). The oligosaccharide is transferred en bloc onto the protein 

by the oligosaccharyltransferase PglO (Aas et al., 2007a).  

 

The N-linked glycosylation system of C. jejuni 

C. jejuni has served as a well established system for studying the N-linked 

glycosylation system in that it was the first bacterium where the general glycosylation 

pathway was described (Szymanski et al., 1999). The structure of the glycan was 

determined to be a heptasaccharide with the proximal sugar being bacillosamine 
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(Young et al., 2002). Carbohydrate-modifying enzymes are responsible for the 

synthesis of bacillosamine. Proteins designated PglF, PglE, and PglD function as  

dehydratases, aminotransferases, and acetyltransferases, respectively, and act on the 

uridine diphosphate attached hexose (Szymanski & Wren, 2005). PglC is then 

responsible of attaching bacillosamine to the lipid carrier (Szymanski & Wren, 2005). 

Various glycosyltransferases are involved in synthesis of the rest of the 

oligosaccharide. PglA and PglJ add the first two N-acetylgalactosamine residues on 

to the already synthesized bacillosamine (Glover et al., 2005). PglH possesses a 

polymerase activity and elongates the trisaccharide with three more hexoses, while 

PglI is responsible for adding the branching glucose (Glover et al., 2005). The 

oligosaccharide is then flipped into the periplasm by the ATP-binding cassette (ABC) 

transporter orthologue WlaB (Szymanski & Wren, 2005). Moreover, the key enzyme 

in this general glycosylation pathway is the oligosaccharyltransferase PglB, 

responsible for en bloc transfer of the heptasaccharide onto the protein (Szymanski et 

al., 1999). PglB is homologous to the SST3 subunit of the yeast 

oligosaccharyltransferase complex (Young et al., 2002). N. gonorrhoeae lacks the 

homologous of SST3 oligosaccharyltransferase, PglBCj-like enzyme, because 

neisserial pilin is decorated with O-linked rather then N-linked glycan. 

In C. jejuni the general (N-linked) glycosylation system mutants are defective 

in attachment to human epithelial cells and colonization of chickens gut (Karlyshev et 

al., 2004). Moreover, the pglB and pglE mutants of C. jejuni are 10 000-fold reduced 

in transformation efficiency (Larsen et al., 2004).  

C. jejuni contains not only a N-linked glycosylation system, but also an O-

linked pathway, which is essential in the formation of flagella filament (Logan et al., 

2002). However, the mechanism of O-linked glycosylation of flagellins is yet 

undiscovered (Szymanski et al., 2003) and will not be discussed here.  

 

 

The figure below (Figure 1-1) compares the two glycosylation systems: O-linked in 

N. gonorrhoeae and N-linked in C. jejuni.  
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Figure 1-1 Comparison of the glycosylation pathways in N. gonorrhoeae (Aas et al., 
2007a) and C. jejuni (Weerapana & Imperiali, 2006). The upper part shows the 
current model of N-linked glycosylation pathway in C. jejuni. The lower part 
presents the model of O-linked glycosylation in N. gonorrhoeae. HexNAc, N-
acetylated hexose; Bac, bacillosamine; Glc, glucose; Hex, hexose; UMP, uridine 
monophosphate; UDP, uridine diphosphate; Und-PP, undercaprenyl-
pyrophosphate. 

As showed in Figure 1-2, in C. jejuni, the nucleotide-activated sugars are added on a 

lipid carrier and subsequently the heptasaccharide is flipped into the periplasmic 

space and transferred en bloc onto proteins. The bacterial periplasm is functionally 

equivalent to the lumen of eukaryotic endoplasmic reticulum (ER). In eukaryotes, the 

first step is the addition of sugars onto carrier lipids (dolichol), a process similar to 

the one occurring in prokaryotes. There are several other similarities such as the 

consensus sequence Asn-Xaa-Ser/Thr for glycan attachment, high homology between 

oligosaccharyltransferases and the en bloc transfer of glycan onto protein, as well as 

presence of a flippase (Weerapana & Imperiali, 2006). Further on, however, 

eukaryotic cells proceed by trimming the sugar and ending up with the single species 

N-linked precursor oligosaccharide consisting of 14 residues (containing N-

acetylglucosamine, mannose, and glucose), which will be later trimmed in the Golgi 
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apparatus (Alberts B., 2002). Bacteria do not trim its sugar and the number of 

residues may vary. 

 

 
Figure 1-2 The comparison of  the glycosylation processes among eukaryotes and 
prokaryotes (Szymanski & Wren, 2005). The upper part of the figure represents the 
N- and O-linked glycosylation pathways in eukaryotes, while the lower part 
represents two glycosylation systems in C. jejuni. N-linked glycosylation results in 
en bloc attachment of glycan on proteins in both cells types.  
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1.2 Competence for natural transformation 

Genetic information in prokaryotic organisms can be transferred between cells in 

three different ways: conjugation, transduction, and transformation. During 

conjugation, DNA is transferred directly from one bacterial cell to the other after 

contact, while in transduction a phage particle is used as a vehicle for DNA 

exchange. Natural genetic transformation is the only means to acquire free exogenous 

DNA from the environment.  

The exchange of genetic material through horizontal gene transfer is a 

significant evolutionary driving force. DNA exchange has profound consequences on 

evolution of antibiotic resistance and virulence factors. Thus, lateral gene transfer in 

concert with mutations shapes the genetic information of prokaryotes.  

The phenomenon of natural transformation was first described by Griffith in 

1928. He reported that mixing heat-inactivated, virulent (capsulated, serum-resistant) 

pneumococci with live, non-virulent bacteria caused virulent agent (Griffith, 1928). 

Nevertheless, the exact nature of the “transforming principle” was not found until 15 

years later by Avery and colleagues. They showed that the heritable substance was 

DNA and not proteins as previously thought (Avery, 1944). 

To date, more than 70 bacterial species are known to be naturally 

transformable although the real number is probably much higher  (Johnsborg et al., 

2007) since not all bacteria express competence when cultivated in vitro. Natural 

genetic transformation has been well studied in members of Gram-positive species 

such as Bacillus subtilis (Dubnau, 1991)  and Streptococcus pneumoniae (Jean-Pierre 

Claverys, 2007), and Gram-negative species including important human pathogens 

such as Haemophilus influenzae, N. meningitidis, and N. gonorrhoeae (Chen & 

Dubnau, 2004, Koomey, 1998).  

In most species, competence for natural genetic transformation is a transient 

physiological state, which is controlled by environmental factors and growth 

conditions. Transformation inducing agents, amongst others, can involve both 

quorum sensing mechanisms (Knutsen et al., 2004) and nutritional signals 

(MacFadyen et al., 2001). For instance, the induction of competence in B. subtilis is a 
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complex process comprising several regulatory mechanisms and stimuli such as 

nutritional stress and cell density (Hamoen et al., 2003). In contrast, natural 

competence in N. gonorrhoeae is not regulated by any known factors and is believed 

to be expressed constitutively throughout the growth phases (Biswas et al., 1977).  

In addition, there are species that can be artificially induced to non-specifically 

take up DNA by chemical or physical processes such as treatment with CaCl2, 

temperature shifts, or electroporation, but this will not be discussed here.  

1.3 Processes of transformation 

As mentioned, competence for natural transformation is the active state or ability to 

obtain exogenous DNA, while transformation is defined as the actual process of DNA 

uptake and its incorporation in the bacterial chromosome. 

Transformation involves several sequential steps through which the foreign 

DNA is ultimately incorporated into the bacterial genome. This may be considered as 

a four stage process involving: (1) DNA binding to the surface of bacteria; (2) DNA 

uptake into DNase resistance state; (3) translocation of DNA through the cytoplasmic 

membrane into the cytosol, and (4) the incorporation of foreign DNA into the 

chromosome by homologous recombination (Chen & Dubnau, 2004). Genes whose 

products are required at each step are often co-ordinately induced or upregulated.  

 

The first step, binding of DNA to the bacterial surface, can be unspecific and specific. 

The unspecific DNA binding to the cell surface does not results in DNA uptake, 

while the specific DNA binding causes the translocation of the DNA molecule into 

the DNase-resistant state (Dougherty et al., 1979). In some bacteria, the latter process 

requires the presence of a specific DNA motif. Neisseria species utilize a 12-base pair 

(bp) DNA uptake sequences, DUS, which in N. gonorrhoeae is 5´-

ATGCCGTCTGAA-3´  (Ambur et al., 2007). The genomes of related bacteria are 

enriched with DUS, which ensures the preferential uptake of its own DNA. N. 

gonorrhoeae resides only in the human host and only takes up DNA that it can 
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recognize, thus the DNA presented in the milieu must come from siblings or related 

species.  

DNA uptake is defined as the translocation of DNA from a DNase-sensitive 

into a DNase-resistant state (Chen & Dubnau, 2004). This means that in Gram-

negative bacteria, DNA has to cross the outer membrane and get into the periplasm, 

while in Gram-positive organisms, DNA uptake is the actual translocation of genetic 

material through the inner membrane into the cytoplasm. Despite the structural 

differences of Gram-positive and Gram-negative bacteria, these microorganisms 

share orthologous genes and related proteins to import DNA (Chen & Dubnau, 2004). 

Many of these components show high homology with components that are involved 

in the assembly of Tfp and the type II secretion systems (Hobbs & Mattick, 1993).  

 Other enzymes are involved in the DNA translocation through the periplasmic 

space and the inner membrane in N. gonorrhoeae. The products of comL and tpc are 

probably involved in murein metabolism (Fussenegger et al., 1996a, Fussenegger et 

al., 1996b) and might indicate the necessity for localized cavities in peptidoglycan 

layer for DNA uptake (Hamilton & Dillard, 2006). The comA mutants retain the 

incoming DNA in the periplasm and do not pass it further into the cytosol. ComA is 

predicted to be a typical inner membrane protein involved in the transport of 

incoming DNA (Fussenegger et al., 1997). 

The last step in transformation is the exogenous DNA incorporation into the 

chromosome. When DNA enters the cytoplasm as a single-stranded molecule, the 

process of homologous recombination is then responsible for the integration of the 

DNA into the bacterial chromosome (Koomey, 1998).  

1.4 Type IV pili 

Type IV pili (Tfp) are unique filamentous appendages that play crucial roles in 

prokaryotic cell biology and disease pathogenesis. These filamentous-like structures 

traverse the outer membrane of Gram-negative bacteria and have been found to be 

involved in various functions such as motility, phage susceptibility, biofilm 
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formation, adherence, virulence, and DNA uptake during natural genetic 

transformation (Chen & Dubnau, 2004). 

 

The physical structure of pili 

The type IV pilus is comprised mainly of the fibre-forming protein subunit called 

pilin. The crystallographic structure of the pilin has revealed its conformation and the 

key residues required for structural maintenance. The pilin of N. gonorrhoeae strain 

MS11 is composed of several regions: a long hydrophobic α- helix, the extended 

disaccharide-bound sugar loop, two anti-parallel β-hairpins, the β-β loop connection, 

and the disulphide region, which bridges key residues to stabilize the structure 

(Figure 1-3) (Parge et al., 1995). It has a preserved secondary structure composed of a 

hydrophobic and highly conserved tail (α-helix at the N-terminal) and a globular 

head domain of more relaxed specificity (C-terminal region). Tfp is formed by the 

proper arrangement of thousands of pilin subunits. Besides the major pilin subunit 

PilE, other minor pilin components are incorporated into the structure although at low 

abundance. The diameter of the filament is approximately 60 Å, and the length can 

vary from less then 1 to 4 micrometers (Nassif et al., 1994, Rudel et al., 1995b).  

 

Antigenic variation 

To complicate pathogen recognition by the host, Tfp undergoes antigenic variation. 

Antigenic variation is the result of DNA-recombination events. Besides the pilE locus 

in N. gonorrhoeae there are multiple silent pilin genes called pilS, which all lack the 

amino-terminal invariant domain. The recombination of multiple pilS cassettes with 

pilE enables the bacteria population to produce high numbers of different pilin 

variants (Seifert, 1996, Haas & Meyer, 1986, Koomey et al., 1987).  The 

recombination reaction is dependent on the RecA protein (Koomey & Falkow, 1987). 

Although different variants of pili can be made due to antigenic variation, this does 

not influence the function of the pilin per se. 
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Post-translational modifications of PilE/ pili 

Three types of post-translational modifications of Tfp can be incorporated to 

accessorize the pilin subunit. The first type of modification reported was 

glycosylation with a sugar subunit O-linked to the serine 63 residue (Parge et al., 

1995). It was proposed to be Gal (α-1-3) GlcNAc, however, now it is known that the 

sugar is HexDATDH (Hegge et al., 2004). The second post-translational pilin 

modification is a covalent addition of a phosphoethanolamine (PE) on serine 68 

(Forest et al., 1999, Hegge et al., 2004) and serine 156 (Aas et al., 2006). The 

verification for the third type of modification derives from the evidence that neisserial 

pili react with antibodies that specifically recognize phosphocholine (PC) (Weiser et 

al., 1998). The pilin phospho-form transferase A (PptA) is responsible for the PE 

modification, whereas the abundance and ratio of PE/PC modifications are influenced 

by the presence of the  pilin-like protein PilV (Næssan et al., 2008).  

 

The first 2.6 Å resolution structure of pilin was revealed by Parge and colleagues, 

1995. Based on these findings, it was proposed that 5 pilin subunits comprise one 

turn in pilus (Parge et al., 1995). Later on, the elegant fiber packing model (with 

sugars exposed to the outer surface of pili) was suggested based on the previous 

crystallography structure and computational approaches (Forest & Tainer, 1997). 

According to this model the pilus is a three-layered spiralling fiber “with special 

properties associated with the outer, central, and inner layers” (Forest & Tainer, 

1997). The outer layer, which is not the integral part of the structure, is exclusively 

composed of the hypervariable region and the covalently attached saccharide at Ser 

63 (Forest & Tainer, 1997). A couple of years later the same group proposed that a 

phospho-group mutation at Ser 68 is also the part of the outer layer and thus exposed 

at the surface of the pilus (Forest et al., 1999). The central layer is composed of 

antiparallel β-sheets and the sugar loop, while the inner-most layer is arranged from 

highly-conserved N-terminal α-helices (Forest & Tainer, 1997). However, later on, 

the model of the fiber structure was slightly changed. Instead of five subunits per 

pitch it was suggested three units, in this way creating a more relaxed packing of 
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globular pilin heads (Craig et al., 2006). In this newer model, pilin heads are 

separated by deep grooves and components are held together by extensive packing of 

the hydrophobic N-terminal α-helices as indicated in the Figure 1-3 (Craig et al., 

2006). Despite some differences in the two models, the sugar molecules together with 

the PE modifications and the hypervariable regions are exposed to the outside. 

Nevertheless, there is one striking structural feature proposed by the new model: the 

positively charged 15 Å deep groove, which was suggested to serve as a DNA 

binding site (Craig et al., 2006). 

 
Figure 1-3 The gonococcus pilin crystal structure and the surface feature of the Tfp. 
A) The pilin subunit and various regions, both conserved and variable. A gray 
colour indicates the conserved regions that include N-terminal and the β-sheets. 
Disulfide is indicated by a cyan colour and the variable D-region is pink, whereas 
hypervariable loop on the β-hairpin is showed in magenta. The post-translational 
modifications (PE and sugar) are situated on the αβ-loop (green). B) The 
electrostatic surface of the filament indicating negative (red) and positive (blue) 
charges. C) A positive patch formed by basic amino acid residues. D) A negative 
patch formed by acidic amino acids of the αβ-loop (yellow) and D-region (orange) 
with green disaccharide and orange PE (Craig et al., 2006). 

From the described structure it is reasonable to hypothesize that the sugar is 

important in the function of the pilus, one of which is the process of transformation. 

 

 

 



 

 

23

 

The role of pili in competence 

As already mentioned, there is a correlation between the expression of Tfp and the 

competence of Gram-negative bacteria. The ability to take up DNA requires the 

presence of retractive pili. All mutants that fail to express pili are defective at the 

level of DNA uptake. There are other mutants that retain pilus expression but are not 

transformable, which indicates the important but insufficient function of pili in the 

process of transformation. Most of the components involved in the transformation 

process are also proteins involved in biogenesis of type IV pili, indicating the 

common origin of the systems (Chen & Dubnau, 2004). 

 

DUS-specific binding of DNA is dependent on the presence of the major pilin 

subunit PilE and two minor pilin subunits ComP and PilV (Aas et al., 2002a, Aas et 

al., 2002b). ComP and PilV are two minor pilin proteins and display antagonistic 

roles in the process of natural transformation. The overexpression of comP or 

suppression of pilV , both result in increased transformation frequencies (Aas et al., 

2002a, Aas et al., 2002b). ComP interacts with PilE to promote DNA binding and 

uptake. However, in the pilT background it enhances specific DNA binding but not 

the uptake itself (Aas et al., 2002b). 

The pilin-like protein PilV was discovered to be essential for Tfp- mediated 

adherence to human epithelial cells (Winther-Larsen et al., 2001). Bacteria lacking 

the pilV gene were unable to adhere to human cells but other functions such as 

agglutination, twitching motility and natural transformation were unaffected 

(Winther-Larsen et al., 2001). Later on, however, further investigations on PilV 

showed that it plays a role in the competence (Aas et al., 2002a). Bacteria bearing a 

pilV mutation (either frame-shift or antibiotic cassette insertion) were significantly 

(10-fold) elevated in terms of transformation efficiency while overexpression of pilV 

resulted in 10-fold decrease in transformability (Aas et al., 2002a). Besides its role in 

adherence and transformability, PilV also influences phospho-form modification at 

Ser 68 (Hegge et al., 2004). Pilin was modified with the mixture of PE/PC in a pilV 
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null mutant strain while no phospho-form modifications were detected when pilV was 

overexpressed (Aas et al., 2006). 

The PilT protein is a member of a large protein family containing a 

conservative nucleotide-binding domain and is involved in membrane translocation 

of macromolecular complexes (Lessl & Lanka, 1994). Similarly to other AAA 

ATPases, PilT has a hexameric structure (Forest et al., 2004) and is capable of ATP 

hydrolysis in vitro (Herdendorf et al., 2002). As showed by Wolfgang and colleagues 

(1998a), the pilT mutants show absolute defect in twitching motility and competence 

for transformation in N. gonorrhoeae.  However, other Tfp associated phenotypes are 

retained and the morphology is the same as wild type. Later it was shown that PilT 

also play a role in the biogenesis of type IV pilus system with potential function in 

organelle retraction/polymerization (Wolfgang et al., 1998b). PilT is inessential for 

DNA binding but acts specifically on DNA uptake (Aas et al., 2002b). Mutants 

lacking PilT are not transformable because of their disability to retract pili. In 

addition, another pilus-associated protein, PilC, is localized at the tip of pilus or outer 

membrane and has been shown to have a role in competence  (Rudel et al., 1995a). 

 

Despite the previous findings and the publicized functions of pilus proteinous 

subunits, there is yet no evidence that pili themselves are directly involved in 

transformation. No interactions between DNA and pili have been reported. Gram-

positive bacteria do not make Tfp although they possess orthologous genes required 

for Tfp formation. Thus it was speculated that a pseudopilus, a structure similar to 

Tfp, is participating in transformation in these bacteria (Chen & Dubnau, 2003).  

The figure below (Figure 1-4Error! Reference source not found.) depicts the 

components proposed to be involved in Tfp machinery and/or the uptake of DNA.  
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Figure 1-4 The comparison of Tfp apparatus and the machinery required for natural 
genetic transformation in N. gonorrhoeae (Chen & Dubnau, 2004). The drawing on 
the left represents the schematic model for Tfp indicating major pilin subunit PilE 
(orange) and minor pilin subunits PilV (magenta) and ComP (blue). A schematic 
model on a right side represents the system required for DNA transformation (Chen 
& Dubnau, 2004). 

 

1.5 N. gonorrhoeae, a Gram-negative model system for 
studies of natural genetic transformation 

N. gonorrhoeae is a Gram-negative, pathogenic bacterium, belonging to the β-class 

of the Proteobacterial phylum, and this bacterium is associated with significant 

morbidity for its exclusive human host. Gonorrhoea has become the second most 

common sexually transmitted bacterial infection worldwide, with over 60 million 

people infected annually (Bevan, 2004). In addition to its role in disease, N. 

gonorrhoeae is used as a model system in scientific investigations with respect to 

natural transformation and there are several aspects that make it an attractive model 

system to work with. First, unlike the various conditions required for B. subtilis 
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(Magnuson et al., 1994) or S. pneumoniae (Håvarstein et al., 1995),  competence in 

N. gonorrhoeae is expressed in a constitutive fashion (Koomey, 1998). Secondly, 

natural genetic transformation is the only way the gonococcus can acquire new 

genetic information (Koomey, 1998). Third, the availability of a fully sequenced N. 

gonorrhoeae genome makes it easier to investigate, predict, and assign the functions 

of unknown genes and proteins. Finally, it is the first species in which a connection 

was established between the expression of a distinct surface organelle (Type IV pili) 

and competence.  

1.6 Aim of study 

So far no phenotype (other than the absence of the sugar) of protein glycosylation has 

been found in the mucosal pathogenic agent N. gonorrhoeae. Even thou the pilin is a 

major glycosylated protein in gonococci, the importance of this glycan modification 

is still unknown. There was a deep interest to investigate the effect of glycosylation 

on the competence for natural transformation for several reasons: a) pili are essential 

for transformation, b) pili are glycosylated, c) glycosylation was shown to have an 

effect on transformation in C. jejuni, d) the resolved crystallographic structure of pili 

suggests that the pilus surface might be implicated in DNA binding. Provided by 

previous experience it has been shown that non-glycosylated mutants were 

indistinguishable from wild type in terms of transformation frequency. However, 

research done in the field of pili structure analysis supports the hypothesis that 

glycans decorating the organelle might have influence on structure and DNA uptake 

(Craig et al., 2006). The aim of this study was to investigate the effect of 

glycosylation on natural genetic transformation. For this purpose the transformability 

will be examined in a variety of genetic backgrounds in which protein glycosylation 

is going to be altered. Transformability will also be investigated under several 

conditions that alter the proficiency of competence. This will include the aberrant 

expression of Tfp components as well as a reduced DNA availability. In addition, the 

possible effect of PE in conjugation with altered glycosylation status will be 

investigated.  
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2. Materials and methods 

2.1 N. gonorrhoeae strains 

The bacterial strains used in this study are described in Table 2.1. N. gonorrhoeae 
strains were grown in conventional GC medium as has been described previously 
(Freitag et al., 1995). Escherichia coli strain HB101 was used for plasmid 
propagation and was grown on Luria-Bertani (LB) medium. Both GC- and LB-media 
are described in 2.3. 
 
Table 2-1 N. gonorrhoeae strains used in this study 

NAME 
PARENTAL 
STRAIN GENOTYPE REFERENCE 

        

VD300a MS11   (Koomey & Falkow, 1987) 

N400 VD300 recA6::tetMb (Tønjum et al., 1995) 
N401 N400 recA6::kan (Wolfgang et al., 1998a) 

KS101 VD300 pilEind (Wolfgang et al., 2000) 

MW24 N401 pilEind, recA::kan (Wolfgang et al., 2000) 

MW4 N401 pilTind, recA::kan (Wolfgang et al., 1998b) 
KS141 N400 pglA::kan (Aas et al., 2007a) 
GGC N400 pglC::kan (Hegge et al., 2004) 
GGD N400 pglD::kan (Hegge et al., 2004) 

KS142 N400 pglEon (Aas et al., 2007a) 
GGF N400 pglF::kan (Hegge et al., 2004) 
KS144 N400 pglI::kan (Aas et al., 2007a) 
KS145 N400 pglO::kan (Næssan et al., 2008) 

GGA N400 pglA::erm (Hegge et al., 2004) 

KS201 GE107 pilEind, iga::pilAPAK, pglA::kan This study 

KS202 GE107 pilEind, iga::pilAPAK, pglC::kan This study 

KS203 GE107 pilEind, iga::pilAPAK, pglD::kan This study 

KS204 GE107 pilEind, iga::pilAPAK, pglEon This study 

KS205 GE107 pilEind, iga::pilAPAK, pglF::kan This study 

KS206 GE107 pilEind, iga::pilAPAK, pglI::kan This study 

KS207 GE107 pilEind, iga::pilAPAK, pglO::kan This study 

KS72 KS101 pilEind, iga::pilAFn 
E. Salomonsson (manuscript in 
preparation) 

KS208 KS72 pilEind, iga::pilAFn, pglA::kan This study 

KS209 KS72 pilEind, iga::pilAFn, pglC::kan This study 

KS210 KS72 pilEind, iga::pilAFn, pglD::kan This study 

KS211 KS72 pilEind, iga::pilAFn, pglEon This study 

KS212 KS72 pilEind, iga::pilAFn, pglF::kan This study 

KS213 KS72 pilEind, iga::pilAFn, pglI::kan This study 
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KS214 KS72 pilEind, iga::pilAFn, pglO::kan This study 

GP102 N400 comPG-1V (Aas et al., 2002b) 

KS215 GP102 comPG-1V, pglA::kan This study 

KS216 GP102 comPG-1V, pglC::kan This study 

KS217 GP102 comPG-1V, pglD::kan This study 

KS218 GP102 comPG-1V, pglF::kan This study 

KS219 GP102 comPG-1V, pglI::kan This study 

KS220 GP102 comPG-1V, pglO::kan This study 

GP104 N400 comPE+5V (Aas et al., 2002b) 

KS221 GP104 comPE+5V, pglA::kan This study 

KS222 GP104 comPE+5V, pglC::kan This study 

KS223 GP104 comPE+5V, pglD::kan This study 

KS224 GP104 comPE+5V, pglF::kan This study 

KS225 GP104 comPE+5V, pglI::kan This study 

KS226 GP104 comPE+5V, pglO::kan This study 

MW103 N400 comP::mTncm64c (Wolfgang et al., 1999) 
KS227 MW103 comP, pglA::kan This study 
KS228 MW103 comP, pglC::kan This study 
KS229 MW103 comP, pglD::kan This study 

KS230 MW103 comP, pglEon This study 
KS231 MW103 comP, pglF::kan This study 
KS232 MW103 comP, pglI::kan This study 
KS233 MW103 comP, pglO::kan This study 

KS122 KS101 pilEind, pglA::kan This study 

KS105 KS101 pilEind, pglC::kan This study 

KS154 KS101 pilEind, pglD::kan This study 

KS127 KS101 pilEind, pglEon 
d This study 

KS153 KS101 pilEind, pglF::kan This study 

KS200 KS101 pilEind, pglI::kan This study 

KS123 KS101 pilEind, pglO::kan This study 

GE107 KS101 pilEind, iga::pilAPAK (Aas et al., 2002b) 
KS234 VD300 pglA::kan This study 
KS235 VD300 pglC::kan This study 
KS236 VD300 pglD::kan This study 
KS237 VD300 pglF::kan This study 
KS238 VD300 pglI::kan This study 
KS239 VD300 pglO::kan This study 
GD1 N400 pptA::cm (Aas et al., 2006) 
KS240 GD1 pptA, pglA::kan Aas et al unpublished data 
KS241 GD1 pptA, pglC::kan This study 
KS242 GD1 pptA, pglD::kan Aas et al unpublished data 
KS243 GD1 pptA, pglF::kan Aas et al unpublished data 
KS244 GD1 pptA, pglI::kan This study 
KS245 GD1 pptA, pglO::kan Aas et al unpublished data 

GE63 N400 pilES63A (Aas et al., 2006) 

GE68 N400 pilES68A (Aas et al., 2006) 

KS246 N400 pilES63A, S68A Løvold et al unpublished data 
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GE63D N400 pptA, pilES63A (Aas et al., 2006)  

GV1 N400 pilVfs
e (Winther-Larsen et al., 2001) 

KS247 GV1 pilVfs, pglA::kan This study 

KS248 GV1 pilVfs, pglC::kan This study 

KS249 GV1 pilVfs, pglD::kan This study 

KS250 GV1 pilVfs, pglF::kan This study 

KS251 GV1 pilVfs, pglI::kan This study 

KS252 GV1 pilVfs, pglO::kan This study 

GV16 VD300 pilVfs (Aas et al., 2002a) 

KS253 GV16 pilVfs, pglA::kan This study 

KS254 GV16 pilVfs, pglC::kan This study 

KS255 GV16 pilVfs, pglD::kan This study 

KS256 GV16 pilVfs, pglF::kan This study 

KS257 GV16 pilVfs, pglI::kan This study 

KS258 GV16 pilVfs, pglO::kan This study 

KS259 VD300 pilVfs, pglA::erm This study 

KS260 VD300 pilVfs, pglCfs This study 

KS261 VD300 pilVfs, pglIfs This study 

KS262 VD300 pilToe
f (Morand et al., 2004) 

KS263 VD300 pilToe, pglA::erm This study 

KS264 VD300 pilToe, pglCfs This study 

KS265 VD300 pilToe, pglEon This study 

KS266 VD300 pilToe, pglIfs This study 

GT104 VD300 pilTind (Wolfgang et al., 1998a) 

KS267 GT104 pilTind, pglA::kan This study 

KS268 GT104 pilTind, pglC::kan This study 

KS269 GT104 pilTind, pglF::kan This study 

KS270 GT104 pilTind, pglI::kan This study 

KS271 GT104 pilTind, pglO::kan This study 

KS272 VD300 pglEon This study 

KS273 VD300 pilV::kan Aas et al unpublished data 
a. VD300 is an Opa- derivative of MS11 

b. recA6 is an IPTG- inducible allele of recA 

c. Transposon insertion mutation in the comP promoter region (Wolfgang et al., 1999). 

d. pglE allele is from strain FA1090  

e. pilVfs is pilV allele with a frame- shift mutation at the G-1 codon (Winther-Larsen et al., 2001). 

f. pilToe (pilT overexpressed) 

2.2 Plasmids 

All plasmids were maintained in E. coli HB101. 
pSY6: gyrB fragment in Phc79 cosmid vector with ColE1 origin (a gyrase 
chromosomal gene from the gonococcal strain MS11 with a single base substitution 
conferring nalidixic acid resistance) (Stein et al., 1991). 
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pCR®2.1-TOPO pglCfs: pglC was cloned in to a pCR®2.1-TOPO vector 
(Invitrogen™), EcoRI restriction sites on both sides (Figure 6-11).  
pUP6: derivative of pHC79 that carries two gonococcal DNA uptake sequences 
(Wolfgang et al., 1999). Later the pglOfs locus was cloned into this plasmid. 

2.3 Growth media 

GC-media, 1 liter (L) 
Solution (1x) 
The following were dissolved in 0.8 L MQ- water: 
5 g NaCl 
4 g dibasic K2HPO4 
1 g monobasic KH2PO4 
3.75 g Trypticase peptone (Becton Dickinson) 
7.5 g Thiotone peptone (Becton Dickinson) 
Total volume adjusted to 1 liter with MQ- water 
 
In 1 liter Erlendmeyer flasks: 
0.5 g soluble starch (Aldrich) 
10 g Bacto agar (Difco) 
250 ml GC solution (1x) 
750 ml MQ- water 
The media was autoclaved and cooled to 50ºC before adding 10 ml 100x isovitalex/ 
liter of GC media. 
 
Isovitalex 
Isovitalex is a chemically definable enricher of culture media for N. gonorrhoeae. 
SolutionA: 
100 g dextrose 
10 g L-glutamine 
25.9 g L-cysteine HCl 
0.1 g cocarboxylase 
0.02 g ferric NO3 
0.003 g thiamine HCl 
0.013 g PABA 
0.25 g NAD 
0.01 g vitamin B12 
 
Solution B: 
1.1 g L-cysteine 
1.0 g adenine 
0.02 g guanine HCl 
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• Solution A was dissolved in 500 ml MQ water before the level of MQ water 
was brought to 660 ml.  

• Solution B was then dissolved in 200 ml MQ water. 
• 15 ml concentrated HCl was added to 185 ml MQ- water and mixed with 

Solution B. Solution B did not dissolve before the HCl solution was added 
Solutions A and B were mixed and the total volume was adjusted to 1 liter. The 
product was filter-sterilized (0.2 μm Nalgene) and stored at –20ºC. 
 
LB-media, 1L 
10 g Tryptone 
5 g Yeast Extract 
10 g NaCl 
1000 ml dH2O 
pH has to be adjusted to pH 7.0 with ca. 3 drops of 5.8 M HCl/ liter. The media was 
autoclaved and cooled down to 50ºC before adding antibiotics (if required). 
 
Antibiotics 
Whenever needed, antibiotics were used at the appropriate concentration showed in 
the table below (Table 2-2). N. gonorrhoeae and E. coli require different 
concentrations of the various antibiotics. 
 
Table 2-2. Final antibiotic concentrations for selection 

Antibiotics N.  gonorrhoeae E. coli 
Naladixic acid 1μg/ml - 
Chloramphenicol 10μg/ml 30μg/ml 
Kanamycin 50μg/ml 50μg/ml 
Carbenicillin - 30μg/ml 
Erythromycin 8μg/ml 300μg/ml 
Tetracycline 4μg/ml 5-10μg/ml 

2.4 Primers 

PCR primers Sequence (5´-3´) Purpose 

PglC5´ 
 
PglC3´ 

CAACAAAGTCAACTA 
CTGGACGGG 
GTAAGAAATAGACAATC 
GGCAGGG 

used to screen whether the pglC 
locus contained frame shift mutation.

PglI5´ Eco 
 
PglI3´ Bam 
 

ACGCTGGCAGGCGGCTTC 
TTTTTATTCACC 
TCAATAATATAGACGTTG 
GGGTATTTGGCTGCC 

used to amplify pglIfs locus and 
detect the frame shift mutation in the 
pglI gene 

PglO5´ CTTGGATCCATGTCCGC used to amplify pglO (pilO) locus in 
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PglO3´ 
 

TGAAACGACCGTATCCG 
GTTTACTCGAGTTTGCAG 
GGTTTTGTTTCCGGATGGC 

gonococcal mutants when screening 
for frame shift mutations in the pilO 
gene. 

ComP5´ 
 
ComP3´ 
 

GGAATTCGGCGGTAAA 
CATCAATGCG 
AATCCAGCCCGTCACT 
ACACGAAC 

used to detect the right transposon 
insertion into comP locus (Wolfgang 
et al., 1999).  

Av2100  
 
Av2101 
 

CAGTGA 
AAATCCCGAAGACATC  
CGCTGGCCGGACATCG 
TGTTCC 

used to amplify pglEon region from 
FA1090 so that it can be later 
transformed into N400. 

Av1111 
 
Av1113 

CGTGTCCGGATATCGTCA
G 
GATTAGGATTATTTAG 
CCGACAATCCTTGGTT 
ATCCTG 

used for screening and detection of 
correct insertion of pglEon from 
FA1090 into N400. 

   

2.5 PCR conditions 

AmpliTaq Gold® Polymerase (Applied 
Biosystems) 

Taq DNA Polymerase (Invitrogen) 

 
5 µl Buffer (GeneAmp® 10X) 
4 µl MgCl2 (25 mM) 
2 µl dNTP (5mM) 
1 µl of each primer* (5’primer, 3’primer) 
0.25 µl polymerase (AmpliTaq Gold®) 
1 µl DNA 
35.75 µl MQ water 
 
94°C → 10 min 
94°C → 45 s 
51°C**→ 30 s 
72°C → 3 min 
72°C → 7 min 
4°C → ∞ 

*- primer concentration: 20 pmol/µl 
**- gradient (up to 56°C) 
 

 
5 µl Buffer (10X) 
2 µl MgCl2  (50mM) 
2 µl dNTP (5mM) 
1 µl of each primer* (5’primer, 3’primer) 
0.25 µl  Taq DNA polymerase 
1 µl DNA 
38.75 µl MQ water 
 
94°C → 2 min 
94°C → 1 min 
56°C→ 1 min 
72°C → 1,5 min 
72°C → 7 min 
4°C → ∞ 
 

 
Two types of DNA polymerases were used for different purposes. The standard DNA 
Taq polymerase was used for screening experiments where the occurrence of random 

30 cycles 30 cycles 
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mutations is not so important. AmpliTaq Gold® Polymerase is a high-fidelity 
polymerase thus it was used to amplify DNA, which later was used for cloning. 
If necessary, the PCR products were purified using QIAquick PCR purification Kit, 
Qiagen (see appendix, Figure 6-10).  

2.6 Analysis of DNA fragments with agarose gel 
electrophoresis 

Agarose gel electrophoresis made it possible to separate DNA fragments of different 
sizes. Separation of these fragments was performed in an electrical field. The rate at 
which the fragments migrate in the agarose gel is determined by the applied voltage 
field in the electrophoresis chamber, the ionic strength of the buffer used and the 
agarose concentration in the agarose gel (pore size) (Sambrook et al., 1989). 

• Standard electrophoresis procedure was performed in 0.8% agarose. 1 x TAE 
buffer at 85 V for 45 min 

• Gels were stained with 0.25 mg/ml ethidium bromide for 30 min and destained 
in MQ water. 

 
10x Tris Borate Electrophoreses Buffer (TBE) (1 liter): 
The following were dissolved in 0.8L H2O:  
108 g Tris base 
55 g boric acid 
40 ml 0.5M EDTA 
Add MQ- water to 1 liter 

2.7 Cell lysate and cell extract preparation 

Cell lysate 
• 20 µl GC liquid medium 
• 1-2 bacteria colonies grown on GC-agar plates over night 
• Incubation at 65°C for 20 min 
• Centrifugation for 4 min., at 13000 rpm 
• Stored at -20°C 

Cells lysates were used both for PCR reactions as a templates and/or as a DNA 
source for transformation procedure in N. gonorrhoeae.  
 
Protein whole cell extracts 

• 1 ml bacteria cell suspension in an 1.5 ml microcentrifuge tube 
• Adjust OD to 0.3 (at 600 nm) 
• Centrifugation for 4 min., at 13000 rpm 
• Remove the supernatant carefully 
• 25-50 µl MQ water is added 
• Add equivalent amount of 2X PSB 
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• Incubate at 100°C for 5-7 min 
• Centrifugation for 4 min., at 13000 rpm 
• Stored at -20°C 

5 µl of cell extracts were used for loading protein gels. 

2.8 Construction of N. gonorrhoeae mutant strains 

N. gonorrhoeae mutant strains were constructed by transformation of plasmid or 
chromosomal DNA (lysate) and selected by using appropriate antibiotic plates. IPTG 
(0.25 mM) was added to growth media when transforming N. gonorrhoeae contained 
inducible alleles ( pilE or recA). 

• A selection of colonies that grew on the antibiotics plates was transferred to 
new antibiotic plates before being transferred on GC plates without antibiotics 
(neither of plates contained IPTG). This was done in order to purify the colony 
and to ensure it was antibiotic resistant.  

• The colonies then were collected using sterile swab and froze down in 10% 
skim milk in liquid nitrogen and stored at -80°C. 

Transformation by spotting was used when the DNA to be introduced did not contain 
any antibiotic selection marker.  

2.9 Transformation of N. gonorrhoeae strains by spotting 
procedure 

N. gonorrhoeae is naturally transformable thus one can theoretically spot in any kind 
of DNA (purified PCR product, plasmid containing antibiotics resistance, etc.,). For 
this purpose, on freshly streaked cells 3 µl of DNA is applied on the beforehand 
marked spots. The plates were then left for 10 min at 37°C, 5% CO2 before turned up 
side down and incubated over night at 37°C, 5% CO2.  
The resulting mutants had to be verified.  

2.10 Verification of new mutant strains 

Strains containing antibiotic-resistant cassettes were verified by their growth on 
antibiotic plates as well as by Western analysis and PCR screening. Wester analysis, 
screening bt PCR was also used for strains without antibiotic resistance marker. 

• Mutant strains containing frame -hift mutations were verified by PCR 
screening using specific primers for a particular mutation. In this way pglEON, 
pglCfs, and pglIfs, mutants were verified. 

• To make a pglEON mutant, cell lysate from N. gonorrhoeae strain FA1090 was 
used as a DNA source and the primers Av2100 and Av2101 were used to 
amplify the region of interest. The resulting PCR product was later 
transformed into N400 by spotting procedure. Primers Av1111 and Av1113 
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were used to screen for positive mutants. In front of the pglE there is 
CAAACAC repeat. In FA1090 with only four repeats, the PCR product made 
with Av1111 and Av1113 is 280bp. With N400 sequence, that has 14 repeats, 
the length of PCR product is 350bp (Figure 2-1). If the transformation is 
successful, the expected positive PCR product in N400 strain would be 280bp.  

 

 
Figure 2-1 The PCR product of gonococcal mutant strains pglEON amplified with Av1111 
and Av1113. Lanes: (1) ladder, (2) negative control, N400, (3) positive control, FA1090, (4-
7) PCR products: #4,5,7-negative clones, #6- positive clones, product of 280bp. 

• pglC gene contains a restriction site for AscI. If a frame shift mutation is 
introduced, the restriction site is lost and no digestion occurs. To make a pglCfs 
mutant in the wild type background, purified PCR product of pglCfs (cut from 
plasmid pCR2.1®TOPO and amplified by the PglC3’ and PglC5’ primers) 
was cloned into bacteria by spotting procedure. Same primers were then used 
to screen for positive results. Later, PCR products were digested with 1U/µl 
AscI in Buffer 4 (NEB) and run on an agarose gel (0.8%). If a frame shift 
mutation was successfully introduced, no restriction digest would occur and 
the PCR product would be of 1524bp length. In negative clones, the PCR 
products will be digested (Figure 2-2). 

 

 
Figure 2-2 The PCR products of pglCfs digested with AscI. Lanes: (1) 1kb+ ladder, (2) positive 
control, plasmid containing pglCfs gene, (3) no DNA, (4) negative control, N400, (5-8) PCR products: 
#5-negative clone, #6,7,8- positive products of ca.1500bp.  
 

• The pglI gene contains a restriction site for PuvI. If a frame shift mutation is 
introduced, restriction site is lost and no digestion occurs. The PCR products 
were obtained using PglI5´Eco and PglI3´Bam primers and later digested with 
1U/µl PuvI in Buffer 3 (NEB) and run on an agarose gel (0.8%). If no 
digestion occurs (positive results), the expected size of PCR product is 1469 
bp. In negative clones, the PCR products will be digested and seen as two 
fragments of the sizes 707 bp and 762 bp. (Figure 2-3). Unfortunately, there 
was no negative control on the gel presented here. 
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Figure 2-3 The PCR products of pglIfs digested with PuvI. Lanes: (1) 1kb+ ladder, (2) positive 
control, plasmid containing pglIfs gene, (3-8)- positive products of ca.1500bp. 

2.11 Transformation assay 

The transformation assays were used to estimate transformability of different 
gonococcal strains. All cells used had been grown for 16-18 hours on GC plates at 
37°C (5% CO2 saturation).  

• A GC growth media supplemented with MgCl2 (6.8 mM) was prepared in 
preheated (37°C, 5% CO2 saturation) GC-media.  

• 0.5 μg/ml DNA was added for each transformation tube (15ml tubes from 
Sarstedt). A cell suspension (5 x 107/ml) was prepared and 0.5 ml was 
immediately added to the DNA. The tubes were incubated for 30 min at 37°C 
(5% CO2 saturation). 

• Each transformation was diluted 10 x with growth media and incubated for 3 
hours before appropriate dilutions were plated on GC plates with and without 
1μg/ml of nalidixic acid. 

2.12 DNA purification 

The following procedure was used to purify DNA: 
• Sodium acetate; end concentration of 0.3 M 
• Ethanol (96%) ice-cold; 2.5 times that of start volume 
• Incubate for minimum 20 minutes at -20°C 
• Centrifuge for 20 min, 4°C, maximum speed (20 000 rpm) 
• Remove supernatant 
• Pellet washed with 200 µl ice- cold ethanol (70%) 
• Centrifuge down; 2 min, 4°C, maximum speed (20 000rpm) 
• Remove supernatant 
• Air dry (2-5 min)  
• Add 30-50 µl MQ water 
• Freeze down and store at -20°C 
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2.13 Restriction enzymes 

All restriction enzymes used were from New England BioLabs (NEB): 
EcoRI, AscI, PvuI.  
 
1 cutting reaction 

• 7 µl DNA 
• 1.5 µl appropriate buffer 
• 0.5 µl enzyme 
• 6 µl water 
• Incubate minimum for 2 hours at 37°C.  

2.14 Sodium dodecylsulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) 

The 5 µl  of cell extracts and the Precision Protein™ Standards pre-stained broad 
marker (Biorad) were loaded on the SDS-PAGE gels. 
The SDS-PAGE gels were made using a standard procedure and the following 
solutions were used to make 15% gels: 
 
Separation gel 
8.43 ml 40% Bis acrylamide (Quantum) 
4.5 ml 1.875 M Tris pH 8.8 
0.225 ml 0.2 M EDTA 
9.12 ml MQ- water 
0.225 ml 10% ammonium persulfate 
15 µl TEMED 
 
Stacking gel: 
1.9 ml 40% Bis acrylamide (Quantum) 
1.9 ml 1 M Tris pH 6.8 
10.8 ml MQ water 
0.15 ml 10% ammonium persulfate 
0.15 ml 0.2 M EDTA 
15 µl TEMED 
 
Staining solution (Coomassie) 
0.2 g Coomassie Blue R-250 
25 ml isopropyl alcohol 
65 ml H2O 
10 ml acetic acid 
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Destaining (Coomassie) 
10 % methanol 
10 % glacial acetic acid 
80 % H2O 

2.15 Western blotting 

• The transfer unit was assembled using either a nitrocellulose membrane 
(Schleicher & Schuell) or PVDF (polyvinylidene fluoride) membrane 
(Millipore). Nitrocellulose membrane was used when the abundance of the 
protein was known to be high. The PVDF membrane, when compared to the 
nitrocellulose membrane, has improved handling characteristics and staining 
capabilities, increased solvent resistance, and higher signal-to-noise ratio for 
enhanced sensitivities. Further more, the PVDF membrane is useful for 
blotting proteins >10kDa and is a good substrate for immunodetection. 
Because it is hydrophobic it has to be pre-soaked in methanol.  

• The transfer was done in transfer buffer at maximum voltage, 200 mA for 55 
min. The gel was then washed 2 times in blocking buffer for 15 min.  

• Membranes were incubated in 10 ml blocking buffer with primary antibodies 
(dilutions are provided in Table 2-3) and shaken at 4°C or room temperature 
over night. They were then washed 3 times for 5 min in blocking buffer. 

• Membranes were incubated in 10 ml of blocking buffer with secondary 
antibodies (Table 2-3), and shaken at room temperature for 2 hours.  

• Membranes were washed 3 times in blocking buffer before soaking them in 
developing buffer for 5 minutes and then placed in developing solution until 
distinct bands appeared. They were finally transferred to dH2O to stop the 
developing reaction (5 min) and then dried.   

 
Sample preparation buffer (2x for Western blot) (15ml) 
6.0 ml 10% SDS 
3.0 ml glycerol 
1.9 ml 1M Tris HCl pH 6.8 
0.3 ml 0.2M EDTA 
3.0 ml 2- mercaptoethanol  
0.8 ml H2O 
The end of a 5μl capillary tube was dipped into bromphenol blue powder and 
transferred to the solution. 
 
Western electrophoresis buffer (1 liter) 
The following were dissolved in 0.8 L MQ-water 
10 g SDS 
30.3 g Tris base 
144 g glycine 
Added MQ water to 1liter 
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Western transfer buffer (1 liter) 
The following were dissolved in 0.8 L MQ-water 
29.9 g glycine 
5.8 g Tris base 
0.37 g SDS 
200 ml methanol 
 
Western blotting buffer (1 liter) 
10 ml 1M Tris pH 7.8 
100 ml 5M NaCl 
5 ml Tween 20 
Added MQ- water to 1 liter. 
 
Western developing buffer (1 liter) 
1 liter MQ- water 
6.05 g Tris base 
Dissolved and autoclaved 
Added 3 ml 1M MgCl2. 
 
Western developing solution 
9 ml developing buffer 
1 ml 0.1% NBT (in 100% ethanol) 
100 μl 5 mg/ml BCIP (in dimethylformamide) 
 
Buffers made in the lab were used for Western blotting although at later stages of the 
study commercially provided solutions were used. Both XT MOPS (BioRad) and XT 
MES (BioRad) buffers were extensively used because of their superior protein 
separation abilities. Moreover, different kinds of commercial gels were used such as 
Criterion™ XT Bis-Tris (12%) and Criterion™ XT HCl-Tris (15%, 18%). Those gels 
are formulated at near-neutral pH, which ensures longer shelf life. They also improve 
protein stability in downstream application and better separation when used with 
appropriate buffers.  
 

2.16 Antibodies 

Table 2-3 Different antibodies used for immunodetection. 

Antibody Comment 
anti-PilE #904 Polyclonal antibodies against pilin subunit raised 

in rabbit (Aas et al., 2007b). Used at a 1:3000 
dilution. 

anti-PilE #903 Polyclonal antibodies against pilin subunit raised 
in rabbit. Used at a 1:2000 dilution. Made in the 
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same way as #904. Different rabbit candidate.  
anti-PilT 13C5 Monoclonal antibodies raised against PilT protein 

(Brossay et al., 1994). Used 1:2000 dilution. 
anti-PilV #818 Rabbit polyclonal antibodies raised against PilV 

protein. Used at a 1:500 dilution. 
anti-PilAPAK #2-67 Primary polyclonal antibodies raised against 

PilAPAK protein. Used 1:3000 dilution. 
UOS-1 Monoclonal antibody recognizing an epitope 

associated with the disaccharide form of the 
protein glycan. Used at a 1:20 000 dilution. 

Goat F(ab´)2 anti- mouse Ig´s Secondary antibodies conjugated to alkaline 
phosphatase. Used at a 1:2000 dilution. 
(Biosource). 

Goat F(ab´)2 anti- rabbit Ig´s Secondary antibodies conjugated to alkaline 
phosphatase is carried out. Used at a 1:2000 
dilution. (Biosource). 
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3. Results 

3.1 Transformation under standard conditions  

Comparing transformation efficiency of the wild type strains and the protein 

glycosylation (pgl) mutants were chosen as a start point. Previously all pgl mutants 

were established in the N400 strain. Strain N400 is a derivate of the VD300 (wild 

type) that contains a recA6::tetM (Tønjum et al., 1995) inducible allele. Due to this 

difference, the transformation frequencies of the N400 and pgl mutants established in 

the N400 background are lower than those in VD300 background (results are 

provided in the appendix Figure 6-1). Thus the purpose of this experiment was to 

establish the pgl mutants into the wild type background so that no other factors could 

have the influence on the efficiency of transformation.   

The pgl mutants inVD300 background were made and verified as described in 

“Materials and methods”. Western blot confirms the various pgl mutants due to their 

migration patter differences (Figure 3-1). Polyclonal antibodies (#903) against pilin 

subunit were used to detect PilE (ca. 18 kDa), which makes characteristic migration 

due to different sugar size (glycosylation pattern). In the pglA background, PilE is 

modified with monosaccharide instead of disaccharide, thus it migrates faster in a 

SDS-PAGE gel than the wild type strain VD300. In pgl-null (pglC/D/F/O) mutants, 

the pilin subunit migrates even faster since it lacks the glycan modification. In the 

pglEON mutant, PilE is decorated with a trisaccharide and thus migrates slower 

compared with the other glycosylation mutant and the wild type. The pglI mutant 

lacks the acetyl group, which is usually attached to the second hexose of 

disaccharide. Therefore the migration speed of the pglI mutant and the wild type is 

almost indistinguishable (due to the small size of the acetyl group). 
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Figure 3-1 The characteristic shift in migration pattern of the pilin subunit, PilE, in 
glycosylation mutants of whole cell lysates. PilE was detected using rabbit 
polyclonal antibody raised against PilE (anti-PilE #903). Strains used: VD300 (wild 
type); KS234 (pglA); KS235 (pglC); KS236 (pglD); KS272 (pglEon); KS237 (pglF); 
KS238 (pglI); KS239 (pglO). 

For every experiment in the transformation assay performed, 0.5 μg/ml pSY6 

plasmid DNA was used (if not otherwise mentioned). pSY6 carries a gyrB allele with 

a single base substitution conferring nalidixic acid resistance. DNase was added 30 

min after incubation with the pSY6 plasmid. The addition of DNase enzyme was 

used to standardise the conditions for transformation process. The cells were allowed 

to take up the DNA for the first half an hour whereas later incorporation of DNA was 

blocked by the addition of enzyme. This allowed us to establish sensitive and as 

similar experimental conditions as possible.  

The transformation efficiency of the wild type strain VD300 was ca. 3.19% 

(Figure 3-2). No significant difference among the pgl mutants and the wild type strain 

was observed under those conditions.   
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Figure 3-2 Transformation frequency as percentage of recipient cells of the wild 
type strain VD300 and the pgl mutants. DNase was added after 30 min incubation.  
Values are shown as mean ± standard deviation, n=3. Strains used: VD300 (wild 
type); KS234 (pglA); KS235 (pglC); KS236 (pglD); KS272 (pglEon); KS237 (pglF); 
KS238 (pglI); KS239 (pglO). 
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3.2 Glycosylation effect on transformation at the reduced 
levels of pilin expression  

Pili are required for natural DNA transformation efficiency of N. gonorrhoeae 

(Sparling, 1966). Efficient DNA uptake is correlated with the level of pili expression 

as shown by Long and colleagues (Long et al., 2001). This group constructed a strain 

where the expression level of the pilE gene is under control of a lac promoter that can 

be induced by addition of IPTG (isopropyl-β-D-thiogalactopyranoside). They showed 

that the transformation efficiency can be correlated with the amount of functionable 

pili expressed on the bacterial surface.  

The following experiment was designed in a similar way using the KS101 

strain that otherwise being wild type, but contains the inducible lac promoter 

upstream of the pilE coding sequence (Wolfgang et al., 2000). As shown by Western 

blot analysis (Figure 3-3), there were no PilE produced in the absence of IPTG, and 

the levels increased with increasing concentration of IPTG until a plateau was 

reached at approximately 0.1 mM IPTG. This is in agreement with previously 

published results by Long et al (Long et al., 2003).  

 
Figure 3-3 The increasing expression level of PilE due to increasing level of IPTG 
concentration. PilE was detected using polyclonal rabbit antibodies raised against 
PilE (anti-PilE #903). KS101 (pilEind) strain was used. 

When pilE was fully induced (0.25 mM), there was no significant difference in 

the transformation efficiency between KS101(pilEind) strain and the glycosylation 

mutants (Figure 3-4). However, the frequency of transformation of KS101 strain and 

appropriate pgl mutants is much lower than those established in VD300 background, 

although the only difference is the inducible pilE allele. This effect is probably 

explained by the fact that the inducer IPTG was added at the same time as DNA. If 

the bacteria had been growing on the IPTG over night and thus expressing PilE, there 
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would probably not have been any difference (observations in the laboratory). 
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Figure 3-4 Transformation frequency as percentage of recipient cells KS101 and 
pgl mutants. KS101 is a wild type strain carrying pilEind allele. DNase was added 30 
min after incubation. Values are shown as mean ± standard deviation, n=3.  Strains 
used: KS101 (pilEind); KS122 (pilEind, pglA); KS105 (pilEind, pglC); KS154 (pilEind, 
pglD); KS127 (pilEind, pglEon); KS153 (pilEind, pglF); KS200 (pilEind, pglI) KS123 
(pilEind, pglO). 

For further investigation, the aim was to detect whether the effect of 

glycosylation on natural transformation could be uncovered at the reduced PilE 

expression levels. Therefore, the KS101 strain was used to investigate the suboptimal 

level of pilin protein expression that would reduce (but not eliminate) the 

transformation efficiency.  
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Figure 3-5 The effect of different IPTG concentrations on the induction of pilin 
expression and thus the transformation frequency. KS101 is a wild type strain 
carrying the pilEind allele. Values are shown as mean ± standard deviation, n=3. 

At the minimal levels of induction (0.005 to 0.05mM IPTG), low 

transformation efficiency was detected. The wild type transformation frequency was 

reached at 0.25 mM IPTG concentration (Figure 3-5). The IPTG concentration of 

0.075 mM was chosen for further analysis. The graph below (Figure 3-6) represents 

the transformation frequencies at this IPTG concentration. No significant difference 

was detected between KS101 and the pgl mutants under these conditions.   
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Figure 3-6 Transformation frequency of KS101 and pgl mutants at 0.075 mM IPTG 
concentration. KS101 is a wild type strain carrying the pilEind allele. Values are 
shown as mean ± standard deviation, n=3. Strains used: KS101 (pilEind); KS122 
(pilEind, pglA); KS105 (pilEind, pglC); KS154 (pilEind, pglD); KS127 (pilEind, pglEon); 
KS153 (pilEind, pglF); KS200 (pilEind, pglI); KS123 (pilEind, pglO). 
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3.3 Transformation under non-saturating concentration of 
DNA 

N. gonorrhoeae together with other competent bacteria shares the ability to take up 

DNA in a DNase-resistant state (Tomasz, 1969). It is known that the transformation 

efficiency increases proportionally with the concentration of DNA added and the time 

the cell is exposed to the DNA. The saturating concentration of DNA is about 

0.5µg/ml. At higher DNA concentrations, the number of transformants often 

continues to increase linearly but with a reduced slope (Graves et al., 1982). The goal 

of the following assays was to verify whether the amount of DNA has an effect on 

transformation efficiency in various pgl mutants versus the wild type. First of all, the 

critical concentration of DNA required for detectable transformation efficiency for 

N400 strain was determined (Figure 3-7).  
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Figure 3-7 Transformation frequency is dependent on the amount of DNA 
presented in the medium. The N400 (recA) cells were used. Values are shown as 
mean ± standard deviation, n=3 

Based on the results obtained, the N400 (recA ) strain together with pgl 

mutants were then exposed to the pSY6 plasmid of 0.1 μg/ml concentration and the 

transformation frequencies were measured. As it can be seen in the graph below, the 

transformation efficiency of the N400 is 0.0066% and the average values of three 

experiments does not indicate any trend in difference among the various pgl mutants 

and the wild type strain (Figure 3-8). The most observable difference is the pglA 

mutant. The calculated P-value (using T-TEST) is 0.07 indicating a non-significant 

difference.  
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Figure 3-8 Transformation frequency as a percentage of recipient cells at the 
reduced DNA concentration, 0.1 μg/ ml. Values are shown as mean ± standard 
deviation, n=3. DNase was added 30 min after incubation. Strains used: N400 
(recA6); KS141 (recA, pglA); GGC (recA, pglC), GGD (recA, pglD); KS142 (recA, 
pglEon); GGF (recA, pglF); KS144 (recA, pglI), KS145 (recA, pglO). 

3.4 Transformation in strains expressing heterologous pilin 
subunits 

P.  aeruginosa is a gram-negative opportunistic bacterium capable of causing severe 

infections in individuals with compromised immune defensive system (Bodey et al., 

1983). The major Tfp subunit of P. aeruginosa strain PAK named PilA is one among 

many virulence factors contributing to successful colonization of the host (Mattick, 

2002). Contrary to N. gonorrhoeae, P. aeruginosa PAK has not been reported to be 

naturally competent. It has been published that the Tfp subunits can be assembled in 

heterologous species (Elleman et al., 1986) and in many cases associated phenotypes 

such as agglutination, twitching motility, phage sensitivity, and natural competence 

can be complemented (Watson et al., 1996, Winther-Larsen et al., 2007). 

In the proceeding study, the N. gonorrhoeae strain expressing the pilin subunit 

PilAPAK from P. aeruginosa was used. Aas and colleagues showed that 

transformation frequencies of N. gonorrhoeae expressing PilAPAK are reduced 
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compared to wild type levels, which is still 500 times higher than that seen in 

deficient pilE mutants (Aas et al., 2002b). In addition, PilAPAK is not glycosylated in 

its natural environment nor in the gonococcus (Winther-Larsen et al., 2007). Thus it 

was interesting to investigate whether the glycosylation has any impact on 

transformation in pilAPAK-expressed background. Appropriate mutants were made and 

verified on Western blots using polyclonal antibodies raised against PilAPAK. These 

antibodies cross-react with PilE. Thus, in the absence of IPTG induction, only the 

PilAPAK band is seen on the blot (since the mutants were established in the pilEind 

background) (Figure 3-9). Note that there is no migration difference among the 

different pgl mutants due to the absence of glycosylation.  

 
Figure 3-9 Detection of the PilAPAK protein in the cell lysate of double pgl, pilAPAK.  
mutants. PilAPAK was expressed in KS101 cells where the expression of  pilE was 
not induced. Antibodies raised against PilA have been used (PAK 2-67). Strains 
used: N400 (recA); KS101 (pilEind); GE107 (pilEind, pilAPAK); KS201 (pilEind, pilAPAK, 
pglA); KS202 (pilEind, pilAPAK, pglC); KS203 (pilEind, pilAPAK, pglD); KS204 (pilEind, 
pilAPAK, pglEon); KS2905 (pilEind, pilAPAK, pglF); KS206 (pilEind, pilAPAK, pglI); KS207 
(pilEind, pilAPAK, pglO). 

The transformation frequency of GE107 (pilEind, iga::pilAPAK) is 1.94% (Figure 

3-10). The GE107 pglA was found to have a two-fold reduction compared to the 

GE107 (Figure 3-10). However, this is not a significant result which has a calculated 

P-value of 0.05. The rest of pgl mutants do not show any noteworthy difference in the 

transformation frequencies compared to the background strain (GE107).  
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Figure 3-10 Transformation frequency of cells expressing the exogenous pilin 
subunit PilA from P. aeruginosa and respective pgl mutations. Values are shown as 
mean ± standard deviation, n=3. Strains used: GE107 (pilEind, pilAPAK); KS201 
(pilEind, pilAPAK, pglA); KS202 (pilEind, pilAPAK, pglC); KS203 (pilEind, pilAPAK, pglD); 
KS204 (pilEind, pilAPAK, pglEon); KS2905 (pilEind, pilAPAK, pglF); KS206 (pilEind, 
pilAPAK, pglI); KS207 (pilEind, pilAPAK, pglO).  

Francisella  novicida is pathogenic for white mice, guinea pigs, and hamsters 

but is not pathogenic for human beings, although rare cases among the 

immunocompromised individuals have been reported (Clarridge et al., 1996). In 

animals, it produces lesions similar to those found in tularaemia. The pilin gene 

pilAFn from F. novicida can be heterologously expressed in N. gonorrhoeae 

(Salomonsson et al., manuscript under preparation), as previously published for 

pilAPAK from P. aeruginosa (Winther-Larsen et al., 2007). The N. gonorrhoeae 

expressing the pilAFn-pilin shows a dramatically reduced transformation frequency. 

Moreover, in F. novicida, the PilAFn is glycosylated with a heptasaccharide, whereas 

when expressed in gonococci, it is glycosylated with the gonococcal disaccharide 

(unpublished data). This genetic background might allow us to detect possible effect 

on transformability of the glycosylation mutants. However no notable difference was 

observed (Figure 3-11). The transformation frequency of KS72 (pilEind, pilAFn) was 

0.058% and the pgl mutants did not differ significantly from the KS72.  
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Figure 3-11 Transformation frequency of cells expressing exogenous pilin subunit 
PilAFn from F. novicida and respective pgl mutants. KS72 is a wild type strain 
carrying pilEind, iga::pilA alleles. Values are mean ± standard deviation, n=3. Strains 
used: KS72 (pilEind, pilAFn); KS208 (pilEind, pilAFn, pglA); KS209 (pilEind, pilAFn, pglC); 
KS210 (pilEind, pilAFn, pglD); KS211 (pilEind, pilAFn, pglEon); KS212 (pilEind, pilAFn, 
pglF); KS213 (pilEind, pilAFn, pglI); KS214 (pilEind, pilAFn, pglO).   

Although the transformation frequency is much lower when the exogenous pili, both 

PilAPAK from P. aeruginosa and PilAFn from F. novicida are expressed in N. 

gonorrhoea, the pgl mutants did not have any effect on the transformation efficiency 

in their respective backgrounds.  

3.5 Transformability of pgl mutants in pilTind and pilToe 
backgrounds 

For the two next experiments, pgl mutants had to be established in the appropriate 

pilT background. (Western blots representing the established glycosylation mutants 

containing the pilTind or pilToe alleles, are provided in the appendix (Figure 6-2, 

Figure 6-3)). 

In the following experiments, the pilT inducible (pilTind) mutants (under the lac 

promoter) (Wolfgang et al., 1998a) were used as a settings of suboptimal 

transformation condition. PilT is not essential for DNA binding, but it is important 

for DNA uptake, two distinct steps in early stages of DNA transformation (Aas et al., 

2002b). As published previously, using pilTind mutants, the DNA uptake (under 

induction) is reduced three times compared to that of the wild type, while the 
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transformation efficiency was unaffected (Wolfgang et al., 1998a). It was of interest 

to see whether double pgl, pilTind mutants would have any influence on natural 

competence since the reduced amount of PilT would reduce the pilus retraction 

frequency and probably the actual uptake of DNA.  

The transformation frequency of VD300 pilTind, in the presence of the inducer 

IPTG and DNase was 0.12% (Figure 3-12), which is comparably lower than the wild 

type (VD300, 3.9%). The discrepancy of these results compared to those published 

by Wolfgang et al., 1998a, that even fully induced VD300 pilTind is able to reach the 

transformation levels of wild type, is probably due to addition of DNase (Wolfgang et 

al., 1998a). However, no significant variation is observed among pgl mutants 

compared with the GT104 (pilTind). The P-values of pglA and pglI mutants are 0.41 

and 0.05, respectively. 
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Figure 3-12 The effect of glycosylation on transformation frequency of pilTind 
mutants. Expressed as a percentage of recipient cells. PilT functions in DNA uptake 
and Tfp retraction step. GT104 is a wild type strain carrying the pilTind allele. DNase 
was added after 30 min incubation. Values are mean ± standard deviation, n=3. 
Strains used: GT104 (pilTind); KS267 (pilTind, pglA); KS268 (pilTind, pglC); KS269 
(pilTind, pglF); KS270 (pilTind, pglI); KS271 (pilTind, pglO). 

For further investigations another strain bearing a different pilT mutant 

background was used (provided by Professor M. Koomey) in which the chromosome 

of N. gonorrhoeae contained one wild type allele of pilT and one recombinant allele 

with the pilE promoter in front of it. This combination resulted in approximately 

eight times over-expression (oe) of the PilT protein (M. Koomey, personal 
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communications). The results below represent transformation efficiency of pgl 

mutants in pilToe background.  
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Figure 3-13 Transformation frequency of double pilToe pgl mutants. KS262 is a wild 
type strain carrying the pilToe allele. DNase was added  30 min after incubation. 
Values are mean ± standard deviation, n=3. Strains used: KS262 (pilToe); KS263 
(pilToe, pglA); KS264 (pilToe, pglC); KS265 (pilToe, pglEon); KS266 (pilToe, pglI). 

The transformation frequency of KS262 (pilToe) is 2.52% (Figure 3-13), which is 

approximately the same as a wild type transformation level. Nevertheless, no 

profound effect in transformation was seen in any of the pgl backgrounds.  

3.6 Transformability of comP mutants 

ComP is a minor pilin required for competence of transformation but is dispensable 

for pilus biogenesis, agglutination, twitching motility, and adherence to the human 

epithelial cells (Wolfgang et al., 1999). Knowing that ComP plays a role in DNA 

uptake (Wolfgang et al., 1999), the experiment was designed to investigate whether 

the pgl mutations effect the transformation in the different comP backgrounds.  

For this purpose, three different comP mutations were used. Two types of the mutants 

had amino acid substitution and one had a transposon insertion in the promoter 

region. Previous studies have shown that the presence of a glycine at position -1 of 

the comP is critical for the N-terminal pre-ComP cleavage and thus have a structural 

effect on ComP (Strom & Lory, 1991). Later on it was demonstrated that substitution 

of glycine -1 in comP had an immense negative effect on competence for 
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transformation and a similar effect on transformation was observed with different 

transposon insertions (Wolfgang et al., 1999). The various pgl mutations were then 

introduced into already established comP mutant. The observed transformation 

frequencies are showed in Figure 3-14. When comparing the pgl, comP mutants 

against the comP background no decisive difference is found in the transformation 

frequencies. 
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Figure 3-14 Reduced expression of ComP does not affect transformation frequency 
among the different pgl mutants. MW103 is a wild type strain carrying the recAind 
allele and comp::mTncm64 mutation (transposon insertion in the promoter region). 
Values are mean ± standard deviation, n=3. Strains used: N400 (recA6); MW103 
(comP); KS227 (comP, pglA); KS228 (comP, pglC); KS229 (comP, pglD); KS230 
(comP, pglEon); KS231 (comP, pglF); KS232 (comP, pglI); KS233 (comP, pglO).  

Similar results were obtained in the two other comP backgrounds. The results from 

the other experiments can be viewed in the appendix (Figure 6-7, Figure 6-8).  

3.7 Transformability of pilV-null mutants 

pilV-null mutants show a remarkably elevated transformation efficiency, which is 

correlated with increased DNA uptake whereas overexpression of pilV results in 

substantial decrease in competence (Aas et al., 2002a). Due to this effect, it was of 

interest to investigate what outcomes the different pgl mutants might have in a pilVfs 

background, since it is not known how high the transformation efficiency is under in 

vivo conditions.   
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Figure 3-15 Various glycosylation mutants do not effect hypertransformable pilV 
mutants cells. GV16 is a wild type strain carrying pilVfs mutation. No DNase was 
added. Values are mean ± standard deviation, n=3. Strains used: GV16 (pilVfs); 
KS253 (pilVfs, pglA); KS254 (pilVfs, pglC); KS255 (pilVfs, pglD); KS256 (pilVfs, pglF); 
KS257 (pilVfs, pglI); KS258 (pilVfs, pglO). 

As seen from the results (Figure 3-15), the transformation frequency of all mutants is 

profoundly elevated in the pilV background. This is consistent with the previous 

findings. GV16 (pilV) shows transformation frequency of 74.38%, however, there is 

no significant impact on the transformation efficiency in the pgl background.  

3.8 Pgl mutants in pptA  background and the effect on 
transformation 

When the pptA gene was first characterized by Synder and colleagues, it was showed 

to belong to division/cell wall gene cluster and was claimed to be essential for 

competence although the precise function was not found (Snyder et al., 2001). 

However, its involvement and effect on transformation has been challenged because 

it has not been possible to reproduce these results in our lab (M. Koomey, personal 

communications). Subsequently, the PptA has been shown to be an enzyme with a 

phospho-form transferase activity (Aas et al., 2006). The PilE subunit of the N. 

gonorrhoeae undergoes differential post-translational modifications with 

phosphoethanolamine (PE) and phosphocholine (PC) at the serine 68 residue where 

PptA is required (Hegge et al., 2004). Furthermore, besides the modification on Ser 

68, Ser 156 is hosting the second site for covalent modification with PE (Aas et al., 
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2006). Since PE modification (Ser 68) is in proximity of the sugar and both 

molecules are covalently attached to the outside of the pilus, the interaction scenario 

could be plausible. Moreover, the pgl mutations could also reveal the redundant 

function of the two subunits and possible effect on transformation. Thus, the 

following experiments were designed to investigate whether mutations in the various 

pgl genes will have any effect on transformation in the pptA null background. 
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Figure 3-16 The effect of pgl on transformation frequency of pptA mutants as a 
percentage of recipient cells. GD1 is a wild type stain carrying recAind allele and 
pptA::cm mutation. Values are mean ± standard deviation, n=3. Strains used: GD1 
(recAind, pptA); KS240 (recAind, pptA, pglA); KS241 (recAind, pptA, pglC); KS242 
(recAind, pptA, pglD); KS243 (recAind, pptA, pglF); KS244 (recAind, pptA, pglI); KS245 
(recAind, pptA, pglO). 

The transformation frequency of GD1 (N400 pptA) was 0.48%. The transformation 

frequencies of pgl mutants fall in the same range and there was no statistical 

difference between them and the background.  

Mutants containing amino acid substitutions that eliminate glycosylation 

and/or PE modification sites per se were also tested for possible effect on 

transformation efficiency.  
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Figure 3-17 Transformation frequency of N400 and pglC mutant in a pptA and/or 
amino acid substitution background. GD1 is a wild type stain carrying recAind allele 
and pptA::cm mutation. S63A, S68A, S63A/S68A are the amino acid substitutions of 
PilE in the N400 background. DNase was added after 30 min incubation. Values 
are mean ± standard deviation, n=3. Strains used: N400 (recA6); GGC (recAind, 
pglC); GD1 (recAind, pptA); KS241 (recAind, pptA, pglC); GE63D (recAind, pptA, 
pilES63A); GE63 (recAind, pilES63A); GE68 (recAind, pilES68A); KS246 (recAind, pilES63A, 

S68A). 

Similarly, no effect on the transformation frequencies was found when the 

glycosylation site on the pilin subunit was exchanged with alanine (S63A). This is an 

interesting finding knowing that pilin is major glycoprotein in N. gonorrhoeae and 

removal of this glycosylation site does not affect the transformation efficiency. At the 

present state, no significant impact has been observed (Figure 3-17). The most 

observable reduction in the graph (pptA S63A) has a P-value of 0.1. 
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4. Discussion 

Protein glycosylation is now recognized as an important pathway of biological 

systems.  It is one of the most abundant forms of post-translational modifications and 

it can have significant effects on protein properties and functions. Data from previous 

studies suggest that the glycosylation of bacterial proteins may influence a variety of 

cellular and pathogenic processes such as role in adhesion, antigenic variation, 

protective immunity, and protein assembly and solubility (Szymanski & Wren, 2005). 

Here, the possible effects of disrupting and altering protein glycosylation pathway in 

the human bacterial pathogen N. gonorrhoeae were examined. The results of this 

work indicate that O-linked protein glycosylation has no demonstrable effect on the 

natural transformation in N. gonorrhoeae. This is surprising because pilin/pilus plays 

important role in transformation as well as they are glycosylated in a structurally 

conserved domain. In addition, pili might be involved in electrostatically binding 

DNA, as Craig et al model suggests (Craig et al., 2006). Despite these important 

features, the nature of the relationship between Tfp expression and transformation 

(specifically DNA binding and uptake) remains unknown in any microbial system.  

 The simplest and direct approach to assess the effect of PilE pilin subunit 

glycosylation would have been to use a genetic mutation in which residue serine 63 

had been switched to an alanine. In addition to lacking the glycan, this mutant also 

has a change in primary structure. However, its use alone would not have been 

sufficient to make conclusions. Also, it is known from work in the lab that other 

proteins present in the periplasm are glycosylated and some of these might influence 

transformability. For example, there are two forms of the disulfide isomerase DsbA in 

N. gonorrhoeae and one of these is glycosylated. DsbA is involved in proper folding 

of the various proteins (Sinha et al., 2004). Experiments in the closely related species 

N. meningitidis have shown that DsbA null mutants are defective at early stages in 

transformation (Sinha et al., 2008). The system of protein glycosylation may not only 

affect the actual DNA binding and uptake, but it might play a role at any step of the 

machinery. Because of this, the potential influence of protein glycosylation on 
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transformation was examined at a number of different levels. The transformation 

competence in mutants altered at different steps in the glycosylation pathway was 

determined. These included mutants early in the pathway that did not express the 

UDP-linked sugar precursors (pglC and pglD). Other mutants were blocked in the 

middle of the pathway and accumulated lipid-linked glycan precursors anchored in 

the cytoplasm (pglF). Last type mutants accumulated lipid-linked glycan precursors 

anchored in the periplasm (pglO). Similarly, strains expressing four different forms of 

the protein glycan were tested (monosaccharide - pglA background, disaccharide with 

O-acetylation - wild type, disaccharide without O-acetylation - pglI background and 

trisaccharide - pglEon background). Moreover, the transformation efficiency of N. 

gonorrhoeae expressing only heterologous type IV pilin subunits from P. aeruginosa 

(PilAPAK) and F. novicida (PilAFn) were also tested. Finally, we investigated whether 

mutants defective in pilin phosphoform modification (bearing a pptA null mutation) 

were affected with and without glycosylation. Although it had been reported that a 

pptA mutant in N. meningitidis was defective in transformation, we were not able to 

repeat these results in N. gonorrhoeae. Whatever background, transformability was 

not significantly altered. 

  These findings did not, however, rule out the possibility that protein 

glycosylation affects transformability. For example, it might affect transformability in 

vivo but not under the conditions of laboratory growth. However, this option was not 

addressed during the time of this master thesis. Another possibility was that under 

laboratory growth conditions, the competence machinery might be expressed at 

higher levels than those needed for maximum transformation. Relatively low levels of 

PilE (and Tfp) were reported to support high levels of transformability in N. 

gonorrhoeae (Long et al., 2003). Thus, there was hypothesized that the high 

transformation efficiency would somehow mask the minor effect of protein 

glycosylation. To check this hypothesis, transformation assays in backgrounds in 

which levels of either PilE or ComP were limiting were examined. In addition, the 

hypertransformable mutant (PilVfs) was also examined. However, no significant 

alterations in transformability among different glycosylation mutants were detected in 

these backgrounds. 
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 It is interesting to look at these findings in the context of the C. jejuni system. 

C. jejuni is naturally competent, has a N-linked glycosylation system that decorates a 

number of different periplasmic proteins (Szymanski & Wren, 2005). In opposite to 

N. gonorrhoeae, C. jejuni mutants lacking either the PglB oligosaccharyltransferase 

or the PglE aminotransferase (orthologous to PglC of N. gonorrhoeae) showed 

decreases in transformation efficiencies up to 10,000 times lower than that of wild 

type (Larsen et al., 2004). Like N. gonorrhoeae and almost all other naturally 

competent prokaryotes, C. jejuni also expresses proteins related to components of 

type IV pilus expression (i.e., pilin subunit-like) that are essential for transformation. 

Despite some difference in the glycosylation pathway (different 

oligosaccharyltransferases and resulting nature of the glycopeptide bonds), these two 

systems are quite similar between the two bacteria. Thus, it is surprising that protein 

glycosylation has no effect in one system and is essential in the other. Although there 

is a strong association between C. jejuni transformation competence and 

glycosylation, VirB10 is the only glycoprotein implicated in transformation 

efficiency (Larsen et al., 2004). Moreover, it is not the major component of the 

system (KEGG database). VirB10 contains two sites of glycosylation, asparagine (N) 

residues 32 and 97 and a mutant with a substitution at site N97 (but not N32) was 

decreased in transformation efficiency 10-fold (equivalent to the level seen in a 

virB10 null mutant). Therefore, the large defect in C. jejuni glycosylation mutants 

cannot be only due to its effects on VirB10. However, the role of glycosylation in this 

phenotype (virB10) is still unknown. 

 Besides glycosylation, PilE is also modified by the addition of 

phosphoethanolamine at serine residues 68 and 156 (Aas et al., 2006, Hegge et al., 

2004). Like the glycan, PE at residue 68 has been modeled as being exposed at the 

pilus surface. It is likely that PE at residue 156 is also exposed to outside of the pilus. 

The enzyme responsible for the PE modification is PptA, a pilin phospho-form 

transferase A. When first characterized by Snyder et al (before its recognition as 

phospho-form transferase), a PptA null mutant was claimed to be defective in 

transformation. However, the results of this project disagree with this finding. The 



 

 

60 

investigation of double pptA pgl mutants as well as the removal of PE and glycan 

modification sites did not altered the transformability.  

 There still remains a possibility that glycosylation could have an effect on 

transformation in N. gonorrhoeae because PilE can undergo antigenic variation. As 

mentioned in the introduction, the pilin variations arise at high frequencies due to 

pilin gene recombination. This will result in the expression of pilins with amino acid 

changes. Since all studies of this Master project were carried with a single pilE allele 

background, there is still a possibility that glycosylation might influence 

transformation in other strains or in this strain expressing different pilins. 

In summary, we were unable to demonstrate any significant alterations in 

transformation frequencies in the various genetic glycosylation backgrounds. Thus, 

O-linked protein glycosylation does not appear to influence transformability in N. 

gonorrhoeae, at least to the extent that one can measure in the laboratory.  

 

Future prospective  

Since glycosylation is an energetically costly process, it has to be a reason why this 

mechanism is evolutionary conserved. The ability of N. gonorrhoeae to express and 

maintain several forms of glycans implicates the possible important function. The 

fundamental question remains to be answered, does the protein glycosylation has an 

effect (if any) on the natural transformation in N. gonorrhoeae. For further 

investigations, the transformation assays may be carried out at different physiological 

conditions (that was not used in this project) such as changed pH, lowered/elevated 

growth temperature, and addition of chemical detergents. The precise roles of 

glycosylation on other proteins in gonococcus still remain to be assessed as well.  

Since there was not detected any effect of glycosylation on transformation 

efficiency, it would be of interest to investigate the influence of pilin glycosylation on 

the organelle-associated phenotypes such as pilus mediated interaction with human 

cells, and possible pilus immunogenicity. The Tfp play critical role in the 

colonization of the host by maintaining adherence, thus an involvement of the glycan 

in this process is probable. The glycan moiety could as well play role in the twitching 
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motility and the agglutination process. Both phenotypes (based on the presence of the 

Tfp) are important at the colonization stage of the host.  

Concerning the immunogenicity, humans do not develop immunity to N. 

gonorrhoeae. In several early studies, a protective immune response was not 

triggered by purified gonococcal pili (Heckels, 1989). Later investigations attempting 

to target conserved pilin domains were also ineffective. Although there are antibodies 

recognizing pili, the particular epitopes involved in the antibody-antigen recognition 

are not yet known. However, our lab has made antibodies (raised in rabbits) that 

specifically bind to the different forms of the glycans (such as mono- di-, and 

trisaccharides). These molecular tools thus can be used to block the availability of 

specific glycan on the pili and investigate whether the adhesion to the host cells is 

still supported.  

The deeper understanding of pilin glycan role in the immune system 

recognition as well as anti-adhesive roles of glycan-specific antibodies would set the 

background for the future vaccine design. 
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6. Appendix 

6.1 Transformation competance of N400 

In addition to VD300 pgl mutants, the strain N400 (recA) was also used as a 
background for pgl mutants. Due to recA, N400 is less transformable than the wild 
type, VD300.  
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Figure 6-1 Transformation frequency as percentage of recipient cells of the strain 
N400 and pgl mutants. DNase added 30 min after incubation. Values are shown as 
mean ± standard deviation, n=3. Strains used: N400 (recA); KS141 (pglA); GGC 
(pglC); GGD (pglD); KS142 (pglE); GGF (pglF); KS144 (pglI); KS145 (pglO); 

 

6.2 Western blots representing double pilTind/pilToe pgl 
mutants 

Western blots representing the double pgl pilTind and pgl pilToe mutants.  
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Figure 6-2 The upper part of the figure indicates the absence of the PilT protein in 
the cell (grown without IPTG) lysates, thou a slight background is seen due to 
unspecific reaction. The monoclonal antibodies raised against PilT were used. The 
lower part represents the appropriate pgl mutants and the characteristic shift in 
bands, detected by the polyclonal antibodies raised against PilE. Strains used: 
MW4 (pilTind); N400 pilToe; VD300 (wild type); KS267 (pilTind, pglA); KS268 (pilTind, 
pglC); KS269 (pilTind, pglF); KS270 (pilTind, pglI); KS271 (pilTind, pglO). 

 
 

 
Figure 6-3 The pgl mutants made in pilToe background. The upper part of the figure 
represents increased amount of PilT protein (pilT gene is overexpressed) in the 
various mutants compared to wild type (VD300). The monoclonal antibodies raised 
against PilT were used. The lower part represents the PilE migration difference of 
the double pgl pilToe mutants, detected by the polyclonal antibodies raised against 
PilE. Strains used: VD300 (wild type); MW4 (pilTind, recA); N400 pilToe; KS262 
(pilToe); KS263 (pilToe, pglA); KS264 (pilToe, pglC); KS265 (pilToe, pglEon); KS266 
(pilToe, pglI). 
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6.3 The comP mutants 

Western blots confirm the various pgl mutants in the comP-null background. The pgl 
mutations were introduced into already established comP backgrounds.  
 

 
Figure 6-4 The characteristic band migration of PilE due to different glycosylation 
pattern. Polyclonal antibodies raised against PilE were used.  Strains used: GP102  
(comPG-1V); KS215 (comPG-1V, pglA); KS216 (comPG-1V, pglC); KS217 (comPG-1V, 
pglD); KS218 (comPG-1V, pglF); KS219 (comPG-1V, pglI); KS220 (comPG-1V, pglO). 

 
Figure 6-5 6-6 The characteristic band migration of PilE due to different 
glycosylation pattern. Polyclonal antibodies raised against PilE were used. Strains 
used: GP104 (comPE+5V); KS221 (comPE+5V, pglA); KS222 (comPE+5V, pglC); KS223 
(comPE+5V, pglD); KS225 (comPE+5V, pglI); KS224 (comPE+5V, pglF); KS226 
(comPE+5V, pglO). 
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Figure 6-7 The expression of various pgl mutations do not affect transformation 
frequency in the comP background. GP102 is a gonococcus strain carrying the 
amino acid substitution mutation, G-1V. Values are mean ± standard deviation, n=3.  
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Figure 6-8 The expression of various pgl mutations do not affect transformation 
frequency at the comp background. GP104 is a gonococcus strain carrying the 
amino acid substitution mutation, E+5V. Values are mean ± standard deviation, 
n=3. 

6.4 Hypertransformable mutants and Western blot of 
VD300 pilVfs 

The Western blot represents the double pilVfs pgl mutants.  
 

 
Figure 6-9  The upper part visualizes the characteristic PilE migration due to 
different glycosylation; detected by the polyclonal antibodies raised against PilE 
(#903). The lower part represents the absence of PilV in the whole cell lysate; the 
polyclonal antibodies raised against PilV were used. PilV antibodies do not cross-
react with PilE protein. Strains used: N400 (recA); GV1 (pilVfs); KS253 (pilVfs, pglA); 
KS254 (pilVfs, pglC); KS255 (pilVfs, pglD); KS256 (pilVfs, pglF); KS257 (pilVfs, pglI); 
KS258 (pilVfs, pglO). 
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6.5 Raw data from the transformation assays 

The tables below represent the calculation data from different transformation assays. 
The percent (%) of three independent (#1-3) assays is provided together with the 
average value and the standard deviation. The P-value was also calculated. 
 

1. The pgl mutants in the wild type (VD300) background and their respective 
transformation frequencies.  

  #1       % #2      % #3      %  Average % StDev P-value 
VD300 2.24 4.12 3.21 3.19 0.94 1.00 
pglA 1.90 6.74 4.71 4.45 2.43 0.47 
pglC 2.40 5.55 2.62 3.52 1.76 0.79 
pglD 2.28 4.42 2.53 3.08 1.17 0.90 
pglEon 2.56 3.87 6.28 4.24 1.89 0.45 
pglF 2.45 2.22 3.01 2.56 0.41 0.37 
pglI 2.95 3.88 3.44 3.42 0.47 0.73 
pglO 2.08 3.18 3.55 2.94 0.76 0.74 

 
 

2. The pgl mutants in the pilEind background and their transformation 
frequencies. 

  #1       % #2      % #3      %  Average % StDev P-value 
KS101 0.16 0.12 0.12 0.14 0.02   
pglA 0.15 0.07 0.06 0.09 0.05 0.27 
pglC 0.27 0.18 0.12 0.19 0.08 0.37 
pglD 0.23 0.08 0.12 0.15 0.08 0.85 
pglEon 0.10 0.04 0.07 0.07 0.03 0.05 
pglF 0.11 0.04 0.05 0.07 0.04 0.06 
pglI 0.14 0.04 0.08 0.09 0.05 0.21 
pglO 0.10 0.04 0.06 0.06 0.03 0.03 

 
 

3. The transformation frequencies of the N400 (pilEind) strain at the reduced 
DNA concentration, [0.1 μg/ ml]. 

  #1       % #2      % #3      %  Average % StDev P-value 
N400 0.008 0.005 0.007 0.007 0.002   
pglA 0.015 0.009 0.017 0.013 0.004 0.07 
pglC 0.009 0.008 0.006 0.008 0.002 0.45 
pglD 0.009 0.012 0.009 0.010 0.001 0.04 
pglEon 0.006 0.009 0.006 0.007 0.002 0.85 
pglF 0.004 0.009 0.006 0.006 0.003 0.94 
pglI 0.015 0.009 0.006 0.010 0.004 0.35 
pglO 0.005 0.004 0.003 0.004 0.001 0.08 
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4. The transformation frequencies of the KS101 strains (recA) at the reduced 
IPTG concentration, [0.075 mM]. 

 
  #1 #2 #3 Average StDv P-value 
KS101 0.00295 0.00621 0.00571 0.0050 0.00176   
pglA 0.00215 0.00669 0.00502 0.0046 0.00230 0.85
pglC 0.00285 0.00682 0.00381 0.0045 0.00207 0.78
pglD 0.01246 0.00300 0.00968 0.0084 0.00486 0.35
pglEon 0.00335  - 0.00729 0.0053 0.00279  - 
pglF 0.00883 0.00111 0.00514 0.0050 0.00386 0.98
pglI 0.00419 0.00111 0.00617 0.0038 0.00255 0.56
pglO 0.01099 0.00220 0.00514 0.0061 0.00447 0.71

 
 

5. The pgl mutants in the pilAPAK background and their transformation 
frequencies. 

  #1       % #2      % #3      % Average % StDev P-value 
GE107 1.78 2.41 1.64 1.94 0.41   
pglA 0.96 1.18 1.00 1.05 0.12 0.05 
pglC 1.12 1.23 1.26 1.20 0.07 0.08 
pglD 1.74 1.28 1.44 1.49 0.23 0.18 
pglEon 1.33 1.70 1.66 1.56 0.20 0.24 
pglF 1.61 1.87 1.38 1.62 0.25 0.31 
pglI 1.59 0.81 1.74 1.38 0.50 0.21 
pglO 1.91 1.57 1.42 1.63 0.25 0.33 

 
 

6. The pgl mutants in the pilAFn background and their transformation frequencies. 
 

  #1       % #2      % #3      % Average % StDev P-value 
KS72 0.07 0.04 0.06 0.06 0.02   
pglA 0.04 0.04 0.04 0.04 0.00 0.22 
pglC 0.04 0.02 0.03 0.03 0.01 0.09 
pglD 0.05 0.04 0.04 0.04 0.00 0.27 
pglEon 0.05 0.04 0.05 0.05 0.00 0.45 
pglF 0.03 0.03 0.03 0.03 0.00 0.11 
pglI 0.05 0.04 0.05 0.04 0.00 0.32 
pglO 0.03 0.02 0.03 0.03 0.00 0.09 

 
 

7. The pgl mutants in the pilTind background and their transformation 
frequencies.  

 
  #1       % #2      % #3      % Average % StDev P-value 
GT104 0.10 0.19 0.08 0.12 0.06   
pglA 0.68 0.15 0.10 0.31 0.32 0.41 
pglC 0.28 0.28 0.10 0.22 0.10 0.24 
pglF 0.20 0.19 0.06 0.15 0.08 0.63 
pglI 0.34 0.42 0.22 0.33 0.10 0.05 
pglO 0.22 0.32 0.12 0.22 0.10 0.21 
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8. The transformation frequencies of the pgl mutants in the pilToe background. 

 
  #1       % #2      % #3      % Average % StDev P-value 
KS262 2.01 2.56 2.97 2.52 0.48   

pglAerm 2.18 5.34 4.71 4.07 1.67 0.24 

pglCfs 1.85 2.67 2.93 2.48 0.56 0.94 

pglEon 2.34 4.94 2.77 3.35 1.40 0.41 

pglIfs 1.21 2.60 2.57 2.13 0.79 0.52 
 
 

9. The transformation frequencies of the pgl mutants established into pptA and/or 
amino acid substitution background. 

  #1       % #2      % #3      % Average % StDev P-value 
N400 
pptA 0.47 0.65 0.35 0.49 0.15   
pglA 0.80 0.48 0.44 0.57 0.20 0.59 
pglC 0.52 0.93 0.18 0.54 0.37 0.83 
pglD 0.76 1.09 0.39 0.75 0.35 0.33 
pglF 0.71 0.56 0.28 0.52 0.22 0.86 
pglI 0.70 0.80 0.38 0.62 0.22 0.43 
pglO 0.43 0.42 0.31 0.39 0.07 0.37 

  
 
#1       % 

 
#2      % 

 
#3      % 

 
Average % 

 
StDev 

 
P-value 

N400 0.06 0.06 0.10 0.07 0.02   
GGC 0.06 0.04 0.05 0.05 0.01 0.25 
GD1 0.03 0.05 0.10 0.06 0.04 0.71 
KS241 0.04 0.04 0.05 0.04 0.01 0.17 
GE63D               - 0.03 0.04 0.03 0.01 0.11 
GE63 0.03 0.03 0.08 0.05 0.03 0.33 
GE68 0.07 0.03 0.04 0.05 0.02 0.25 
KS246 0.03 0.02 0.05 0.03 0.02 0.11 

 
 

10. The pgl mutants established in three different comP backgrounds and their 
transformation frequencies. 

 
  #1       % #2      % #3      % Average % StDev P-value 
N400 1.7481 0.0943 0.3258 0.7227 0.8955   
GP102 0.0013 0.0015 0.0008 0.0012 0.0004   
pglA 0.0019 0.0025 0.0004 0.0016 0.0011 0.60 
pglC 0.0021 0.0041 0.0007 0.0023 0.0017 0.38 
pglD 0.0074 0.0045 0.0012 0.0044 0.0031 0.22 
pglF 0.0034 0.0012 0.0009 0.0018 0.0014 0.51 
pglI 0.0023 0.0019 0.0010 0.0017 0.0007 0.31 
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 #1       % #2      % #3      % Average % StDev P-value 
N400 0.74 0.53 1.10 0.79 0.29   
GP104 0.11 0.08 0.17 0.12 0.04   
pglA 0.11 0.08 0.61 0.27 0.29 0.48 
pglC 0.20 0.12 0.37 0.23 0.13 0.27 
pglD 0.13 0.10 0.40 0.21 0.17 0.45 
pglF 0.04 0.08 0.34 0.15 0.16 0.76 
pglI 0.11 0.73 0.46 0.43 0.31 0.22 
pglO 0.01 0.01 0.18 0.07 0.10 0.46 

 
 
  #1       % #2      % #3      % Average % StDev P-value 
N400 0.457 1.909 1.303 1.223 0.729   
MW103 0.004 0.008 0.009 0.007 0.003   
pglA 0.003 0.010 0.005 0.006 0.004 0.74 
pglC 0.002 0.015 0.005 0.007 0.007 0.91 
pglD 0.002 0.006 0.014 0.007 0.006 0.90 
pglEon 0.002 0.007 0.004 0.005 0.003 0.35 
pglF 0.001 0.008 0.005 0.005 0.004 0.48 
pglI 0.002 0.005 0.006 0.004 0.002 0.25 
pglO 0.003 0.004 0.003 0.003 0.001 0.13 

 
 

11.  The transformation frequencies of pgl mutants in the pilVfs background. 
 
  #1       % #2      % #3      % Average % StDev P-value 
GV16 65.70 57.87 99.57 74.38 22.16   
pglA 68.57 44.89 71.88 61.78 14.72 0.46 
pglC 73.57 60.69 69.72 67.99 6.61 0.67 
pglD 63.17 74.86 81.69 73.24 9.37 0.94 
pglF 65.16 77.84 88.57 77.19 11.72 0.86 
pglI 67.96 47.36 52.36 55.89 10.75 0.29 
pglO 82.17 63.78 71.69 72.54 9.23 0.90 
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6.6 QIAquick Gel Extraction Kit Protocol and 2.1-TOPO 
vector  

 
Figure 6-10 The PCR purification Kit protocol.  
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Figure 6-11  The PCR2.1-TOPO vector from Invitrogen.  
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